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ABSTRACT
Endocannabinoids act on G protein–coupled receptors that are
considered potential targets for a variety of diseases. There are
two different cannabinoid receptor types: ligands for cannabinoid type 2 receptors (CB2Rs) show more promise than those
for cannabinoid type 1 receptors (CB1Rs) because they lack
psychotropic actions. However, the complex pharmacology of
these receptors, coupled with the lipophilic nature of ligands, is
delaying the translational success of medications targeting the
endocannabinoid system. We here report the discovery and synthesis of a fluorophore-conjugated CB2R-selective compound, CM-157
(3-[[4-[2-tert-butyl-1-(tetrahydropyran-4-ylmethyl)benzimidazol5-yl]sulfonyl-2-pyridyl]oxy]propan-1-amine), which was useful
for pharmacological characterization of CB2R by using a timeresolved fluorescence resonance energy transfer assay. This
methodology does not require radiolabeled compounds and
may be undertaken in homogeneous conditions and in living cells
(i.e., without the need to isolate receptor-containing membranes).

Introduction
Endocannabinoids are autocrine and paracrine regulators
acting via two receptors: namely, CB1 and CB2. These
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The affinity of the labeled compound was similar to that of the
unlabeled molecule. Time-resolved fluorescence resonance energy transfer assays disclosed a previously unreported second
affinity site and showed conformational changes in CB2R forming
receptor heteromers with G protein–coupled receptor GPR55,
a receptor for l-a-lysophosphatidylinositol. The populations
displaying subnanomolar and nanomolar affinities were undisclosed in competitive assays using a well known cannabinoid
receptor ligand, AM630 (1-[2-(morpholin-4-yl)ethyl]-2-methyl-3(4-methoxybenzoyl)-6-iodoindole), and TH-chrysenediol, not
previously tested on binding to cannabinoid receptors. Variations
in binding parameters upon formation of dimers with GPR55 may
reflect decreases in binding sites or alterations of the quaternary
structure of the macromolecular G protein–coupled receptor
complexes. In summary, the homogeneous binding assay described here may serve to better characterize agonist binding to
CB2R and to identify specific properties of CB2R on living cells.

cannabinoid receptors belong to the superfamily of G protein–
coupled receptors (GPCRs). When they are activated by the endogenous agonists anandamide or 2-Arachidonoylglycerol, by the main
psychoactive component of marijuana, or by synthetic cannabinoids, they couple to Gi and mediate decreases of intracellular cAMP levels while engaging mitogen-activated protein
kinase pathways (Campillo and Páez, 2009; Atwood et al.,
2012).
Cannabinoid receptors have been considered potential
targets for a variety of diseases. Pharmaceutical developments led to the first-in-class, weight-reducing molecule
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CB2R, cannabinoid subtype 2 receptor; CM-139, 4-[2-tert-butyl-5-[(2-fluoro-4-pyridyl)sulfonyl]benzimidazol-1-yl]butan-1-amine; CM-157,
3-[[4-[2-tert-butyl-1-(tetrahydropyran-4-ylmethyl)benzimidazol-5-yl]sulfonyl-2-pyridyl]oxy]propan-1-amine; CP55940, (2)-cis-3-[2-hydroxy-4-(1,1dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol; FRET, fluorescence resonance energy transfer; GPCR, G protein–coupled-receptor;
HEK, human embryonic kidney; HTRF, homogeneous time-resolved fluorescence; ML056, (R)-3-amino-4-(3-hexylphenylamino)-4-oxobutylphosphonic
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Materials and Methods
Materials and Reagents. High-performance liquid chromatography–
grade acetonitrile was purchased from Merck (Darmstadt, Germany)
and liquid chromatography/mass spectrometry–grade methanol was
from Scharlau Chemie (Barcelona, Spain). Liquid chromatography/
mass spectrometry–grade formic acid and acetic acid were provided
by Sigma-Aldrich (St. Louis, MO). 39,59-cGMP and 39,59-cAMP were
obtained from Carbosynth (Berkshire, UK). The stable isotope-labeled
sildenafil-d3, 13C,15N2-cGMP, and 13C5-cAMP, used as internal standards, were supplied by Toronto Research Chemicals (Toronto, ON,
Canada). Ultrapure water (18 MVcm) was generated using a Milli-Q
system (Millipore, Bedford, MA). Other chemicals and solvents (unless
otherwise specified) were of analytical or high-performance liquid
chromatography grade from Panreac Química (Madrid, Spain) or
Sigma-Aldrich. C-18 Light Sep-Pak cartridges were obtained from
Waters (Milford, MA) and were preconditioned, sequentially, with
ethanol (5 ml) and water (5 ml).

