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Heptahelical receptors communicate extracellular infor-
mation to the cytosolic compartment by binding an extensive
variety of ligands. They do so through conformational
changes that propagate to intracellular signaling partners as
the receptor switches from a resting to an active conforma-
tion. This active state has been classically considered unique
and responsible for regulation of all signaling pathways
controlled by a receptor. However, recent functional studies
have challenged this notion and called for a paradigm
where receptors would exist in more than one signaling con-
formation. This study used bioluminescence resonance
energy transfer assays in combination with ligands of differ-
ent functional profiles to provide in vivo physical evidence of
conformational diversity of &-opioid receptors (DORs).
DORs and «;; 8,7, G protein subunits were tagged with Luc
or green fluorescent protein to produce bioluminescence res-
onance energy transfer pairs that allowed monitoring DOR-G
protein interactions from different vantage points. Results
showed that DORs and heterotrimeric G proteins formed a
constitutive complex that underwent structural reorganiza-
tion upon ligand binding. Conformational rearrangements
could not be explained by a two-state model, supporting the
idea that DORs adopt ligand-specific conformations. In
addition, conformational diversity encoded by the receptor
was conveyed to the interaction among heterotrimeric sub-
units. The existence of multiple active receptor states has
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implications for the way we conceive specificity of signal
transduction.

Heptahelical receptors are versatile membrane proteins
that play an important role in cellular communication. They
do so by recognizing a large variety of extracellular ligands
that convey information to the intracellular compartment by
modifying receptor conformation upon binding. These
structural modifications then trigger an array of biochemical
changes that ultimately control vital processes within the
cell. Traditionally, conformational changes induced by
ligand binding have been thought to shift equilibrium
between an active and an inactive conformation of the recep-
tor. According to this classical view, all agonists would sta-
bilize a single active state that equally effectively stimulates
all signaling pathways controlled by the receptor (1). In con-
sequence, ligand ability to stabilize this unique active state
would be the only determinant of ligand efficacy at all func-
tional readouts. Furthermore, this model predicts that ligand
rank order of efficacy across different readouts should be
maintained, representing a progressive accumulation (or
decrease) of the single active state of the receptor (2).

However, recent data have challenged this view, suggesting
that the complexity of heptahelical receptor signaling cannot be
based on the accumulation of a single active receptor confor-
mation, and efficacy cannot be restricted to only a quantitative
dimension (3, 4). Evidence supporting this assertion has been
largely based on functional studies whose results cannot be ade-
quately rationalized by accumulation of a single active state but
are intuitively explained by assuming the existence of confor-
mational diversity among active forms of the receptor (4). In
particular, these studies show that agonists acting at the same
receptor may display a different rank order of efficacies when
tested at different functional readouts (5-7). In addition to this
indirect body of evidence, the possibility that different agonists
may stabilize different conformations of the same receptor is
supported by in vitro physical data. In particular, fluorescence
and spectroscopy approaches have confirmed that ligands of
different efficacies impose distinct structural constraints upon
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purified B2-adrenergic receptors, DORs,* and muscarinic
receptors (8 —=10). The problem with these observations is that
they have not allowed us to establish if ligand-specific receptor
states exist in living cells and, if so, whether these different
conformations may be discriminated by postreceptor signaling
partners.

In the present study, we sought to determine whether DORs
occupied by different ligands would differ in the way they inter-
act with heterotrimeric G proteins, the rationale being that if
DORs were stabilized in ligand-specific conformations, then
each of these receptor states should distinctively interact with
its immediate signaling partners. Interaction between DORs
and afy subunits was assessed using BRET assays, a technology
that has been validated to study not only in vivo coupling of
heptahelical receptors to a3y subunits (11, 12) but to monitor
in vivo intermolecular interactions within the G protein hetero-
trimer (13, 14). Results showed that DORs and «; 3, y, subunits
formed a constitutive complex, and BRET assays demonstrated
that conformational changes imposed by different ligands were
compatible with a multistate rather than a two-state model.

EXPERIMENTAL PROCEDURES

Reagents—Buffer chemicals, protease inhibitors, DPDPE,
morphine, naloxone, forskolin, 3-isobutyl-1-methylxanthine,
PTX, anti-FLAG M2 affinity resin, and FLAG peptide were pur-
chased from Sigma. [**S]GTPvS, [*H]adenosine, and coelan-
terazine were from PerkinElmer Life Sciences. SNC-80 was
from Tocris Cookson, and TIPP and TICP were synthesized as
previously described (15). G418, Dulbecco’s modified Eagle’s
medium, fetal bovine serum, glutamine, penicillin, and strepto-
mycin were purchased from Wisent.

DNA Constructs—Recombinant plasmids encoding for «;;-
Luc constructs were prepared as previously described (14),
using flexible linkers (SGGGGS) to insert the coding sequence
of humanized Renilla luciferase (RLuc; PerkinElmer Life Sci-
ences) into the coding sequence of human Gq,;, either between
residues Gly®® and Tyr®' (Gey,-60Rluc), Leu®! and Lys** (G, -
91Rluc), or Glu'** and Leu'*® (Ga;,-122Rluc). The plasmid
encoding vy, with green fluorescent protein (GFP10) fused to its
N terminus (11) and vectors encoding FLAG, GFP2, and RLuc
fused in frame at the C terminus of human DORs have been
previously described (16). Generation of CD8-GFP2 and CD8-
RLuc has also been reported (11, 14).

Cell Culture and Expression of Heterologous Proteins—
HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 5% fetal bovine serum and 2 nMm
L-glutamine. For transient expression of recombinant proteins,
cells were seeded at a density of 3 X 10° cells in 100-mm Petri
dishes, cultured for 24 h, and then transfected with vectors
encoding BRET constructs for DORs and different G protein
subunits along with untagged complementary heterotrimeric

“The abbreviations used are: DOR, §-opioid receptor; BRET, bioluminescence
resonance energy transfer; RLuc, Renilla luciferase; DPDPE, p-pen-2,5-en-
kephalin; TIPP, Tyr-L-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid-Phe-
Phe-OH; TICPW, Tyr-TicW[CH,NH]cyclohexylalanine-Phe-OH; ERK, extra-
cellular signal-regulated kinase; pERK, phospho-ERK; GFP, green
fluorescent protein; PTX, pertussis toxin; GTPyS, guanosine
5'-3-0-(thio)triphosphate.
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components. Transfections were done using FUGENE 6 reagent
(Roche Applied Science) according to the manufacturer’s pro-
tocol. Titration BRET assays were done as previously described
(11), using a fixed amount of donor-tagged proteins (RLuc) that
was co-expressed with increasing amounts of vector coding for
the acceptor (GFP). Untagged subunits complementary to G
protein BRET constructs were also included, at DNA levels that
would support membrane expression of the heterotrimer at all
points of the titration curve. Titration curves allowed us to
determine the relative amount of DNA constructs necessary to
achieve a maximal BRET signal that was then used in transfections
for single point assays. Forty-eight hours after transfection, cells
were used in BRET, cyclase, or immunopurification assays. Clones
stably expressing FLAG-tagged human DORs were generated as
previously described (17) and transiently transfected with «;;-
Luc'GFP-v, along with untagged 81 subunits.

