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Bridging the Binding Sites: Dualsteric Ligands for the
Cannabinoid 2 Receptor (CB2R)
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The cannabinoid receptor subtype 2 (CB2R) is rapidly upregulated in
neuroinflammatory processes and respective agonists have a high potential to
combat several central nervous system disorders related to
neuroinflammation and neurodegeneration. As a new strategy for ligand
design, dualsteric binding is applied by chemically combining a positive
allosteric modulator with an orthosteric ligand. The resulting two sets of
potential dualsteric (or bitopic) ligands with different chain lengths of two to
five methylene groups are evaluated in [3H]CP55940 binding studies to
determine receptor affinity at CB1R and CB2R. Calcium mobilization, receptor
endocytosis and BRET assays determine their efficacy and identify
compounds of set B to act as agonists with efficacy higher than the reference
compound in G protein mediated calcium signaling. Pharmacological
evaluation and docking studies support the dualsteric nature of binding of the
herein presented compounds.
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1. Introduction

The cannabinoid receptor type 2 (CB2R)
is a G protein-coupled receptor (GPCR)
and is mostly expressed in peripheral or-
gans, especially in cells associated with the
immune system.[1] Among others, CB2R
is a target of interest in Alzheimer’s dis-
ease (AD) research, as it is overexpressed
in neurodegenerative disorders.[2] One way
to selectively activate the receptor of inter-
est and to avoid undesirable side effects—
caused by off-target binding—is to apply
the dualsteric targeting strategy.[3] The het-
erobivalent ligands obtained by this ap-
proach consist of a covalently linked pair
of an orthosteric and an allosteric ligand.
Allosteric modulators are classified as ei-
ther positive allosteric modulators (PAM)
or negative allosteric modulators (NAM),

which either positively or negatively influence receptor response
of an orthosteric ligand without causing receptor response by
themselves—in contrast to allosteric agonists. Receptor modu-
lation initiated by allosteric binding has many advantages over
the more common orthosteric receptor activation, such as re-
ceptor subtype selectivity because of higher sequence diver-
gence at allosteric binding sites. Through the resulting conforma-
tional changes in the receptor, allosteric modulators affect affin-
ity and/or efficacy of bound orthosteric ligands and in some cases
also promote stimulus bias.[4] But allosteric modulators rely on
the presence of endogenous agonists, which is not always the
case in progressing neurodegenerative disorders as AD, which
goes in hand with loss of synapses and neurons in the cerebral
cortex and certain subcortical regions.[5] While many dualsteric
ligands (with remarkable properties at the receptor, such as var-
ious degrees of partial agonism,) are described for other GPCRs
like the muscarinic receptors,[6] by now and to our knowledge,
only two bitopic CB2 ligands are reported in literature. In 2020,
Morales et al. have presented a CB2 homobivalent bitopic ligand,
which links two identical orthosteric pharmacophores to a hy-
brid ligand.[7] Very recently, Gado et al. have presented the first
dualsteric heterobivalent ligands, which combine the only syn-
thetic positive allosteric modulator (1)—also described by Gado
et al.[8]—and a structurally related orthosteric ligand (FM-6b, Fig-
ure 1).[9] The authors presented a set of eight heterobivalent lig-
ands with different linker lengths which were pharmacologically
evaluated. The most promising compound FD-22a showed anti-
inflammatory activity in a human microglial cell inflammatory
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Figure 1. Dualsteric ligand FD-22a reported by Gado et al.[9]

Figure 2. Design of set A and B compounds from allosteric modulator (1) and orthosteric agonist (2).

model and in an experimental mousemodel of neuropathic pain,
and the compound demonstrated antinociceptive activity in vivo.
For our dualsteric targeting approach, we chose the positive al-

losteric modulator 1 and the CB2 selective orthosteric agonist 2,
first described by Astra Zeneca in 2008.[10] Due to probe depen-
dence observed for allosteric modulation,[11] the pharmacological
effects of bitopic compounds are hardly predictable. For the effec-
tive development of dualsteric ligands, it is important to evaluate
the structure activity relationships (SARs) of both components.
Analysis of the first SARs of the allosteric modulator showed that
two positions of the molecule could be modified. Bromine in po-
sition 5 andmethyl in position 4 are crucial, but the benzylic ring
does tolerate modification.[8] We, therefore, chose to substitute
the cycloheptyl ring (set A) or to elongate the benzyl ring (set B)
for connection to the agonist part.We also designed fused ligands
to get compoundswith lowermolecular weight and improved sol-
ubility (Figure 2). The resulting 12 molecules were evaluated by
in vitro efficacy and affinity assays and showed novel and inter-
esting pharmacological profiles.