For nonradioactive binding assays, Tag-lite labeling medium (TLB)
was obtained from Cisbio Bioassays (LABMED; Codolet, France). The Tb
derivative of O6-benzylguanine was synthesized by Cisbio Bioassays and
is commercialized as SNAP-Lumi4-Tb (SSNPTBC; Cisbio Assays). CB2R
agonists CM-157 (3-[[4-[2-tert-butyl-1-(tetrahydropyran-4-ylmethyl)benzimidazol-5-yl]sulfonyl-2-pyridyl]oxy]propan-1-amine) and CM-139
(4-[2-tert-butyl-5-[(2-fluoro-4-pyridyl)sulfonyl]benzimidazol-1-yl]butan1-amine), conjugated to red-naltrexone fluorescent probes (red CB2R
ligands) were developed by Cisbio Bioassays. The various agonists
used for competition assays, AM630 (1-[2-(morpholin-4-yl)ethyl]-2methyl-3-(4-methoxybenzoyl)-6-iodoindole) and TH-chrysenediol,
were obtained from Tocris Bioscience (Bristol, UK). Stock solutions
were prepared in dimethylsulfoxide. Aliquots of these stock solutions were kept frozen at 220°C until use. The plasmid encoding for
the SNAP-tagged human CB2R used for transient transfection was
obtained from Cisbio Bioassays (PSNAP-CB2). White opaque 384-well
plates were obtained from PerkinElmer (Wellesley, MA).
CB2R Agonists: Selection of CM-157 and Design of CM-139. A
total of 173 compounds and their pEC50 values against CB2R were
manually compiled from patents WO2006048754 and WO2008003665
(Kon-I et al., 2006; Gijsen et al., 2008). Then, we analyzed R-group
patterns at each derivatization position of the central benzimidazole
scaffold by using our in-house tool for exploring the biologically relevant
chemical space (BRCS navigator; Rabal and Oyarzabal, 2012), which
is especially suitable for competitive intelligence and patent analysis.
Roughly, in this approach, each R-group is characterized by the chemical
functionality of its attachment point to the central scaffold (a total of
14 classes) and by the chemical nature of the substitution pattern
behind the attachment point (a total of 17 classes). As a summary of
the analysis is as follows: at nitrogen 1 (N1), 140 of the 173 compounds
bear an aliphatic heterocycle, more precisely a tetrahydropyrane ring
(105 compounds). At carbon 2 (C2), aliphatic chains are mostly
preferred (e.g., tert-butyl). Finally, at carbon 5 (C5), most R-groups
are aromatic heterocycles (e.g., pyridine rings) bearing a single
substitution that are attached to the scaffold by a sulphonamide
moiety (Supplemental Fig. 1).
Taking into account the previously reported key chemical features
to obtain optimal primary activity versus CB2Rs as well as the
plausible spatial orientation (confirmed by docking studies, below)
for functional group (a primary amine) to label proposed molecules in
just one synthetic step, we proposed and synthesized two molecules:
CM-139 (novel designed compound) and CM-157 (molecule 131 in
patent WO2008003665; Gijsen et al., 2008) (Fig. 1). Supplemental
Schemes 1-4 describe the synthesis and characterization of CM-139
and CM-157. Then, these two molecules were labeled with red-naltrexone
fluorescent probes by Cisbio Bioassays and became potential red CB2R
ligands.
Cell Line Cultures and Transfection. Human embryonic kidney
(HEK)-293T cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate,
100 U/ml penicillin/streptomycin, and 5% (v/v) heat-inactivated fetal
bovine serum (all supplements were from Invitrogen, Paisley,
Scotland, UK). Cells were maintained at 37°C in a 5% CO2 humidified atmosphere and were passaged, with enzyme-free cell dissociation buffer (13151-014; Gibco/ Thermo Fisher Scientific, Waltham,
MA), when they were 80%-90% confluent (i.e., approximately twice
a week).
For fluorescent ligand-binding assays, HEK-293T cells grown in
25-cm2 flasks were transiently transfected with the SNAP-CB2R
plasmid with or without GPR55 cDNA cloned in pcDNA3.1 by the
Lipofectamine 2000 method (11668-019; Invitrogen/Thermo Fisher
Scientific, Waltham, MA). When 60% confluence was reached, the cell
medium was removed and replaced with 4 ml fresh medium. As a
control, a transfection mix containing 8 mg plasmid, 20 ml Lipofectamine 2000, and 1 ml Opti-MEM without serum (51985-026; Gibco/
Thermo Fisher Scientific) final volume was incubated for 20 minutes
at room temperature prior to being added to cells. The culture flask
was incubated at 37°C under 5% CO2 for 24 hours.
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rimonabant, which acted as a cannabinoid type 1 receptor
(CB1Rs) antagonist (Carai et al., 2006). Unfortunately, there
were cases of suicide among individuals treated with rimonabant,
and regulatory agencies thus withdrew the drug from the
market (Sam et al., 2011). Cannabinoid subtype 2 receptors
(CB2Rs) are now considered better pharmacological targets