BRET Measurements—Forty-eight hours after transfection,
cells were washed twice and mechanically detached with phos-
phate-buffered saline and centrifuged 5 min at 300 X g, fol-
lowed by resuspension in phosphate-buffered saline. Cells were
then distributed into a 96-well microplate (white Optiplate;
PerkinElmer Life Sciences) at a concentration of 50,000—
100,000 cells/well, which allowed us to achieve luminescence
levels suitable for BRET readings using different constructs.
Treatments and BRET readings were done according to a pre-
viously established protocol that was optimized for assessing in
vivo ligand effects on receptor interaction with heterotrimeric
G proteins (11, 14). Briefly, intact living cells were suspended in
phosphate-buffered saline, kept at room temperature, and
incubated in the presence or absence of different ligands for 2
min, followed by the addition of the Rluc substrate, DeepBlueC
coelenterazine (PerkinElmer Life Sciences) at a final concentra-
tion of 5 uM. Readings were obtained 2 min after coelanterazine
addition, using a modified top count apparatus (TopCount
NXTTM; PerkinElmer Life Sciences) that allows the sequential
integration of the signals detected in the 370 — 450 and 500 —530
nm windows using filters with the appropriate band pass
(Chroma). The BRET2 signal was determined by calculating the
ratio of the light emitted by GFP2:GFP10 (500 -530 nm) over
the light emitted by the Rluc (370 —450 nm). BRET?2 values were
corrected by subtracting the BRET background signal (detected
when the Rluc-tagged construct was expressed alone) from the
BRET signal detected in cells coexpressing both Rluc- and GFP
(net BRET).

For titration experiments, the expression level of each tagged
protein was determined by direct measurement of total flu-
orescence and luminescence on aliquots of the transfected
cells. Total fluorescence was measured using a FluoroCount
(PerkinElmer) with an excitation filter at 400 nm and an emis-
sion filter at 510 nm and the following parameters: gain, 1; pho-
tomultiplier tube, 1100 V; time, 1.0 s. After measuring fluores-
cence, the same cell samples were incubated with
coelenterazine h (5 um; 8 min; Nanolight Technology), and
total cell luminescence was measured using a LumiCount
(PerkinElmer Life Sciences) with the following parameters:
gain, 1; photomultiplier tube, 900 V; time, 1 s.

Immunopurification Assays and Western Blot Analysis—
Cells were recovered in phosphate-buffered saline and treated
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with DPDPE or TICP (10 uM, 5 min) as described above. Fol-
lowing treatment, cells were suspended in lysis buffer (5 mm
Tris, 3 mm MgCl,, 2 mm EDTA, 1 mMm NaF, 1 mm NazVO,, 5
pg/ml leupeptin, 5 pg/ml soybean trypsin inhibitor, and 10
pg/ml benzamidine) and homogenized using an Ultraturax
homogenizer (IKA, Wilmington, NC). Following centrifuga-
tion at 300 X g for 5 min, the supernatant was centrifuged at
30,000 X g for 20 min, and the resultant pellet was resuspended
in lysis buffer for a second round of centrifugation (30,000 X g;
20 min). The pellet obtained was then solubilized in 0.5% #n-do-
decylmaltoside, 25 mm Tris, pH 7.4, 140 mM NaCl, 2 mm EDTA,
1 mm NaF, 1 mm NazVO,, 5 ug/ml leupeptin, 5 ug/ml soybean
trypsin inhibitor, and 10 ug/ml benzamidine. Following agita-
tion at 4 °C for 2 h, the solubilized fraction was centrifuged at
10,000 X g for 30 min, and the receptor was immunopurified
from the supernatant fraction using an anti-FLAG M2 antibody
resin. 20 ul of antibody-coupled resin equilibrated in solubili-
zation buffer and supplemented with 0.1% bovine serum albu-
min (w/v) were used to purify the receptor overnight at 4 °C
under gentle agitation. The next morning, the resin was pel-
leted and washed twice with 500 ul of solubilization buffer and
four times with 500 ul of modified solubilization buffer (con-
taining 0.1% instead of 0.5% n-dodecyl-maltoside (w/v)). The
receptor was then eluted by incubating the resin for 10 min at
4 °C with 100 ul of modified solubilization buffer containing a
FLAG peptide (150 pg/ml). This elution was repeated three
times, and the eluates were combined and concentrated by
membrane filtration over Microcon-30 concentrators (Milli-
pore). SDS sample buffer was then added, and samples were
used for SDS-PAGE. SDS-PAGE was performed using a 4%
stacking gel and 10% separating gel. Proteins resolved in SDS-
PAGE were then transferred (50 mA, 16 h; Bio-Rad Mini-Trans
Blot apparatus) from gels onto nitrocellulose (GE Healthcare).
The amount of endogenous or Luc-tagged Gey; or Gf3 that was
recovered with immunopurified DORs was assessed using
1:1000 polyclonal antibodies raised against Gey; or Gf3, fol-
lowed by secondary anti-rabbit horseradish-conjugated anti-
bodies (1:40,000; Amersham Biosciences). The total amount of
receptor loaded for each sample was detected by probing the
samples with anti-FLAG M2 antibody (1:5000), followed by
secondary anti-mouse horseradish-conjugated antibodies
(1:40,000; Amersham Biosciences).

CAMP Accumulation Assays—cAMP accumulation assays
were carried out according to a previously described protocol
(18),and [PH]ATP and [*H]cAMP were separated by sequential
chromatography on Dowex exchange resin and aluminum
oxide columns. cAMP produced was estimated by calculating
the ratio of [*H]cAMP/[?*H]ATP plus [*H]cAMP in each
sample.