2. Results and Discussion

2.1. Chemistry

The two sets of compoundsA and Bwere synthesized by distinct,
non-linear synthetic routes. For the synthesis of setA ligands, the
reaction sequence—amine reduction, amide coupling, bromina-
tion, and nucleophilic substitution—was adapted from synthesis
of the respective allosteric modulator (1).[8]

The synthesis for set A ligands (fused and linked) shares the
common intermediate amine 3 (Scheme 1). Ligand A0 was syn-
thesized in 3 steps starting from 4-methyl-3-nitropyridin-2(1H)-
one, which was first reduced with palladium on charcoal and hy-
drogen in MeOH. Fragment 4 was synthesized in 4 steps[12] and
coupledwithHATU andDIPEA inDMF, as withHBTUand Et3N
the full conversion of the startingmaterials could not be achieved
due to lower reactivity. After bromination with Br2 in CHCl3
for 10 min at room temperature and nucleophilic substitution
with 4-fluorobenzyl chloride and K2CO3 in DMF, compound A0
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Scheme 1. Synthesis of set A ligands. Reagents and conditions: a) Pd/C, H2, MeOH, 12 h, r.t.; b) 4, HATU, DIPEA, DMF, 24 h, r.t.; c) Br2, CHCl3, 10 min,
r.t.; d) 4-fluorobenzyl chloride, K2CO3, DMF, 18 h, 50 °C; e) Boc2O, NaOH, dioxan/H2O (2:1), 1 h, r.t.; f) n-((tert-butoxycarbonyl)amino)acid, HBTU,
Et3N, DMF, 24 h, r.t.; g) Br2, CHCl3, 2 h, r.t.; h) 4-fluorobenzyl chloride, K2CO3, DMF, 18 h, 70 °C; i) TFA/CH2Cl2, 20 min, r.t.; j) 4, HBTU, Et3N, DMF,
24 h, r.t.

Scheme 2. Synthesis of compound B0. Reagents and conditions: a) isoamylamine, Et3N, MeOH, 2 d, r.t.; b) Pd/C, H2, MeOH, 3 h, r.t.; c) 4-
ethoxyphenylacetic acid, HBTU, Et3N, DMF, 24 h, r.t.; d) AcOH, 5 h, reflux; e) NaOH, THF, 3 h, reflux; f) SOCl2, CH2Cl2, 2 h, r.t.; g) 17, K2CO3, DMF, 18
h, 50 °C.

was obtained. Synthesis of A3–A5 derivatives started with Boc-
protection of the corresponding amino acid (4-aminobutanoic
to 6-aminohexanoic acid) using NaOH, followed by an HBTU
amide coupling with amine 3. After bromination in position 5,
molecule 9 was converted to compound 10 in a nucleophilic
substitution reaction with 4-fluorobenzyl chloride and K2CO3
in DMF. After deprotection with TFA in CH2Cl2 for 20 min
at room temperature, the free amine 11 was coupled with acid
4, HBTU and Et3N in DMF to obtain the target compounds
A3–A5.

As described for set A, the fused compound B0 was pre-
pared according to a different procedure than the linked lig-
ands (Scheme 2). This approach was adapted from the re-
ported synthesis of orthosteric ligand 2.[10] First, (4-fluoro-3-
nitrophenyl)methanol reacted with iso-pentylamine and Et3N in
MeOH to give compound 12, which was then reduced with pal-
ladium on charcoal and hydrogen for 3 h at room temperature.
The resulting aniline 13was converted to amide 14 byHBTU cou-
pling with 4-ethoxyphenylacetic acid and Et3N in DMF. The ring
closing reaction to compound 15with acetic acid under reflux for
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Scheme 3. Synthesis of set B ligands. Reagents and conditions: a) 𝛼,𝜔-dibromo-alkane, DMF, 18 h, r.t.; b) 4-(hydroxymethyl)phenol, K2CO3, DMF, 18
h, 70 °C; c) PPh3, CBr4, CH2Cl2, 2 h, 0 °C; d) 17, K2CO3, DMF, 18 h, 70 °C; e) hydrazine hydrate, EtOH, 2 h, reflux; f) 4, HBTU, Et3N, DMF, 24 h, r.t.; g)
1-bromo-2-ethanol, DMF, 18 h, r.t.; h) p-cresol, PPh3, DIAD, THF, 72 h, r.t.; i) NBS, DBPO, CHCl3, 4 h, reflux.

5 h, first resulted in the undesired benzyl acetate, which had to
be hydrolyzed with NaOH under reflux in an extra step. Alcohol
15 was converted to benzyl chloride 16 using thionyl chloride in
CH2Cl2, which functioned as a leaving group in the last step, a
nucleophilic substitution reaction with fragment 17 and K2CO3.
The allosteric warhead 20 was synthesized in three steps accord-
ing to the procedure described by Gado et al.[8]

To obtain ligands B3–B5, Gabriel amine synthesis was
applied (Scheme 3). The required 𝛼,𝜔-dibromo-alkane (1,3-
dibromopropane, 1,4-dibromobutane, or 1,5-dibromopentane,
respectively) was reacted with potassiumphthalimide inDMF for
18 h under vigorous stirring and with 4-(hydroxymethyl)phenol
and K2CO3 in DMF. The resulting benzyl alcohol 19 was con-
verted to benzyl bromide 20 by an Appel reaction with PPh3 and
CBr4 for 2 h at 0 °C and further reacted in a nucleophilic substitu-
tion reaction with fragment 17 and K2CO3 in DMF. Phthalimide
was then removed via hydrazinolysis in EtOH under reflux and
the free amine 22 was coupled with benzimidazole acid 4 in an
HBTU amide coupling to target compounds B3–B5. To get com-
pound B2 a different synthetic route was necessary since under
the reaction conditions for step (b) described above, elimination
of the bromine for compound 18 took place. Therefore, potas-
sium phthalimide was instead reacted with 1-bromo-2-ethanol
overnight in DMF. In the next step, a Mitsunobu reaction was
performed, in which the hydroxy group of 24 reacted with the
phenolic group of p-cresol using PPh3 and diisopropyl azodicar-
boxylate (DIAD) in THF at room temperature. Compound 25was
brominated in a radical reaction with NBS and DBPO in CHCl3
under reflux for 4 h to give intermediate 20–2. The following
steps toward compound B2 were carried out in the same way as
described above for ligands B3–B5.
To further explore the SARs of set B, ligand B4 was chosen as