than CB1Rs because CB2R-selective compounds have not the
psychotropic risks derived from activating or blocking CB1R in
the central nervous system. CB2R agonists are being assayed
for pain (Zhang et al., 2013), osteoporosis (Idris, 2010; Sun et al.,
2015), neuroprotection (Malek et al., 2015; Savonenko et al.,
2015), and immune-related diseases (Leleu-Chavain et al., 2013).
Thus far, the translational results have been disappointing.
Multiple circumstances affect the negative results obtained by
using CB2R agonists (reviewed in Atwood et al., 2012). On one
hand, the CB2R knockout mouse does not present gross morphologic alterations with respect to wild-type animals but has
served to link the receptor to a wide range of physiologic
processes and pathophysiological conditions (Buckley, 2008).
On the other hand, data in the literature clearly show that
CB2R pharmacology is complex.
Like many other class A, rhodopsin-like GPCRs, cannabinoid receptors may form heteromers, which are receptor
complexes with differential features compared with those of
single-component units (Ferré et al., 2009). CB1Rs may
form heteromeric complexes with CB2 (Callén et al., 2012),
L-a-lysophosphatidylinositol (Martínez-Pinilla et al., 2014),
d-opioid (Bushlin et al., 2012), m-opioid (Rios et al., 2006; Hojo
et al., 2008), orexin-1 (Ellis et al., 2006), and dopamine D2 and
adenosine A2A (Navarro et al., 2008; Przybyla and Watts,
2010) receptors. To date, apart from CB1R (Callén et al., 2012),
only G protein-coupled receptor GPR55 (Balenga et al., 2014)
has been described as a heteromeric partner of CB2R.
Homogeneous time-resolved fluorescence (HTRF) is an increasingly used technique performed in living cells. It detects
ligand binding to receptors tagged with SNAP (see the
Materials and Methods). Its advantages include the possibility
of conducting homogeneous assays in which radiolabeled
compounds are not required. This investigation aimed to
synthesize a high-affinity and CB2R-selective ligand that
could be used in binding assays using HTRF. The novel
compound was used to characterize the in vivo binding of
cannabinoid ligands to CB2R and served to disclose two
affinity states of this receptor.
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Covalent Labeling of Cells Expressing SNAP-Tagged
CB2R. The cell culture medium was removed from the 25-cm2 flask
and 100 nM SNAP-Lumi4-Tb, previously diluted in 3 ml TLB 1, was
added to the flask and incubated for 1 hour at 37°C under 5% CO2 in a
cell incubator. Afterward, cells were washed four times with 2 ml TLB
1 to remove the excess of SNAP-Lumi4-Tb, detached with enzymefree cell dissociation buffer, centrifuged for 5 minutes at 1500 rpm, and
collected in 1 ml TLB 1.
Nonradioactive Homogeneous Binding Assays. Tag-litebased binding assays (Fig. 2A) were performed 24 hours after transfection. Densities from 2500 to 3000 cells per well were used to carry out
binding assays in suspension in white opaque 384-well plates.
Saturation binding experiments (Fig. 2B and C) were performed by
incubating cells expressing Tb-labeled SNAP-CB2R with increasing
concentrations of the red CB2R ligand (range, 0-300 nM final) in TLB
1. For each concentration, nonspecific binding was determined
by adding 100 mM unlabeled CM-157 or CM-139. Both fluorescent
ligands and unlabeled compounds were diluted in TLB 1. In the
plates containing 10 ml labeled cells, 5 ml of 100 mM unlabeled CM-157,
CM-139, or TLB 1 was added, followed by the addition of 5 ml of
increasing concentrations of the red CB2R ligand. Plates were incubated for 2 hours at room temperature before signal reading.
For the competition binding assay (Fig. 3A), the red CB2R ligand and
the compounds to be tested were diluted in TLB 1. Cells were incubated
with 20 nM or 100 nM red CB2R ligand in the presence of increasing
concentrations (range, 0-10 mM) of the competitor. In plates containing
10 ml labeled cells, 5 ml TLB 1 or 5 ml compound to be tested was added
prior to the addition of 5 ml fluorescent ligand. Plates were then incubated
for at least 2 hours at room temperature before signal detection.
Signal Detection and Data Analysis. The signal was detected
using an EnVision microplate reader (PerkinElmer, Waltham, MA)
equipped with a fluorescence resonance energy transfer (FRET) optic
module allowing donor excitation at 337 nm and signal collection at
both 665 and 620 nm. A frequency of 10 flashes per well was selected
for the xenon flash lamp excitation. The signal was collected at both
665 and 620 nm using the following time-resolved settings: delay,
150 ms; and integration time, 500 ms. HTRF ratios were obtained by