[?*S]GTPvS Binding Assays—The procedure for [**S]GTPvS
binding has been detailed in a previous report (18).

Data Analysis—Statistical comparisons were done by one-
way analysis of variance using Dunnett’s correction to compare
drug effects with basal conditions and Fisher’s “least signifi-
cance difference” adjustment in order to assess differences
among drugs. Modification of drug effects by PTX was analyzed
by covariance using basal values as co-regressor. Except for Fig.
2, all figures present data as differences or percentage changes

15080 JOURNAL OF BIOLOGICAL CHEMISTRY

with respect to basal, but in all cases statistical analyses were
carried out on raw net BRET ratio, cAMP/cAMP + ATP ratio,
or pERK/total ERK ratio.

RESULTS

Signaling Efficacy of DOR Ligands—In a first series of exper-
iments, we sought to establish the signaling profile of peptidic
(DPDPE, TIPP, and TICP) and nonpeptidic (SNC-80, mor-
phine, and naltrindole) DOR ligands that would then be tested
in BRET assays. Consistent with previous reports (6, 7), ligand
efficacy was influenced by the signaling pathway in which drugs
were tested (Fig. 1). Naltrindole, classically considered a neutral
antagonist (19), was without effect in the ERK cascade but dis-
played partial efficacy in the cAMP pathway. DPDPE and
SNC-80 inhibited cAMP production and induced ERK phos-
phorylation, behaving as highly efficacious agonists in both cas-
cades, whereas morphine and TIPP displayed partial efficacy at
both readouts. TICP, on the other hand, had a dual profile,
sharing agonist capacity to induce ERK activation but opposing
agonist ability to inhibit cAMP production. Comparison of
ligand rank order of efficacy in cyclase (Fig. 14) and ERK (Fig.
1B) cascades also revealed that DOR ligands did not maintain
their ordinal positions in the two assays, an observation that has
been classically associated with the existence of ligand-specific
receptor states (4, 7). We reasoned that if this interpretation of
functional data were correct, then DORs occupied by different
ligands should distinctively interact with intracellular signaling
partners. To assess this possibility, we required an experimental
approach that would allow us to monitor DOR interaction with
signaling proteins under conditions similar to the ones used in
cyclase and mitogen-activated protein kinase readouts. We
therefore turned to BRET, since this technology offers the pos-
sibility of monitoring protein-protein interactions within living
cells.

Characterization of BRET Constructs and Signal Specificity—
BRET is a naturally occurring phenomenon resulting from the
nonradiative transfer of energy between a luminescent donor
and a fluorescent acceptor (20). In BRET?2 assays, RLuc cata-
lyzes oxidation of cell-permeable coelenterazine (DeepBlueC),
resulting in luminescence emission within the excitation wave-
length of GFP (21). Because the efficacy of energy transfer varies
inversely with the sixth power of distance, fluorescence emis-
sion by GFP will only take place if donor excitation occurs in
close proximity of the acceptor (100 A). This property may be
exploited to monitor interactions between different types of
cellular proteins (22, 23), provided that proteins of interest are
tagged with donor/acceptor pairs. Increases (decreases) in the
BRET signal imply formation (destruction) of new complexes
or tags coming closer together (separating) within a preformed
complex.

Supplemental Fig. 14 shows the different BRET constructs
used in this study. Specifically, DOR interaction with the Ga
subunit was monitored from different vantage points, introduc-
ing the acceptor GFP at the receptor C terminus, whereas the
donor Luc was inserted at three different locations within the
a;; subunit: (i) linker 1 region, which connects helical to
GTPase domains (o;-Luc60); (ii) the loop connecting helices
aA and oB of the helical domain (o;-Luc91); and (iii) the loop
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FIGURE 1. Functional responses of DOR ligands in adenylyl cyclase and
ERK pathways. A, HEK293 cells expressing DOR-FLAG were treated with sat-
urating concentrations (10 um) of indicated ligands and cAMP accumulation
assays performed in the presence of 25 um forskolin as detailed under “Exper-
imental Procedures.” Drug effects are expressed as percentage change with
respect to the total amount of cAMP produced in the absence of ligand
(percentage change in cAMP accumulation = (CAMPy;,,q — CAMP, jigand)/
CAMP,; jigana X 100) and correspond to mean = S.E. of seven experiments
carried out in triplicates. B (top), HEK293 cells expressing DOR-FLAG were
exposed to saturating concentrations of the indicated ligands for 5 min, fol-
lowing which ERK signaling was assessed by immunoblot. ERK phosphoryla-
tion was normalized to the amount of protein loaded per lane by expressing
the data as phospho-ERK/total ERK ratio. Drug effects were expressed as per-
centage of the basal ratio (percentage of basal = ((pERK/total ERKig,,q)/
(PERK/total ERK,; jigana) X 100)) and represent mean * S.E. of at least six
experiments. B (bottom), representative immunoblots. pERK and total ERK
bands observed in the presence and absence of the indicated drugs. Each
drug was paired to its corresponding experimental control from the same
blot. To achieve this pairing, lanes containing information not presented in
the study were removed by splicing. Examples for different drugs were not
necessarily all from the same blot, but they were all matched for total ERK
contents and time of film exposure. Statistical analysis is detailed under
“Experimental Procedures.” *, p < 0.05; **, p < 0.001.

connecting helices @B and «C of the same domain (;-Luc122).
Interaction of the GB7y complex with DORs or «;; subunits was
assessed by using DOR-Luc or «;;-Luc, respectively, as donors,
whereas the acceptor GFP was introduced at the N-terminal
domain of vy,. The functionality of ¢;;-Luc and GFP-v, con-
structs had been previously established (11, 14), and that of
receptor fusion proteins was assessed in cCAMP assays. As indi-
cated by their ability to support DPDPE-induced inhibition of
cAMP production, DOR-GFP and DOR-Luc were functional
and adequately expressed at the membrane (supplemental Fig.
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1B). Their signaling capacity was comparable to that of DOR-
FLAG (supplemental Fig. 1B), a carboxyl-terminal tagged con-
struct that had been previously shown to be indistinguishable
from wild-type DORs (24).