a model compound to study the specific orientation of the linker
relative to the allosteric modulatormoiety by shifting the ether at-
tached linker from para to ortho andmeta positions. Thus, two iso-
mers were synthesized—the ortho substituted B4o and the meta
connected B4m. Syntheses of therein was carried as described

for B4 (Scheme 3), only starting with the corresponding 2- or 3-
(hydroxymethyl)phenol. Furthermore, in the course of this work,
the cycloheptyl group has been identified as crucial for allosteric
modulation by Gado et al. in further SAR studies.[13] To verify
the allosteric binding of set B ligands, again compound B4 as
a model compound was modified by removing the cycloheptyl
carboxyl from the allosteric head and introducing an acetyl moi-
ety instead. For this, the altered allosteric warhead was prepared
according to Scheme 1 by first reacting amine 3 with acetic an-
hydride, followed by bromination in position 5. The compound
thus obtained was named B4Ac (Figure 3).

2.2. [3H]CP55940 Binding Assay

All compounds were tested for their binding affinities at CBRs
in presence of [3H]CP55940, a high-affinity non-selective CB1R
and CB2R agonist. The utilized membrane homogenates for CB1
were prepared from brains of adult female rats, the respective
CB2 membranes were obtained from HEK293 cells overexpress-
ing hCB2R. As control compounds for the binding experiments
rimonabant (Ki = 56 nm) was used for CB1R and the orthosteric
ligand 2 (Ki = 15 nm) for CB2R.We applied the non-selective CBR
ligand CP55940 as a reference compound to provide a control for
both systems (Ki (rCB1R) = 8.8 nm and Ki (hCB2R) = 13 nm).
Regarding the CB1R affinity, none of the tested compounds dis-
placed the radioligand in a significant amount at 10 𝜇m (Table
S1, Supporting Information). Most ligands bind with little to no
affinity with the maximum value of [3H]CP55940 displacement
for compound B5 (23% at 10 𝜇m).
In case of CB2R binding, most of the target compounds

showed moderate affinity in the 1-digit micromolar range (Ta-
ble 1, Figure 3A–C) thereby validating excellent CB2R subtype se-
lectivity. Among set A (Figure 3A), compound A3 with the short-
est linker of three carbons showed incomplete displacement of
the radioligand of 29% at 10 𝜇m and no dose-response curve
could be recorded. The fused ligand A0 enhanced binding of the
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Figure 3. Radioligand binding data for all compounds to CB2R. Each data-point and error bar represent the average of at least three independent exper-
iments by triplicate ± standard error of the mean (SEM); only two independent experiments by triplicate ± SEM were recorded for inactive compounds:
A0, A3, B0, B2, and B4Ac, as a full sigmoidal curve could not be obtained due to a lack of binding to CB2R. A) Radioligand binding data for compounds
of set A. B) Radioligand binding data for compounds of set B. C) Radioligand binding data for B4 derivatives. D) Structures of further derivatives of
compound B4.

radioligand, which indicates that the behavior of the PAM is pre-
dominant in thismolecule. LigandsA4 andA5 displaced the radi-
oligandwithin a one-digitmicromolar range (Ki = 4.6 and 2.0 𝜇m,
respectively), with the ligand bearing the longest carbon chain
showing the best affinity within this set. These results indicate
that for compounds of set A, a longer linker of five methylene
groups is more beneficial than a short linker of three carbons. In
addition, the fused-ligand approach did not work out for set A,
since the corresponding molecule (A0) increases binding of the
radioligand at higher concentrations but does not replace it.
For set B, a clear trend for binding the CB2R can be observed

(Figure 3B). The affinity reaches a peak for ligand B3 (Ki = 290
nm) and constantly decreases for B4 and B5 with 1.5 and 9.1 𝜇m,
respectively. Based on the findings for compoundB3 andwith the
intention to increase affinity, a ligand with a two-carbon chain
(B2) was synthesized. Compound B2 showed a lower displace-
ment of the radioligand for CB2R of only 37% at 10 𝜇m concen-
trations and no sigmoidal dose-response curve could be recorded.
This is probably because the linker of two carbons is too short to
bridge the orthosteric binding site and a nearby allosteric pocket.
Compound B3 on the other hand turned out to have the opti-
mal chain-length—for this set of compounds—of three methy-