dividing the acceptor signal (665 nm) by the donor signal (620 nm) and
multiplying this value by 10,000. The 10,000 multiplying factor was
used solely for the purpose of easier data handling.
Data were then analyzed using Prism 6 software (GraphPad
Software, Inc., San Diego, CA). KD values of the fluorescent ligands
were obtained from saturation curves of the specific binding. Specific
binding was determined by subtracting the nonspecific HTRF
ratio from the total HTRF ratio. KD and Bmax values in saturation
experiments were calculated assuming one or two binding sites in
monomeric receptors or, when indicated, receptor dimers. Unlike in
radioligand binding assays, Bmax values obtained from HTRF data do
not reflect absolute values of receptor binding sites; they are, however,
useful for comparison purposes. Ki values were determined from
competitive binding experiments, according to the Cheng-Prusoff
equation. Signal-to-background ratio calculations were performed by
dividing the mean of the maximum value (mmax) by that of the
minimum value (mmin) obtained from the sigmoid fits.

Results
Structure-Activity Relationships to Select a
Fluorophore-Conjugated Ligand for HTRF Binding.
Although there are a number of GPCRs for which the
fluorescent ligand for HTRF is available, this is not the case
for CB2R. The attachment of the fluorophore was performed in
two selective CB2R ligands, CM-139 and CM-157 (Fig. 1A),
with the purpose of exploring different potential binding
modes. Both compounds share a benzimidazole core that is
decorated at a different position with an alkyl amine to which
the fluorophore is anchored. Using our in-house tool for patent
analysis (Rabal and Oyarzabal, 2012), CM-157 was selected as
the best candidate after analyzing 173 compounds from two
patent applications (WO2006048754 and WO2008003665;
Kon-I et al., 2006; Gijsen et al., 2008) claiming benzimidazoles
as cannabinoid agonists. Briefly, the compound was selected
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Fig. 1. (A) Chemical structure of compounds. (B) Docking of CM-139, CM-157, and TH-chrysenediol to the putative orthosteric site in CB2Rs.
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on the basis of its potency as well as its representativeness of
the most frequent substitution patterns of the R-groups at the
different positions (N1, C2, and C5) of the scaffold sampled by
these 173 compounds. In addition, based on the patent analysis, CM-139 was explicitly designed to include these preferred R-groups at the different positions of the benzimidazole
core while enabling fluorophore derivatization at the nitrogen
(N1) of the benzimidazole core. Thus, according to plausible
binding modes, two potential spatial orientations to accommodate a solvent-exposed red dye (playing its functional role
for energy transfer) while keeping primary activity were
explored. One orientation should achieve obtaining a red
CB2 ligand to perform nonradioactive labeling of CB2R and,
likely, the second one should not be useful for such aim.
To our knowledge, there is currently no crystallographic
information on CB2R. To understand the common binding
motives in these two compounds, a sphingosine 1-phosphate
receptor–based homology model of CB 2 R was built, and
compounds were docked into the potential orthosteric ligandbinding pocket. As shown in Fig. 1B, the sulfonamide moiety of
the two compounds would predictably establish a hydrogen
bond with Lys109 (3.28), the equivalent residue to that in the
CB1R that is critical for recognition of several cannabinoids (Tao
et al., 1999). To further validate our modeling methodology, we
took advantage of the fact that one CB2R cannabinoid ligand,
CP55940 [(2)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-