In a first series of BRET assays, DOR-GFP was separately
co-expressed with each of the Go;;-Luc constructs. Results
showed the existence of a spontaneous BRET signal whose
magnitude was dependent upon Luc location within the « sub-
unit (Fig. 24). In keeping with these findings, co-immunopuri-
fication of DORs with o;-Luc91 or with endogenously
expressed o;; subunits showed that the overexpressed «;;-Luc
construct and the native a;; subunit were both recovered with
the receptor (Fig. 24; inset), indicating that the spontaneous
interaction observed in BRET assays was not due to simultane-
ous overexpression of the receptor with its G protein signaling
partners.

The specificity of the observed interaction between DOR-
GFP and «;;-Luc was further analyzed in BRET titration assays
where donor/acceptor ratios were made to vary by progres-
sively increasing the amount of acceptor constructs (DOR-
GFP) available for interaction with a fixed amount of donor
(0;;-Luc9l). Increasing amounts of DOR-GFP efficiently
increased energy transfer until reaching a plateau (Fig. 2B), an
observation consistent with the notion that donor molecules
(0-Luc91) interact with acceptors (DOR-GFP) until reaching
saturation (25). In contrast, co-transfection of a;-Luc91 with
increasing amounts of a CD8-GFP construct which has similar
distribution as the receptor but does not interact with G (11)
(14), produced marginal transfer of energy that did not follow
saturation kinetics. In addition, the fact that the highly effica-
cious DOR agonist SNC-80 (10 um; 2 min) modified BRET gen-
erated by DOR-GFP-¢;;-Luc91 but not that corresponding to
CD8-GFP, further indicates that the spontaneous transfer of
energy obtained by co-expressing DOR:w;; pairs was due to
their specific interaction and not simply to their overexpres-
sion. It should be noted that BRET does not allow us to identify
the exact subcellular localization of interacting proteins, but
the signal generated by DOR:«;; BRET pairs most likely repre-
sents membrane as well as intracellular complexes in their way
to the cell surface.

BRET assays also revealed a spontaneous in vivo interaction
between DORs and the By complex as well asamong «;; and By
subunits of the heterotrimeric G protein (Fig. 2C). Constitutive
association between DORs and the 3 component of the By dim-
mer was corroborated in immunopurification assays where
endogenous and overexpressed 31 subunits were recovered
with the receptor (Fig. 2C, inset). Specificity of DOR-
Luc'GFP-v, interaction was confirmed in titration assays (Fig.
2D) in which this BRET pair was shown to generate a signal that
could be saturated and modulated by DOR agonists, whereas
coexpression of CD8-Luc with GFP-v, yielded a low, nonsat-
urating energy transfer that was unaffected by the presence of
SNC-80.

The generation of a constitutive BRET signal among DOR
and afy constructs is consistent with the increasingly accepted
notion that heptahelical receptors form part of constitutive
multiprotein complexes containing transducers, effectors, and
regulators of G protein signaling (26). In the next series of
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FIGURE 2. Spontaneous signals generated by different BRET pairs. A, HEK 293 cells were transfected with recombinant plasmids for DOR-GFP, the indicated
o4;-Luc constructs, and untagged f3,y, subunits. Spontaneous interaction between DORs and «;; subunits was measured by assessing net BRET values in the
absence of ligand. Values correspond to mean = S.E. of 5-9 experiments carried out in duplicates. Inset, HEK 293 cells expressing or not DOR-FLAG were
transfected with «;;-Luc918,y, or vector, and DORs were immunopurified as described under “Experimental Procedures.” The amount of a;;-Luc91 (~75 kDa)
orendogenous ¢, (~39kDa) subunits recovered with each purification product was assessed by immunoblot. Results correspond to a representative example
of four independent experiments. Blots for «;;,-Luc91 and endogenous «;; were scanned from separate films. B, BRET titration assays were performed by
measuring net energy transfer in HEK 293 cells transfected with increasing concentrations of DOR-GFP or CD8-GFP and a fixed amount of «;;-Luc91, in
combination with untagged B, subunits. C, basal interaction between the By complex and DORs was assessed by measuring the spontaneous BRET signal
generated by HEK 293 cells expressing GFP-vy, and DOR-Luc in combination with untagged «;, and 8, subunits. Interaction between the By complex and o,
subunits was assessed by co-transfecting «;;-Luc60, o;;-Luc91, or «;;-Luc122 with GFP-vy,, B, subunits, and DOR-FLAG into HEK 293 cells. Values correspond to
mean * S.E. of 4-9 experiments carried out in duplicates. Inset, HEK 293 cells expressing or not DOR-FLAG were transfected with «;, 3,7, or vector, and DORs
were immunopurified as described under “Experimental Procedures.” The amount of endogenous or overexpressed 81 (~32 kDa) subunits recovered with
each purification product was assessed by immunoblot. Results correspond to a representative example of four independent experiments. D, BRET titration
assays were performed by measuring net energy transfer in HEK 293 cells transfected with increasing amounts of GFP-+y, and a fixed amount of DOR-Luc or

CD8-Luc, in combination with untagged «;; and 3, subunits.

experiments, we assessed how ligands with different functional
profiles modified the association between the receptor and het-
erotrimeric components of the complex.

BRET Changes Induced by DPDPE and TICP Are Consistent
with a Conformational Rearrangement of DOR-«,,3,y, Com-
plexes in Living Cells—The way in which TICP and DPDPE
modified basal BRET values was dependent upon tag position
within the different BRET pairs. In the case of DPDPE, short
term incubation (2 min) at a maximal effective concentration
(10 um) caused spontaneous energy transfer between DOR-
GFP and a;;-Lucto be increased at «;;-Luc91 but reduced at the
construct baring Luc at position 122 (Fig. 34). DPDPE also
increased energy transfer at DOR-Luc'GFP-v, (Fig. 3B) and «;; -
Luc60-GFP-vy, (Fig. 3C) while reducing the signal at «-
Luc91-GFP-vy, and «;;-Lucl122-GFP-v, (Fig. 3C). Given the
position of donor/acceptor moieties within each of the BRET
constructs, these observations indicate that DPDPE binding
caused the accumulation of a receptor species in which the
receptor C terminus is closer to the N terminus of v, than in
the unstimulated state. At the same time, while approaching the
linker 1 region (o;-Luc60) and the loop connecting helices
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aA-aB of o;; (oy-Luc9l), the C terminus of this agonist-acti-
vated receptor state separates from the loop connecting helices
aB and aC (o4-Lucl22) of the same subunit. DPDPE binding
also modified the interaction between « subunit and By com-
plex, bringing the N-terminal region of vy, closer to the linker 1
region but separating it from the loops connecting helices
aA-aB and aB-aC. As a whole, these BRET changes are better
explained by a conformational reorganization of the constitu-
tive signaling complex formed by the receptor and the hetero-
trimeric subunits than by a change in the absolute number of
complexes (11, 27). The propensity of two proteins to form
and/or remain in a complex may also be estimated by BRET50
values (25). Hence, the fact that DPDPE did not modify BRET50
for DOR-GFPa;;-Luc91 or DOR-Luc'GFP-v, (Fig. 3D) further
supported the notion that agonist binding did not modify the
absolute number of DORs interacting with G proteins.