lene groups. A longer linker of five carbons seems to be disad-
vantageous for binding to the CB2R, which is most likely due
to the fact that a flexible long linker is forced into an unfavor-
able conformation and therefore leads to a loss in affinity both
enthalpically and entropically.[14] The fused compound B0 dras-
tically lost affinity on the receptor. Among the isomers of B4, the
ortho-derivative (B4o) lost affinity for the CB2 receptor by displac-
ing the radioligand by 36% at the highest concentration only. The
meta derivative B4m on the other hand, shows much improved
affinity (Ki = 250 nm) in comparison to B4 (1.5 𝜇m). With this,
ligand B4m has a comparable affinity to compound B3 (Ki = 290
nm), which suggests that shifting the aryl ether bridge from para
(B4) to meta (B4m) affects the molecule’s position inside the re-
ceptor and leads to comparable binding as for a linker with three
methylene groups (B3). Last, removal of the cycloheptyl group
from the allosteric part of the potential dualsteric ligands (B4Ac),
as expected leads to an affinity drop and incomplete displacement
of the radioligand to an amount of only 36% at 10 𝜇m. This sup-
ports the ability of set B compounds to also bind the allosteric
binding site, since the acetylated analogue is considerably smaller
and, thus, loses lipophilic interactions inside the allosteric bind-
ing pocket.

Adv. Therap. 2023, 2200260 2200260 (5 of 11) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Table 1. Overview of results from radioligand binding data, calcium mobilization, and receptor endocytosis.

Comp. Radioligand bindinga) Calcium mobilizationb) Receptor endocytosisc)

hCB2R: Ki [nm]
(−pIC50 ± SEM)

hCB2R pEC50 (95% CI)
[EC50, nm]

Emax ± SEM
[%]

hCB2R pEC50 (95% CI)
[EC50, nm]

Emax ± SEM
[%]

CP55940 13 (7.86 ± 0.15) 7.33 ± 0.10 [46] 96 ± 3 8.40 ± 0.33 [3.9] 95 ± 4

2 15 (7.81 ± 0.12) 7.13 ± 0.09 [75] 101 ± 3 8.68 ± 0.17 [2.1] 99 ± 3

A0 <10%@ 10 𝜇m nd nd

A3 29%@ 10 𝜇m nd nd

A4 4550 (5.32 ± 0.17) 4.94 ± 0.30 [11,400] 76 ± 18 6.17 ± 0.25 [681] 82 ± 5

A5 1950 (5.69 ± 0.19) na 40 @ 30 𝜇m na 10 @ 10 𝜇m

B0 36%@ 10 𝜇m nd nd

B2 37%@ 10 𝜇m nd nd

B3 290 (6.52 ± 0.14) 5.65 ± 0.28 [2,720] 149 ± 15 7.44 ± 0.29 [36] 94 ± 4

B4 1520 (5.80 ± 0.21) 5.43 ± 0.26 [3,730] 134 ± 14 7.33 ± 0.17 [47] 88 ± 2

B4o 36%@ 10 𝜇m nd nd

B4m 248 (6.59 ± 0.14) 5.64 ± 0.07 [2,320] 119 ± 4 7.04 ± 0.18 [92] 89 ± 3

B4Ac 36%@ 10 𝜇m nd nd

B5 9050 (5.02 ± 0.27) 5.34 ± 0.17 [4,620] 128 ± 10 7.10 ± 0.26 [79] 91 ± 4

a)
Performed on CB2 membranes harvested from stably transfected hCB2-HEK cells;

b)
Performed on CHO-K1 cells stably expressing Gaq16 with hCB2R and the calcium indicator

Fura-2AM;
c)
Performed on FLAG-epitope-tagged CB2R stably expressed HEK 293 cells, detected by fluorescently conjugated M1-anti-Flag antibody. nd = not determined, na

= not active.

2.3. hCB2R Calcium Mobilization

To further evaluate the pharmacological profile of the synthe-
sized ligands, compounds with >50% binding to CB2R (@
10 𝜇m) were characterized in an intracellular fluorescent cal-
cium mobilization assay to assess G protein-dependent signal-
ing. These studies were performed with hCB2R overexpressing
G𝛼q16-coupled CHO-K1 cells using the membrane permeable
calcium indicator Fura 2-AM (4 𝜇m). Compound 2 was used
as reference compound, : it shows the same range of efficacy
and affinity as the high affinity ligand CP55940. Also, the ef-
fect of the vehicle (containing <0.5% DMSO) was examined,
which did not induce calcium mobilization even at the high-
est concentration (Figure S1, Supporting Information). In most
cases the results of calcium mobilization go in hand with radi-
oligand binding data. Compound A4 shows partial agonism with
an Emax = 76% (at 30 𝜇m) and an EC50 value of 11.4 𝜇m. Sur-
prisingly, A5 only showed an effect on calcium mobilization at
the highest concentration (40% at 30 𝜇m), although the com-
pound has a comparable affinity for the CB2R as compound A4
(Figure 4A).
Compounds B3–B5 have comparable EC50-values in the 1-

digit micromolar range (Table 1), and all show Emax > 100%
compared to the reference agonist 2 (Figure 4C) in this assay.
The B4-derivative with meta substitution (B4m) also exhibits
more pronounced agonist behavior (“superagonism” compared
to the full-agonist reference ligand) with a higher affinity than
B4, which is well in line with the results obtained in radioli-
gand binding studies. As an effect of vehicle on calcium mo-
bilization could previously be excluded and artificial enhance-
ment of efficacies could be ruled out, the observed reproducible
high extent of efficacy seems to be characteristic for active set B
ligands.