trans-4-(3-hydroxypropyl)cyclohexanol], does not interact with
Lys109 (Tao et al., 1999). In fact, our docking procedure showed
that this residue is not involved in binding of CP55940 to CB2R.
The n-butyl amine (in CM-139) and the tetrahydropyran
(in CM-157) chains inserted into a large hydrophobic cavity
formed by residues in transmembrane helices 3, 5, 6, and
7 are flanked by Val113 (3.32), Phe117 (3.36), and Trp258 (6.48).
These chains superpose well with the phenyl acyl tail of the
selective sphingosine-1-phosphate receptor 1 agonist, ML056
[(R)-3-amino-4-(3-hexylphenylamino)-4-oxobutylphosphonic
acid], bound to the sphingosine 1-phosphate receptor. This
receptor belongs to the same subfamily, A13, as cannabinoid
receptors (data not shown). Finally, the pyridine ring of both
compounds forms a p–p interaction with Phe281 (7.35), and
meta- or para-substituents of the pyridine ring would point
toward the extracellular loops of CB2R. Thus, according to our
proposed binding mode, derivatization of compound CM-139
at the n-butyl amine moiety would prevent its binding to
CB2R, whereas derivatization of compound CM-157 at the
3-methoxypropan-1-amine would extend into the extracellular domain of CB2R. These two options to conjugate the
fluorophore were further considered.
The two resulting fluorophore-labeled compounds were
assayed using HEK-293T cells expressing SNAP-CB2R covalently linked to the terbium time-resolved FRET donor
(SNAP-Lumi4-Tb, see the Materials and Methods). Binding
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Fig. 2. Binding of CM-157 and CM-139 to Tb-labeled SNAP-CB2R monitored by HTRF. (A) Scheme of the homogenous HTRF-based binding technique.
The GPCR of interest fused at the N-terminal part with the SNAP-tagged enzyme is expressed at the cell surface. The GPCR–SNAP-tagged cells are
subsequently labeled with SNAP-Lumi4-Tb through a covalent bond between the terbium donor and the reactive side of the SNAP enzyme. Upon
binding of a fluorophore-conjugated ligand (FRET acceptor) on the donor-labeled SNAP-tagged/GPCR fusion protein, an HTRF signal from the
sensitized acceptor can be detected since the energy transfer can occur only when the donor and the acceptor are in close proximity. (B) Saturation
binding experiments of CM-139 on SNAP-CB2R transiently transfected HEK-293T cells prelabeled with SNAP-Lumi4-Tb. The specific binding signal
(triangles) was calculated by subtracting the nonspecific signal (inverted triangles) determined in the presence of 100 mM unlabeled CM-139 from the
total binding signal (squares). A very low total binding signal overlaps with nonspecific signal. (C) Saturation binding experiments of CM-157 on SNAPCB2R-expressing cells gave a KD of 21 6 2 nM, determined by fitting to the one-site binding (hyperbola) equation. Values represent the mean 6 S.E.M.
of three independent experiments. The HTRF ratio was 665 nm acceptor signal/620 nm donor signal  10,000.
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using fluorophore-labeled CM-139 was mainly nonspecific
(Fig. 2B), whereas the specific binding using fluorophorelabeled CM-157 was notable and led to a saturable doseresponse relationship (Fig. 2C). KD values for labeled CM-157
obtained by saturation isotherms were in a range (19-35 nM)
that fits with EC50 values for CB2R agonism using
WIN55212-2 [(11R)-2-methyl-11-[(morpholin-4-yl)methyl]3-(naphthalene-1-carbonyl)-9-oxa-1-azatricyclo[6.3.1.04,12]dodeca-2,4(12),5,7-tetraene] as reference compound (pEC50 5
7.8; Gijsen et al., 2008). Therefore, as we expected, dye labeling
at the solvent-exposed area of selected ligands leads to energy
transfer and the possibility of homogeneous binding and similar
parameters as those obtained in radioactive assays. The
synthesized reagent may be used in living cells for nonradioactive labeling of CB2R with a performance similar to that of other
ligand-GPCR systems for which the reagents for the Cisbio Taglite technology are commercially available.
One important advantage of the HTRF technique is that
inhibition of the FRET signal due to competitive binding with
unlabeled compounds can be used to identify and characterize
new GPCR ligands. Therefore, competition experiments were
performed in HEK-293T cells expressing SNAP-CB2R covalently linked to the terbium donor, using two different
concentrations (20 and 100 nM) of labeled CM-157 and
increasing concentrations of unlabeled CM-157 (Fig. 3A).
Curves were monophasic and the Ki value ranged from
153 to 233 nM (Fig. 3B). Overall, the data indicate the
suitability of the CB2R ligand for homogenous binding determination. To further check for similar characteristics of the
binding site compared with radioligand binding, competition
assays were performed using increasing concentrations of
unlabeled AM630 and either 20 or 100 nM fluorescence-