These observations contrast with accepted models of G pro-
tein activation, which predict recruitment of G proteins to ago-
nist-occupied receptors and the subsequent dissociation of the
afytrimer upon activation (28, 29). Divergence between BRET
results and predictions of currently accepted theoretical mod-
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FIGURE 3. BRET changes promoted by DPDPE and TICP are consistent with conformational reorganization of preformed DOR-«;, 3, v, complexes. HEK
293 cells were transfected as in Fig. 2, and net BRET signals generated by DOR-GFP and specified «;,-Luc partners (A), GFP-y, and DOR-Luc (B), or GFP-7, and
specified ;;-Luc constructs (C) were assessed in the presence or absence of DPDPE or TICP (10 uM; 2 min). Results were expressed as the difference between
measures obtained in the presence or absence of ligand and correspond to mean = S.E. of at least six experiments carried out in duplicates. *, p < 0.05; **, p <
0.01.D, BRET titration assays were carried out as in Fig. 2, in the presence or absence of DPDPE. BRET50 values represent the calculated ratio of donor/acceptor
molecules producing 50% of the energy transfer observed at saturation. E, following transfection with DOR-FLAG, o;,-Luc91, or vector, in combination with
By cells were exposed or not to saturating concentrations of DPDPE or TICP as above. Following treatment, receptors were immunopurified, and the product
was separated by SDS-PAGE. The amount of «;;-Luc91 or endogenous «;; subunits recovered with the receptor was then assessed by immunoblot. DOR
interaction with transfected or endogenous «;; subunits was assessed by calculating the immunoreactivity ratio «;;,/FLAG presentin each sample. Results were
expressed as percentage of basal values and represent mean * S.E. of four experiments. Blots for a;;-Luc91 and endogenous «;; were scanned from separate
films. F, cells stably expressing DOR-FLAG were transfected with «;,; 3,7, or vector and exposed or not to DPDPE or TICP. Following DOR immunopurification,
the amount of endogenous or overexpressed 3, subunits recovered with the receptor was assessed by immunoblot. Results are expressed as in £ and

correspond to four experiments. Blots for endogenous and overexpressed 3, subunits were scanned from separate films.

els could be related to the fact that BRET monitors receptor-G
protein interaction in vivo, whereas the prevailing conceptual
framework has been largely constructed upon structural and in
vitro data. Hence, it was of interest to assess how exposure to
DPDPE similar to the one used in BRET assays would modify
DOR-G protein interaction as monitored by an in vitro assay.
To do so, cells were exposed to the agonist in vivo, and the
amount of o;; and B subunits recovered with immunopurified
DORs was measured by Western blot analysis. As shown in Fig.
3E, agonist treatment increased bands corresponding to a;;-
Luc91 or endogenous ¢, immunoreactivity. Similarly, the ago-
nist increased the amount of endogenous or overexpressed f3
subunits that co-purified with the receptor (Fig. 3F). Both
observations are consistent with formation of new DORG pro-
tein complexes or with an increase in stability of preexisting
ones, but only the latter are compatible with in vivo BRET data.
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DPDPE and TICP shared an agonistic functional profile
when both compounds were tested in the ERK cascade but had
opposing actions in the cyclase pathway (Fig. 1). Hence, it was
of interest to determine whether these distinct functional phe-
notypes would be associated with different BRET profiles. Incu-
bation with TICP (10 uM, 2 min) reduced energy transfer at (i)
DOR-GFP-«;;-Luc pairs baring tags at positions 60 and 122
(Fig. 3A4), (ii) the BRET pair evaluating DOR interaction with
the By complex (DOR-Luc-vy,-GFP; Fig. 3B), and (iii) one of the
BRET pairs monitoring afvy interactions (DOR GFP-vy, a;;-
Luc60; Fig. 3C). At the same time, TICP produced no significant
changes in energy transfer at y,-GFP-o;;-Luc122 (Fig. 3C) or
DOR-GFP:e;;-Luc91 (Fig. 3A) and increased BRET between
this same donor and GFP-v, (Fig. 3C). TICP-induced increases
and decreases in energy transfer were determined by tag posi-
tion within different BRET pairs, indicating that, similar to
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FIGURE 4. Ligand-promoted BRET changes are associated with G protein activation. A, HEK 293 cells were
transiently transfected with the indicated BRET constructs and complementary heterotrimeric subunits and
exposed to increasing concentrations of DPDPE to establish dose-response curves at each of the donor/
acceptor pairs. Results are expressed as the difference of BRET ratios obtained in presence and absence of drug
and are represented in the left y axis. The effect of increasing concentrations of DPDPE on G protein activation
was assessed by [**SIGTPvS binding in cells transfected with FLAG-tagged-DORs. Results are expressed as
percentage change with respect to basal and are represented on the right axis. B, cells expressing DOR-GFP-«;,-
Luc91 (n = 5-6) or DOR-Luc-GFP-+y, (n = 5-6) were exposed or not to PTX as indicated in the figure (100 ng/ml;
16 h), following which ligand-promoted BRET changes were assessed. Inset, net BRET values obtained in con-

trols and PTX-treated cells.