2.4. Receptor Endocytosis

In the next step, active compounds were analyzed in a CB2R in-
ternalization assay which requires expression of the 𝛽-arrestins
(𝛽Arr2) pathway (Figure S2, Supporting Information).[15] Effi-
cacy of the potentially dualsteric ligands was evaluated regard-
ing their effect on 𝛽Arr2 mediated endocytosis of FLAG-epitope-
tagged CB2R stably expressed in HEK 293 cells, detected by flu-
orescently conjugated M1-anti-Flag antibody and monitored by
flow cytometry.[16] Agonist response was expressed as percentage
of CP55940-mediated internalization at 1 𝜇m. The parent com-
pound 2 proved to be a full agonist in endocytosis with nanomo-
lar potency of EC50 = 2.1 nm, which corresponds to the value
reported in literature.[10] The tested potential dualsteric ligands
show similar behavior compared to the G protein signaling path-
way but with left shifted EC50-values (Table 1). Compound A4
again shows partial agonism with Emax = 82%, whereas A5 is not
active (Emax = 10% at 10 𝜇m) (Figure 4B). For the compounds of
set B, no super-agonism was observed in this assay, and the Emax
values are slightly lower than for the parent agonist (Figure 4D).
All tested compounds have EC50 values in a two-digit nanomolar
range with the lowest value for compound B3 (EC50 = 36 nm). In-
terestingly, among set B compounds, ligand B4m shows the low-
est potency (EC50 = 92 nm), in contrast to the results obtained in
G protein signaling.

2.5. BRET Interaction Studies

Selected compounds (A4, B3, and B4m) were tested on HEK293
cells transfectedwith CB2R-Luc (Donor) and eithermGsi or 𝛽Arr2
(acceptors) to further validate their activity in a different andmore
direct readout. In contrast to calcium mobilization, for mGsi
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Figure 4. Pharmacological evaluation of active compounds. A,C) Calcium mobilization assay; each data-point and error bar represent the average of
three independent experiments by duplicate ± standard error of the mean (SEM). B,D) Receptor endocytosis; each data-point and error bar represent
the average of three independent experiments ± standard error of the mean (SEM).

BRET all compounds showed only partial agonism (Emax = 26–
33%) compared to CP55940 while the efficacy for 𝛽Arr2 recruit-
ment is slightly higher (Figure S3, Supporting Information). Im-
portantly specificity wasmaintainedwith none of the compounds
demonstrating efficacy at the CB1R, despite clear CP55940 re-
sponses observed.

2.6. Docking Studies

The putative binding mode of the newly developed dualsteric
CB2R ligands was explored using a docking routine previously
optimized by us.[17] The ASP[18] scoring function available within
GOLD[19] complemented byDSX_CSD[20] rescoringwas found to
consistently reproduce the binding pose of the CB2R full-agonist
WIN 55,212-2[21] (PDB ID: 6PT0), with a top-ranked pose which
differed by only 0.94 Å from the experimental pose (Figure S4A,
Supporting Information). Docking of orthosteric agonist 2 (Fig-
ure S4B, Supporting Information)[10] suggests a binding mode
reminiscent of WIN 55,212-2. The ethoxybenzyl head of agonist
2 occupies the same pocket as the morpholine group of WIN
55,212-2, which is defined by I110, F183, and W194. The ben-
zimidazole core and isopentyl tail of agonist 2 overlap with the
heterocyclic core of WIN 55,212-2, thereby keeping the receptor
in the active conformation by addressing the “toggle-switch” pair
F117 and W258.[22] Although the diethylamide tail of agonist 2

does not completely overlap with the naphthyl tail ofWIN 55,212-
2, our docking results suggest that agonist 2 establishes similar
interactions at the hydrophobic cavity defined by F91, F94, F183,
P184, and F281 (Figure S4C,D, Supporting Information). The
overlapping interaction networks of WIN 55,212-2 and agonist
2may account for the potent effect of benzimidazole derivatives
as selective CB2R agonists reported in the literature.
We proceeded to use our docking routine on the CB2R full ag-

onist model to get some structural insights into the full agonist
behavior of compound B3. Unbiased docking of B3 yielded a top-
ranked pose where the orthosteric portion of the ligand adopts
the same orientation as the docking-predicted binding pose for
agonist 2 (Figure 5A and Figure S4B, Supporting Information).
Additionally, the hydrophobic linker, benzyl ring and 5-bromo-
4-methylpyridin-2-one moieties of the positive allosteric modu-
lator portion of B3 are packed in a manner that adequately ad-
dresses the residues of the orthosteric site (highlighted in dark
gray in Figure 5). Importantly, the distal cycloheptyl group of B3
extends beyond the orthosteric site and partially overlaps with the
allosteric site proposed by Navarro et al. for some cannabidiol
analogs[23] (depicted in green in Figure 5B). Our docking results
suggest that the cycloheptyl group on B3 may address the out-
ermost part of the allosteric pocket proposed by Navarro et al.,
where V36 and A282 are located. Noteworthy, the importance of
these two residues for allosteric modulation of CB2R has been
demonstrated by the authors using mutagenesis studies. This
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Figure 5. A) Predicted docking pose for B3, suggesting that the ligand may fully address the orthosteric site of WIN 55,212-2 and partially addresses
the allosteric site proposed for CBD. B) CB2R model bound to an orthosteric full agonist (WIN 55,212-2, PDB ID:6PT0) superimposed with the CBD
allosteric binding mode proposed by Navarro et al.[23] C) Docking predicted pose for A4, suggesting that the isopentyl tail may be projected toward the
proposed NAM hydrophobic cavity defined by F87, C288, and L289. Residues addressed by the orthosteric and allosteric parts are highlighted in black
and yellow, respectively.