labeled CM-157. At any of the two concentrations of the
labeled compound, competition curves were biphasic and,
accordingly, data were fitted to two affinity sites. The affinity
parameters ranged from 0.067 to 0.2 nM for KiHigh and from
42 to 93 nM for KiLow (Fig. 3C).
Binding to CB2R in Living Cells Expressing CB2RGPR55 Heteromers. Class A GPCRs can form heteromers,
and it is of great interest to know whether heteromerization
affects the pharmacological characteristics of receptors. CB2R
may heteromerize with CB1R (Callén et al., 2012) or with
GPR55 (Balenga et al., 2014). Competition experiments were
performed in HEK-293T cells coexpressing SNAP-CB2R, covalently linked to the terbium donor, and GPR55, using
labeled CM-157 (100 nM) and increasing concentrations of
unlabeled CM-157 (Fig. 4A). Curves were monophasic (Fig.
4B) and showed a significant decrease in the maximum
binding, in the presence of GPR55, without significant modification of the Ki value of the competitor CM-157. In a
different experimental session, saturation curves using increasing concentrations of the labeled compound in cells
coexpressing the two receptors had a 38% reduction in Bmax
compared with cells expressing CB2R alone (Fig. 4C). This
finding indicates that coexpression of the two receptors able to
form receptor complexes modifies the number of binding sites
or, more likely, the relative distance between the FRET donor
and acceptor. Affinity was not significantly different (KD 5
25 and 58.5 for SNAP-CB2R and SNAP-CB2R/GPR55, respectively), although a tendency to lower KD values was found
in cells expressing only tagged CB2R.
Identification of TH-chrysenediol Binding to CB2R. Among
a battery of compounds with diverse chemical structure,
HTRF confirmed the absence of binding of noncannabinoid

Downloaded from jpet.aspetjournals.org at ASPET Journals on December 1, 2020

Fig. 3. Competition binding assays using CM-157 and AM630, a CB2R antagonist/inverse agonist. (A) Scheme of the HTRF-based competitive binding
assay. The unlabeled specific ligand competes for receptor binding site with the fluorophore-conjugated ligand, leading to a decrease in the HTRF signal
detected. (B) Competition binding of 20 nM (circles) and 100 nM (squares) labeled CM-157 to SNAP-CB2R with increasing concentrations of unlabeled
CM-157 shows monophasic curves with Ki values of 233 nM and 153 nM, respectively. (C) Competition binding of the CB2R antagonist/inverse agonist
AM630 shows a clear biphasic curve. Data fitting to two affinity sites gives a KiHigh of 0.2 nM and a KiLow of 93 nM when competing with 20 nM labeled
CM-157 (circles) and a KiHigh of 0.07 nM and a KiLow of 41 nM when competing with 100 nM labeled CM-157 (squares). Values represent the mean 6 S.E.M.
of three independent experiments. The HTRF ratio is 665 nm acceptor signal/620 nm donor signal  10,000.
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compounds to tagged CB2R with one exception, TH-chrysenediol.
Interestingly, competition assays performed using 100 nM
labeled CM-157 and increasing concentrations of TH-chrysenediol
consistently led to a biphasic curve. Data fitting to two
different affinity sites gave a KiHigh of 13 pM and a KiLow of
82 nM (Fig. 5A).
To obtain more insight on the nature of these biphasic
competition curves, saturation experiments were performed
in HEK-293T cells expressing SNAP-CB2R and using increasing concentrations of fluorophore-conjugated CM-157 in
the presence of 10 or 100 nM TH-chrysenediol (Fig. 5B).
Interestingly, the Scatchard representation of the CM-157

binding isotherm was nonlinear and the data were adjusted to
one affinity site, to two affinity sites, and to the two-state
dimer model, which assumes that binding to CB2R dimers
occurs (see Table 1). In the absence of TH-chrysenediol, the
maximal amount of receptors (Bmax, BHigh plus BLow, or twice
the number of dimers) was similar. When considering one or
two affinity sites, the presence of 10 nM TH-chrysenediol
decreased the affinity for CM-157 binding to CB2R but not the
maximum binding (Bmax or BHigh plus BLow) (Table 1). The
third fitting approach gave a qualitatively different result
because the amount of receptors decreased, whereas the
dissociation constants for binding to the two protomers in a