DPDPE, the dual efficacy ligand did not modify the number of
DOR «;, B;v, complexes. In keeping with this notion, BRET50
values for the DOR-Luc a;;-Luc91 pair were not modified by
TICP treatment (BRET50 control, 0.011 = 0.002; BRET50
TICP, 0.010 = 0.002). Moreover, immunopurification assays
indicated that TICP modified the amount of neither endoge-
nous nor overexpressed 8 subunits recovered with the receptor
(Fig. 3F), indicating that binding of this ligand did not disrupt
DOR- interaction. Although similar results were obtained
when evaluating how TICP modified recovery of overexpressed
«;; subunits with immunopurified DORs, the observation that
the amounts of endogenous «;; subunits recovered with the
receptor were reduced by treatment with this ligand suggests a
possible reduction in the stability of the DOR-¢;; interaction.
TICP and DPDPE induced different changes in basal BRET at
six of the seven pairs tested. At four of these pairs, the effects of
DPDPE were of opposite direction as those induced by TICP.
Donor/acceptors at which these opposing changes took place
indicate that both drugs differed in the way they modified DOR
interaction with the a subunit (DOR-GFP-«;;-Luc60; Fig. 34)
and By complex (DOR-Luc'GFP-v,; Fig. 3B). Furthermore,
these differences were carried over to the way « and By sub-
units positioned themselves with respect to each other, since
TICP caused the N-terminal domain of v, to separate from «;;
at the linker 1 region, whereas DPDPE caused the same sites on
the two subunits to become closer to one another (o;-
Luc60-GFP-vy,; Fig. 3C). Divergences between the effects of
both drugs were also observed for the «;;-Luc122-GFP-vy, pair,
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A GTPyS DOR-Flag ECgy = 224 £70 nM

DOR-Luc/GFP-y2

where TICP and DPDPE, respec-
tively, approached and separated
GFP-v, and «o;;-Lucl22 tags.
Ligand-induced Changes in BRET
Are Associated with Go,; Activation—
Dose-response curves for DPDPE
showed that this agonist modified
BRET signals generated by DOR-
GFP-a;;-Luc91, DOR-Luc'GEP-vy,,
and o;;-Luc91-GFP-v, in a concen-
tration-dependent manner and that
EC;, values at each of these BRET

Effect of PTH an bassl
BRET

04 . .
e pairs were less than one logarithm
§ 02 apart (Fig. 44). DPDPE potency to
pe0.01 Zo di
— 00 modify energy transfer was also

CIL  PTX

I III.I. I
T

compared with agonist potency to
promote G protein activation,
revealing that EC,, at the different
BRET pairs was within the same
range as agonist potency to promote
[**S]GTP«S binding (Fig. 44). This
observation suggests a direct link
between agonist-induced confor-
mational reorganization of the
DOR-G protein complex and activa-
tion of the heterotrimer. Moreover,
DPDPE potency to modify energy
transfer at the different BRET pairs
was in better agreement with its
potency to promote [**S]GTPvyS
binding (EC,, = 224 * 70 nm; Fig. 4A4) than its potency to
induce cyclase inhibition (EC,, = 7.4 % 0.6 nm; supplemental
Fig. 1), most probably reflecting a lack of amplification between
conformational changes revealed by BRET and G protein
activation.

An association between ligand-induced changes in energy
transfer and G protein activity was further supported by
experiments in which BRET assays were performed follow-
ing exposure to PTX. Indeed, G protein inactivation by the
toxin interfered with BRET changes at pairs evaluating DOR
interaction with the «;; subunit and the By complex. This
effect was particularly evident for ligands displaying high
agonist efficacy both at cAMP and ERK readouts (Fig. 4B). In
contrast, inactivation of the «; subunit did not modify the
basal BRET signal (Fig. 4B, insets), indicating that spontane-
ous energy transfer was not a consequence of constitutive G
protein activation.

Ligand Rank Order of Efficacy to Modify Energy Transfer Was
Not Maintained across All BRET Pairs Tested—DPDPE and
TICP imposed different conformational changes upon the
DOR-G protein complex (Fig. 3, A-C), indicating that
these ligands stabilized different receptor states. However,
these observations by themselves do not allow us to conclude
whether DORs are stabilized in multiple, ligand-specific
conformations (2, 30) or if these BRET changes were the
consequence of DPDPE and TICP imposing opposite shifts
in the equilibrium between two receptor species (31). To
distinguish between these two possibilities, it was necessary

it
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FIGURE 5. Comparison of ligand-induced BRET changes across different donor/acceptor pairs. HEK 293
cells were transfected as detailed in previous figures, and BRET signals generated by DOR-GFP and specified
a;;-Luc partners (A) were obtained in the absence and presence of the indicated ligands (10 um; 2-min expo-
sure). Results are expressed as the difference between measurements obtained in the presence and absence of
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promoted by different DOR ligands in cells expressing DOR-Luc*GFP-v, (n = 5-7) (B) and in cells expressing
GFP-v, and specified «;;-Luc partners (n = 6) (C). Note that DPDPE and TICP results that appear in Fig. 3 were

ing ordinal positions to modify basal
energy transfer across all BRET
pairs, with the exception of DOR-
GFP-a;;-Lucl22 (Fig. 5A), where
none of the drugs tested differed in
their ability to modify basal BRET.
Unlike highly efficacious ligands,
energy transfer by morphine, TIPP,
naltrindole, and TICP was observed
only at some of the pairs tested (Fig.
5, B and C). However, careful analy-
sis of BRET pairs at which energy
transfer by these drugs significantly
differed from one another indicated
that rank order of efficacy was not
maintained. Indeed, naltrindole
preceded TIPP and TICP at GFP-
v,"DOR, GFP-vy, a;;-Luc60, and
GFP-v,a;;-Luc91l  but  followed
both drugs at GFP-vy, a;;-Lucl22.
Similarly, TIPP preceded TICP at
GFP-v, a;;-Luc60, but the order
was reversed at GFP-vy,-a;;-Lucl22.
Unlike changes in maximal energy

included here for comparison. ¥, p < 0.05; **, p < 0.01.

TABLE 1

Effect of different DOR ligands on BRET50 values calculated from
titration assays carried out in cells expressing
DOR-GFP-a;-Luc91 and DOR-Luc:GFP-v,

DOR-GFP versus

DOR-Luc versus

Drugs a;;Luc9l v,-GFP
Basal 0.011 = 0.002 0.083 = 0.006
DPDPE 0.009 = 0.002 0.054 + 0.003
SNC-80 0.013 = 0.002 0.058 =+ 0.004
Morphine 0.012 * 0.002 0.069 * 0.004
TIPP 0.009 = 0.001 0.066 * 0.004
TICP 0.010 = 0.002 NA“

“ Not assessed.

to monitor changes in energy transfer by a larger number of
ligands. Theoretically, if the two-state alternative is correct
and drugs simply differ in their ability to enrich (or deplete)
one conformation over the other, then any group of ligands
with different signaling efficacies would be expected to
induce a progressive modification of BRET values, corre-
sponding to the accumulation (or depletion) of one of the
two conformations. In other words, these ligands should
produce progressive BRET changes whose rank order should
be maintained across all donor/acceptor pairs tested. Failure
to comply with these restrictions would falsify the two-state
hypothesis in favor of the existence of ligand-specific
conformations.