is consistent with our observation that removal of the cyclohep-
tyl group results in lower receptor affinity for compound B4Ac
in comparison with B4. Additionally, the calculated pose for B3
suggests that the ligand does not expand toward the intracellu-
lar hydrophobic cavity formed by F87, C288, and L289, where the
pentyl chain of CBD has been proposed to insert, resulting in its
characteristic NAM effect[23] (Figure 5B). This is consistent with
Navarro’s observation that CBD derivatives with shorter aliphatic
chains that do not insert into this hydrophobic cavity, tend to be-
have like PAMs, which might help explain the agonist behavior
of series B-compounds.
Next, we investigated the hypothesis that the efficacy of com-

pound A4 is negatively modulated because the molecule occu-
pies the binding position of a NAM. For that, we docked the
molecule using the same parameters as for B3 into the computer
model of CB2R simultaneously bound to an agonist (JWH-133)
and to a NAM (CBD) proposed by Navarro et al. Docking of A4
produced two top-ranked poses where the ethoxybenzyl head of
the agonist portion of the molecule was oriented toward the ex-
tracellular lops (DSX_CSD score −180.137 and −179.963). How-
ever, these scores were only marginally better than for the third
ranked pose (DSX_CSD score −179.012), where the ethoxyben-
zyl head is correctly oriented toward the intracellular loops, as
the docking-predicted binding pose for agonist 2 (Figure 5C and
Figure S4B, Supporting Information). Therefore, this pose was
selected for analysis. The ethoxybenzyl head of the molecule ad-
dresses the hydrophobic cavity defined by I110, F183, and W194,
which is experimentally addressed by the morpholine group of
WIN 55,212-2,[21] and therefore may play a role in the agonistic
effect of A4. The benzimidazole core and hydrophobic linker en-
gage further interactions with residues involved inWIN 55,212-2
agonism, such as F94, F106, and F117. Importantly, in contrast
to the docking results for B3, the docking pose for A4 suggests
that the isopentyl tail may be projected toward the intracellular
hydrophobic cavity defined by F87, C288, and L289 (Figure 5C).
As previously mentioned, this cavity has been proposed to medi-
ate the NAM effect of CBD. Additionally, the distal fluorobenzyl
group of A4 may expand toward the outermost part of the bind-

ing site proposed for CBD by addressing the allosteric residues
V36 and A282. All in all, our docking results suggest that A4may
address residues important for CB2R agonism, while simultane-
ously reaching into the NAM site proposed for CBD. This might
help explaining its behavior as partial agonist.

3. Conclusions

Our potentially dualsteric ligands described herein were de-
signed by connecting the CB2R positive allosteric modulator 1 to
the CB2R selective orthosteric agonist 2. The connecting linker
was introduced in two different positions of the PAM, explicitly
by replacing the cycloheptyl group (set A) or by elongation of the
benzylic residue (set B).
Results of radioligand binding experiments indicate that for

set A the best spacer length consists of five methylene units,
since for the shorter ones affinities drop. For set B, the best chain
length is represented by threemethylene groups. CompoundsB4
and B5 also fit into the CB2R but show lower affinity with increas-
ing linker length. A chain of two carbons is too short for bridging
the orthosteric pocket and a nearby allosteric binding site, while
substitution in meta position of compound B4 has a comparable
effect as shortening the chain-length to compound B3. The ortho
derivative B4o on the other hand lost affinity to the receptor as a
consequence of the changed orientation of the pharmacophores
with respect to each other. By substituting the PAM’s cyclohep-
tyl group with a methyl in compound B4Ac, we present evidence
that activity of set B ligands is a result of binding both binding
pockets, the orthosteric and a distinct allosteric one. Removing
the cycloheptyl group—which is important for positive allosteric
modulation[9]—leads to less interactions in the allosteric binding
pocket and results in lower receptor affinity for compound B4Ac,
36% [3H]CP55940 displacement at 10 𝜇m in comparison to Ki =
1.5 𝜇m for B4 with total displacement at 10 𝜇m. Another method
to verify binding would be to selectively mutate a key amino acid
in the allosteric pocket and thus uncover the ligands’ effects at
the mutant receptor.[24]
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Summing up the results from the efficacy experiments, the
two sets show opposite effects. Set A compounds exhibit very
different behavior within the set with a difference of only one
carbon atom in the linker chain making a significant pharmaco-
logical difference: three carbon atoms are too short for binding
the receptor or bridging both binding sites, while the four-carbon
linker compound shows partial agonism. For the largest com-
pound A5—which has the best binding value in the set—its ef-
ficacy clearly drops. For set B, the difference in efficacy is less
pronounced for the different linkers. Compounds B3–B5 show
a similar range of efficacy in G protein signaling and 𝛽Arr2 re-
cruitment, with EC50-values slightly better for the smaller com-
pounds. Biased signaling was not further investigated for the
CB2R-selective molecules as most of the derivatives were com-
parably active in calcium mobilization and 𝛽Arr2 mediated en-
docytosis. Only compound B4m shows—among set B—the best
EC50-value in G protein signaling but the lowest in 𝛽Arr2 medi-
ated receptor endocytosis. As this compound still exhibits high
efficacy in the latter experiment, one cannot speak of bias in this
case. Another unusual observation was the excessive calcium re-
lease for compounds B3–B5 and B4m, which exceeded the re-
sponse of the full agonists 2 and CP55940. We could prove that
the increased signal at the highest concentration is not caused
by the vehicle. Instead, it could be explained by the impact of the
positive allostericmodulator incorporated in the ligands. If the al-
losteric part binds an allosteric pocket, the receptor must be con-
sidered as a unique and different system through modulation.
Therefore, it is difficult to predict and to compare interactions of
an allosteric modulator with different orthosteric ligands, which
leads to probe dependence.[11]