Fig. 5. Characterization of TH-chrysenediol binding to CB2R. (A) Competition binding of 100 nM labeled CM-157 to SNAP-CB2R with increasing
concentrations of TH-chrysenediol shows a clear biphasic curve. Data fitting to two affinity sites gives a KiHigh of 13 pM and a KiLow of 82 nM. (B)
Saturation binding experiments of CM-157 in HEK-293T cells transiently transfected with SNAP-CB2R in the presence of 0 nM (circles), 10 nM
(squares), or 100 nM (triangles) TH-chrysenediol. Specific binding signals were calculated by subtracting the nonspecific signal determined in the
presence of 100 mM unlabeled CM-157 from the total binding signal. Values represent the mean 6 S.E.M. of three independent experiments. The HTRF
ratio is 665 nm acceptor signal/620 nm donor signal  10,000.
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Fig. 4. Competition assays using CM-157 in cells expressing CB2Rs and GPR55. (A) Scheme of the HTRF-based competitive binding assay in cells
coexpressing two receptors: SNAP-CB2R covalently linked to the terbium donor and GPR55. (B) Competition binding of 100 nM labeled CM-157 in
HEK-293T cells expressing SNAP-CB2R (circles) or SNAP-CB2R/GPR55 (squares), with increasing concentrations of unlabeled CM-157, show
monophasic curves. (C) Saturation binding experiments of CM-157 in HEK-293T cells transiently transfected with SNAP-CB2R (squares) or SNAPCB2R/GPR55 (inverted triangles); data fitting to the one-site binding (hyperbola) equation gives a KD of 25 6 4 nM and a Bmax of 3751 6 110 and a KD
of 58.5 6 45 nM and a Bmax of 2327 6 557, respectively. Specific binding was calculated by subtracting the nonspecific signal determined in the presence
of 100 mM unlabeled CM-157 from the total binding signal. Values represent the mean 6 S.E.M. of three independent experiments. The HTRF ratio
is 665 nm acceptor signal/620 nm donor signal  10,000.
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TABLE 1
CM-157 binding parameters, in the absence and presence of TH-chrysenediol, calculated by different
fitting protocols
One Site

Two Sites

Dimer

Condition
KD

CM-157
CM-157 + 10 nM TH-chrysenediol
CM-157 + 100 nM TH-chrysenediol

Bmax

nM

RU

19
61
67

2634
2570
837

KDHigh

KDLow

BHigh

18
66.09
89

517
1176
—

nM

1.8
76.0
.9000

BLow

K1

2330
1458
910

7.5
30.4
46.3

RU

K2

RTa

86.7
121
61

1460
1284
375

nM

RU

RU, relative unit.
a
RT is the total amount of dimers; it should be roughly equivalent to Bmax/2. Unlike in radioligand binding studies, the
Bmax parameter does not indicate the actual level of binding sites, but it may be used for comparative purposes.

Discussion
It is well known that CB2R pharmacology is complex.
Reported data using the two commercially available radioligands, both of which are nonselective ([3H]-CP55940 and
[3H]-WIN55212-2), are not always consistent, and the functional data also reveal contradictions related to a given ligand
acting as an agonist, inverse agonist, or antagonist. A clear
example is AM630, a compound that is often used as a CB2R
antagonist, even by companies providing drug discovery services, but was reported to be a protean ligand (Bolognini et al.,
2012). In this scenario, the appearance of a new technique,
avoiding the drawbacks of radioactive-based binding and
providing higher specific binding and less standard error,
should be of help, especially when the labeled compound used
to mark the receptors is selective. In fact, by using competitive
intelligence analysis (Rabal and Oyarzabal, 2012) and additional computational studies, we have identified the first red
CB2R ligand, a molecule suitable to perform a homogenous
and nonradioactive high-affinity (KD 5 19-35 nM) binding
assay to CB2R. In addition, CM-157 is CB2R selective because
the affinity for CB1R is . 10 mM (i.e., the ratio of CB2R versus
CB1R agonism is . 600; Gijsen et al., 2008). Advantages of the
method include a higher percentage of specific binding, less
variability, elimination of the burden attributable to radioactive handling and exposure, and radioactive waste disposal.
Moreover, radioligand-binding techniques have not allowed
making progresses in the binding to receptors on the surface
of living cells. Certainly, the advantage of the assays we
propose here of performing binding to CB2R in living cells is
of note.
GPCR heteromerization challenges classic pharmacological views and data analysis and interpretation. One key
issue consists of knowing how heteromer formation modifies
binding of a given selective agonist to its receptor. In our