BRET changes induced by ligands with different signaling
efficacies at cCAMP and ERK readouts (Fig. 1) were tested at
seven different sets of BRET pairs and ordered according to
magnitude and direction of maximal energy transfer (Fig. 5),
which are the parameters that indicate the degree to which tags
present in the different BRET pairs are either brought together
or separated following ligand binding to the receptor. SNC-80
and DPDPE were always the most efficacious ligands maintain-
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transfer, ligands did not modify basal
BRET50 values (see Table 1).

DISCUSSION

An increasing number of reports indicate that modulation of
intracellular signaling pathways through heptahelical (seven-
transmembrane) receptors may involve multiple active confor-
mations of the same receptor. However, most of this evidence is
based on functional data (3, 4), and physical proof of whether
intracellular signaling partners are able to structurally discrim-
inate among ligand-specific receptor states has remained
limited. We have previously provided functional support to
the idea that B,-adrenergic receptors and DORs may be sta-
bilized in ligand-specific states with distinct signaling and
regulatory properties (6, 7). Below, we discuss how results
obtained in this in vivo study of DOR-q, 3,7, interactions
rule out the two-state model and favor the existence of
ligand-specific conformations.

Macromolecular complexes containing receptors, a3y sub-
units (11, 27), effectors (32—34), and signaling regulators (35)
have been described for numerous seven-transmembrane
receptors. In addition, in vivo molecular imaging techniques
have allowed us to establish that these complexes are preas-
sembled before reaching the membrane (26), where they
remain associated during the initial phases of agonist-pro-
moted signal transduction (12, 14, 27, 36). Several of our obser-
vations are consistent with this notion, since they can only be
explained by the existence of constitutive DOR-G protein com-
plexes whose number is not modified by short term exposure to
different ligands. Indeed, a spontaneous interaction between
DORs and different subunits of heterotrimeric G proteins is
supported not only by the existence of a specific basal BRET
signal at pairs evaluating DOR-w;;, DOR-B,;v,, and a;;-3,7;
interaction but also by reduction of these signals following
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binding of some of the ligands tested. The constitutive associa-
tion of DORs with the «;; subunit and By complex is further
reinforced by in vitro results showing that receptors and endog-
enous or overexpressed «;; and 3; subunits were co-immuno-
purified from untreated cells. In fact, in the case of the 8, sub-
unit, its spontaneous association with DORs remained
unchanged even following exposure to TICP. Finally, the idea
that the total number of DOR:G protein complexes remains
constant at early stages of ligand exposure is supported by the
observation that a 2-min incubation with different ligands
induced position-dependent changes in maximal BRET. Intu-
itively, this type of observation is better explained by a confor-
mational rearrangement of donor/acceptor tags within a pre-
existing complex than by a change in the total number of DORs
interacting with G proteins (14). Constant BRET50 values
across different treatments are also consistent with this notion.
BRET50 is a proximity parameter calculated from experiments
in which a fixed amount of donor-tagged proteins is co-ex-
pressed with increasing amounts of proteins carrying the
acceptor. If energy transfer reaches saturation and the curve is
defined by a quadrangular hyperbola, then BRET50 values cor-
respond to the ratio of donor/acceptor molecules producing
50% of energy transfer observed at maximal saturated BRET
(25). By analogy with saturation binding assays, this parameter
may be used to estimate the ease with which complexes are
formed or destroyed. Hence, the stability of this parameter
across all pharmacological treatments reinforces the notion
that ligand binding promotes neither complex formation nor
disintegration.

However, it is difficult to reconcile BRET results in which
ligand binding does not modify the total amount of complexes
and in vitro data indicating that exposure to DPDPE changes
the amount of a and B subunits recovered with immunopuri-
fied DORs. A possible explanation for this divergence could be
related to the nature of protein-protein interactions within
multimeric arrays. Specifically, we propose that formation or
disintegration of a multimeric complex is not exclusively deter-
mined by the propensity of any two of its components to inter-
act with one another but through a network of forces linking all
of its constituents. For example, evidence from this and other
studies indicates that shortly after ligand binding, heptahelical
receptors remain associated with heterotrimeric G proteins
(11, 37), G protein subunits remain associated with each other
(14, 27, 38) and to effectors (34), and effectors maintain their
interaction with receptors (32, 39, 40). Under these circum-
stances, the common interacting partner (effector) would be
able to keep a structured complex and proximity between
DORs and heterotrimeric subunits even if ligand binding mod-
ifies DOR affinity for G proteins. On the other hand, even if a
change in their tendency to interact does not modify the total
number of DORs associated with «fy, it could still modify
complex stability. Indeed, if ligand binding changes the
affinity with which DOR interacts with the a subunit, it
could modify resistance of the complex to detergents and the
amount of aBy subunits recovered by DOR immunopurifi-
cation. Thus, considering the proximity of complex compo-
nents as the result of a network of forces and not simply as a
consequence of individual relative affinities provides a plau-
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TABLE 2

Correlations analysis of ligand-induced-BRET changes at
donor/acceptor pairs evaluating interaction with DORs or By
complex from different vantage points on the « subunit

R P

DOR-GFP and «;,-Luc constructs

a;;-Luc60 versus a;;-Luc9l 0.614 0.065

o, -Luc60 versus oy, -Lucl22 0.134 0.476

o;;-Luc91 versus oy, -Lucl22 0.018 0.802
v,-GFP and «;,Luc constructs

a;;-Luc60 versus a;;-Luc9l 0.916 0.003

o;,-Luc60 versus o;;-Lucl22 0.554 0.090

a;;-Luc91 versus oy, -Lucl22 0.774 0.021

TABLE 3

Correlation analysis of ligand-induced BRET changes at
donor/acceptor pairs monitoring conformational information
transferred from the receptor to « subunits and from « subunits to
the By complex