The drawback which all the herein presented compounds have
in common, is the comparatively low receptor affinity in com-
parison to the orthosteric parent ligand. This might be overcome
by further structural optimization through evaluation of the im-
portant interactions inside the binding pockets. Still, the ligands
show unique signaling profiles different from the compounds’
individual components, that is, the ortho- and allosteric ligand,
respectively. Moreover, our results provide new insights for the
design of dualsteric ligands for this receptor as well as knowledge
about the possible topography of associated binding sites.

4. Experimental Section
Chemistry: All reagents and solvents were directly used as purchased

from common commercial suppliers, mainly obtained from SigmaAldrich
and BLDPharm. Reactions were monitored by thin-layer chromatography
(TLC) with precoated plates with silica gel 60 (Machery-Nagel: ALUGRAM
Xtra SIL G/UV254). Spots were visualized by UV light (254 and 366
nm). Silica gel 60, 230−400 mesh (Merck) was used for purification
by column chromatography. Nuclear magnetic resonance spectroscopy
(NMR) 1H and 13C spectra were recorded with a Bruker AV-400 NMR
instrument (Bruker, Karlsruhe, Germany) in deuterated solvents. Spectra
were calibrated with the hydrogen signal of the respective solvent as an
internal standard and chemical shifts were expressed in ppm (CDCl3:
1H: 7.26 ppm, 13C: 77.16 ppm; CD3OD:

1H: 3.31 ppm, 13C: 49.00 ppm;
(CD3)2SO:

1H: 2.50 ppm, 13C: 39.52 ppm). J is the coupling constant in
hertz (s−1). Measurements for verification and purity of the compounds
were performed by liquid chromatography mass spectrometry (LC-MS)
using a Shimadzu kit, equipped with a DGU-20A3R controller, a DGU-20A
degasser, a LC-20AB liquid chromatograph and an SPD-20A UV/Vis de-

tector connected to an LCMS-2020 mass spectrometer (ESI ionization).
The stationary phase was a Synergi 4U fusion-RP 80A (150 × 4.6 mm)
column, and a MeOH/H2O gradient containing 0.1% formic acid was
used as the mobile phase. The compounds were dissolved in MeOH and
filtered through syringe filters. All target compounds were only charac-
terized further and used for in vitro experiments if a purity of ≥95% was
achieved.

Pharmacology: The Alexa Fluor 647 Antibody Labeling Kit, as well as
Ham’s F-12 Nutrient Mix medium (gibco), penicillin/streptomycin, Hy-
gromycin B, Zeocin and Geneticin were obtained from ThermoFisher Sci-
entific (Waltham, MA, USA). Poly-d-lysine and fetal bovine serum (FBS)
were obtained from Sigma-Aldrich (Darmstadt, Germany).

[3H]CP55940 Binding Assay: Radioactive [3H]CP55940 was bought
from Perkin Elmer LAS (Germany) GmbH. Rimonabant (CB1R inverse ag-
onist) and compound 2 were obtained by an in-house synthesis. Satura-
tion and competition binding assays were carried out as previously re-
ported by the authors’ group, similar to literature procedures.[25] Compe-
tition binding experiments were done in 96-well Multiscreen filter plates
(Millipore) using seven compound dilutions (0.10 nm–0.32 mm), 0.63 nm
[3H]CP55940 and membrane homogenate (12.5 𝜇g per well for rCB1 and
8 𝜇g per well for hCB2) diluted in binding buffer (50 mm Tris-HCl; 5 mm
MgCl2·6 H2O; 2.5 mm EDTA; 2 mg mL−1 BSA, pH = 7.4). After 3 h in-
cubation at room temperature, the reaction was stopped by vacuum fil-
tration and each well was washed with cold binding buffer (4 × 200 𝜇L).
Filter plates were dried at 45 °C before IRGA Safe plus-scintillation cocktail
(Perkin Elmer) was added (20 𝜇L per well). Activity was counted in aMicro
Beta Trilux-Counter (Wallac).