conditions, coexpression of two receptors able to form heteromers led to a decrease in binding, without significant modification of the Ki values deduced from CM-157 competition
assays. Lower binding has consistently been found for CB2Rcontaining heteromers (namely for CB1R-CB2R and CB2RGPR55) and would agree with data reported for melatonin
receptor heteromers, which regulate the melatonin effect on
light sensitivity in rodent photoreceptors (Baba et al., 2013).
In fact, in one of the few articles devoted to analyzing
radioligand binding to receptors forming heteromers, Levoye
et al. (2006) showed that coexpression of the putative melatonin receptor, GPR50, with the melatonin MT1 receptor
abolished high-affinity specific binding of 125I-melatonin to
MT1 receptors by formation of GPR50-MT1 receptor heteromers. The effect of the orphan receptor, GPR50, was selective
since coexpression with the MT2 receptor did not result in any
reduction in 125I-melatonin binding to these melatonin receptors, although they also form heteromeric complexes with
GPR50 (Levoye et al., 2006). However, a decrease in the signal
in the homogeneous binding assays reported here may be
attributable to a reduction of binding sites and/or to a
modification in the distance between the FRET donor and
acceptor caused by the partner receptor in the dimer. Hence,
heteromerization may serve to qualitatively modify the
characteristics of the binding of agonists to cognate receptors.
The method here reported has been instrumental to identifying TH-chrysenediol as a novel CB2R ligand and to
detecting a qualitatively different binding profile. First, this
finding should be taken into account when interpreting data
using this compound; in particular, it would be good to dissect
out the effects mediated by cell surface receptors from those
mediated by the intracellular estrogen receptors with which
the compound may also interact (Omori et al., 2005). Second,
the competition curve underscores two receptor binding
different affinities that, interestingly, were not observed with
CM-157 itself.
Remarkably, biphasic curves were also observed with
AM630. Since its discovery as a cannabinoid receptor ligand,
AM630 has been commonly used for in vitro and for behavioral
experiments in animal models of neurodegenerative or neuropsychiatric diseases. The aminoalkylindole AM630 was first
reported as a cannabinoid receptor antagonist (Pertwee et al.,
1995). Later, this compound was identified as a CB1R and
CB2R inverse agonist (Landsman et al., 1998; Ross et al.,
1999). Interestingly, Bolognini et al., (2012) showed that
AM630 may act as a protean agonist. In fact, in Chinese
hamster ovary cells stably expressing the human CB2R tested
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dimer (K1 and K2) were not significantly different. With all
data-fitting protocols, the presence of 100 nM TH-chrysenediol
led to a reduction in the amount of receptors. Interestingly, it
was not possible to fit the data to the two independent sites,
meaning that the 100 nM concentration abrogated the highaffinity binding (also noted in the similar K1 and K2 values
under the dimer assumption). In summary, the most likely
interpretation of both competition and saturation binding
data is the preferential occupancy by TH-chrysenediol of a
high-affinity component, thus disclosing two differential binding species in CB2R.

Underscoring Two CB2R Affinity Sites
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in functional assays and in binding assays using the radiolabeled agonist CP55940 or guanosine 59-O-(3-[ 35 S]thio)triphosphate, AM630 behaved as a potent inverse agonist in
vehicle-preincubated cells, as a low-potency agonist in SR144528
[5-(4-chloro-3-methylphenyl)-1-[(4-methylphenyl)methyl]-N[(1S,2S,4R)-1,3,3-trimethylbicyclo[2.2.1]hept-2-yl]-1H-pyrazole3-carboxamide]-preincubated cells, or as a low-potency neutral
competitive antagonist in AM630-preincubated cells (Bolognini
et al., 2012). The molecular basis of such diverse actions must be
related to either or both structural diversity of CB2R and/or
different coupling to the signaling machinery. The biphasic
behavior observed in the competition curves obtained in this
work using AM630 would suggest the occurrence of different
affinity states of the receptor that, in turn, may correspond to
receptor species differently coupled to Gi proteins. On comparing
our competition curves using fluorophore-conjugated CM-157
and those in the report using [3H]CP55940, the data in the 10 to
1000 nM range are similar (i.e., a monophasic displacement with
similar Ki values is observed in the “low” affinity component of
the binding). Detection of receptor forms displaying affinities in
the subnanomolar range deserves further experimental effort.
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