R P
Correlation for DOR-GFP-a;-Luc60 and
a;-Lucsy,-GFP pairs
a;,-Luc60-y,-GFP 0.712 0.035
a;;-Luc91-y,-GFP 0.614 0.065
a;;-Lucl22-y,-GFP 0.400 0.178
Correlation for DOR-GFP-q;-Luc91 and
a;-Lucy,-GFP pairs
a;;-Luc60-y,-GFP 0.767 0.022
a;,-Luc91-y,-GFP 0.886 0.005
a;,-Lucl22-y,-GFP 0.866 0.007
Correlation for DOR-GFP-a;-Luc122 and
a;-Lucy,-GFP pairs
a;;-Luc60-y,-GFP 0.000 0.969
a;,-Luc91-y,-GFP 0.064 0.629
a;,-Lucl22-y,-GFP 0.109 0.523

TABLE 4

Correlation analysis of ligand-induced change at BRET pairs
evaluating conformational change within the G protein
heterotrimers and ligand efficacy to induce modulation of CAMP
accumulation and ERK phosphorylation

R’ P
Correlation for cAMP signaling and
a;Lucy2-GFP constructs
a;,-Luc60-y,-GFP 0.954 0.008
a;;-Luc91-y,-GFP 0.798 0.017
a;;-Lucl22-y,-GFP 0.442 0.150
Correlation for ERK signaling and
o, Lucy2-GFP constructs
a;;-Luc60-y,-GFP 0.344 0.226
a;;-Luc91+y,-GFP 0.507 0.112
a;;-Luc122-y,-GFP 0.659 0.049

sible explanation to the observed divergence between BRET
and immunopurification data.

Apart from DPDPE and TICP, BRET changes by SNC-80,
morphine, TIPP, and naltrindole were also compatible with a
conformational rearrangement of the constitutive DOR-G pro-
tein complex. Overall, changes in energy transfer induced by
the complete series of tested compounds were characterized by
differences in magnitude and direction and by a failure to main-
tain the same rank order of efficacy across the different inter-
actions tested. The latter observation is particularly relevant,
because it falsifies the notion that DOR ligands produce differ-
ential accumulation of a single active receptor state. Indeed, if
the only difference among the tested drugs were their ability to
shift equilibrium between two receptor species (active and
inactive), then one would expect the increasing ability of differ-
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FIGURE 6. Three-dimensional representations of ligand-induced changes in energy transfer at donor/
acceptor pairs monitoring the interaction between «i1-Luc60-GFP-y2 and «i1-Luc122-GFP-y2 and
ligand efficacy in cAMP assays (A) and ai1-Luc60-GFP-y2 and «i1-Luc122-GFP-vy2, and ligand efficacy in
ERK activation assays (B). Points representing different ligands were connected by a line that follows their
rank order of efficacy in respective functional assays. Insets to the right, two-dimensional representations for
BRET/functional data. Thick lines in two-dimensional plots illustrate linear regression for correlated pairs of data
sets. Data are expressed as percentage changes with respect to values observed in absence of ligand.

ent ligands to enrich (or reduce) one of the species at the
expense of the other to transpire as correlated, progressive
changes in energy transfer at all donor/acceptor pairs tested.
Results summarized in Tables 2 and 3 indicate that BRET
changes induced by DOR ligands across different interactions
within the DOR-G protein complex do not fulfill these expec-
tations. In particular, Table 2 shows correlation analysis for
ligand-induced BRET changes at pairs assessing the same pro-
tein-protein interaction from different vantage points (i.e.
DORs with different ¢;-Luc constructs or By complex with dif-
ferent a;-Luc constructs). The fact that noncorrelated changes
could be detected at both sets of interactions is inconsistent
with a two-state model and favors an alternative view in which
not only the receptor but heterotrimeric subunits may adopt
ligand-specific conformations.
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o i1Luc122i2GFP

downstream conformational changes
imposed upon o;-Luc'GFP-vy, pairs
following ligand binding to the recep-
tor. Finally, the two-state model
would also predict ligand-induced
BRET changes at pairs evaluating
conformational rearrangement
within the G protein heterotrimer to be correlated with DOR
ligand efficacy to modify cyclase and mitogen-activated protein
kinase signaling, both of which are G protein-dependent (7,
41).° Table 4 shows that ligand-induced change in cAMP pro-
duction or in ERK phosphorylation was not consistently corre-
lated across the different BRET pairs evaluating afy interac-
tion. Interestingly, ligand-induced BRET changes at the single
BRET pair that did not correlate with cAMP responses («;-
Lucl122-GFP-vy,) were the only ones to correlate with ligand
ability to induce ERK phosphorylation. A three-dimensional
representation of the correlation between each of the functional
responses and a3y interactions as evaluated by o;-Luc122 and the

® Archer-Lahlou, E., Audet, N., Amraei, M. G., Huard, K., Paquin-Gobeil, M., and
Pineyro, G. (2008) J. Cell. Mol. Med. 10.1111/j.1582-4934.2008.00308.x.
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construct bearing the Luc tag at the linker region (o;-Luc60) are
shown in Fig. 6. It is quite remarkable that conformational changes
evaluated from each of these positions correlated with just one of
the functional responses assessed, as if the ERK effector recognized
the aBy heterotrimer from the same “perspective” as the tag on
position 122, whereas adenylyl cyclase shared its vantage point
with the tag on position 60 (as well as position 91; Table 4) This
interpretation is consistent with the notion that different effectors
interact with very specific residues within the G protein (42, 43)
that would not necessarily be equally exposed by conformational
changes induced by different ligands.

In conclusion, this study showed that DORs and «;; 3,7y, sub-
units are contained within multimeric signaling complexes and
provided evidence indicating that the constitutive association
between DORs and G proteins is a viable platform whereby
conformational diversity encoded by ligand binding to the
receptor may be conveyed to downstream signaling relays. This
type of organization adds unprecedented diversity to receptor
function and has implications for the way we conceive specific-
ity of signal transduction. In particular, since composition of
multiprotein arrays is influenced by factors such as expression
levels of interacting partners, the presence of scaffolding pro-
teins (44), and membrane compartmentalization (45), not all
signaling complexes harboring a specific receptor would be
expected to be the same. Thus, a ligand that preferentially rec-
ognizes a receptor conformation within a particular type of sig-
naling complex would confine modulation of receptor signaling
to cells that express that specific type of array. Alternatively,
stabilization of a conformation that allows activation of a spe-
cific subset of complexes containing a definite type of effector
would restrict consequences of receptor activation to a distinct
signaling pathway and to the vital functions it may regulate.
Exploiting this signaling diversity could prove effective in
developing therapeutic ligands with reduced side effects.
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