The positive controls, rimonabant, and compound 2, for CB1R and
CB2R, respectively, were used for normalization of the obtained val-
ues for the test compounds. IC50 values as well as standard errors
were determined from sigmoidal dose-response curves applying nonlin-
ear regression and one-side fit logIC50 as curve fitting functions, using
GraphPad Prism 9 software. Ki values were determined according to the
Cheng−Prusoff equation:

Ki =
IC50

1 + [L∗ ]
KD

(1)

Ki values were calculated from at least three individual experiments in
triplicate with [L*] being the radioligand concentration (0.63 nm). KD val-
ues as well as standard errors were determined from homologous binding
experiments using CP55940 as hot (radioligand) and unlabeled cold lig-
and (competitor) and were analyzed from at least three individual exper-
iments in triplicate and were repeated for each new batch of membrane
preparation.[26]

Calcium Mobilization Assay: Chinese hamster ovarian (CHO-K1) cells
stably expressing G𝛼q16 with hCB2R were cultivated in Ham’s nutrient
mixture F12 (Merck) supplemented with 10% fetal calf serum and peni-
cillin/streptomycin (90 U mL−1 / 90 𝜇g mL−1). hCB2 cells were selected
using zeocin (200 𝜇g mL−1) and hygromycin (200 𝜇g mL−1). Cells were
plated onto 96-well plates (30,000 cells per well) to a final volume of 100
𝜇L per well and incubated at 37 °C for 24 h. Cells were washed with freshly
prepared assay buffer made up from 10 × HBSS (containing final concen-
trations of 137.0mmNaCl, 5.4mmKCl, 1.3mmCaCl2, 0.4mmMgSO4, 0.5
mm MgCl2, 0.3 mm Na2HPO4, 0.4 mm KH2PO4, 4.2 mm NaHCO3, and
5.6mmd glucose), 1 mHEPES (final concentration 20mm), bovine serum
albumin (1%) and probenecid (dissolved in 1 m NaOH, final concentra-
tion 2.7 mm) adjusted to pH 7.4. Cells were loaded with 100 𝜇L Fura-2 AM
(4 𝜇m) at 37 °C for 1 h. The dye was removed and 60 𝜇L of assay buffer
(100 𝜇L for controls) were added to the dye-loaded cells. Calcium flux was
monitored using an automated plate reader (FlexStation 3, Molecular De-
vices) at an excitation wavelength of 340/380 nm and an emission wave-
length of 510 nm. After measuring the baseline for 30 s, test compounds
in assay buffer (<0.5% DMSO), compound 2 (positive control) or DMSO
(negative control) were added automatically, and fluorescence was mon-
itored for 5 min in total. All experiments were performed in duplicates in
at least three independent experiments. EC50 values were analyzed from
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the respective area under curve with sigmoidal dose-response curve fitting
using GraphPad Prism 9 software.

CB2R Internalization by Flow Cytometry: The cDNA of the hCB2R was
a generous gift from Dr Guillermo Yudowski, University of Puerto Rico,
and polymerase chain reaction (PCR) was used to amplify the full recep-
tor. PCR was used to delete amino acids 1–25 (as previously described in
the literature)[27] and create homology sequence with the signal-sequence-
Flag vector.[28] The final SS-Flag CB2 receptor were created using NEB-
uilder. Stable cell lines were created by transfecting HEK293 cells and
selecting with zeocin. Resistant colonies were selected and screened for
expression by fluorescent microscopy using anti-Flag M1 (Sigma) conju-
gated with AlexaFluor-647 (ThermoFisher).

Internalization was measured using a previously described assay.[16]

Cells were plated in 12-well plates (1 mL per well) two days prior to the as-
say. The medium was reduced to 500 𝜇L per well. Briefly, Flag-tagged hCB2
receptor was labeled with the calcium sensitive antibody anti-FlagM1 con-
jugated to AlexaFluor647 at 37 °C for 30 min. Compound dilutions were
prepared in DMSO. Cells were incubated with the test compounds for
45 min at 37 °C (containing 0.2% DMSO). Following stimulation, cells
were rapidly washed with PBS/EDTA (0.04%) to remove any surface an-
tibody. Cells were suspended in PBS/EDTA (0.04%), pelleted (1200 rpm,
4 °C, 5 min) and resuspended in PBS (containing Ca2+) to measure en-
docytosis. The increase in fluorescence due to previous internalization
of the fluorescent tagged receptors was analyzed using a FACSCalibur
(BD Biosciences) with 5000 events being analyzed in all cases. The data
was analyzed from at least three independent experiments. EC50 values
were analyzed from the normalized response (% of CP55940) with sig-
moidal dose-response curve fitting using GraphPad Prism 9 software.
For RNAi experiments, 60 mm dishes of CB2R HEK293 cells were trans-
fected with 60 pmols of siRNA duplexes from Qiagen (AllStars Nega-
tive control, Arrestin 2, Qiagen flexitube Hs_ARRB1_11 – CTCGACGTTCT-
GCAAGGTCTA, Arrestin 3, Qiagen flexitube Hs_ARRB2_10 – CTCGAA-
CAAGATGACCAGGTA) using Lipofectamine RNAiMax as per manufac-
tures instructions. Cells were replated into 12 well culture plates and 72
h post-transfection were analyzed for internalization in response to 1 𝜇m
CP55940 as above. Knockdownwas verified byWestern Blotting using anti-
b-Arrestin 1/2 antibody (CST D24H9 rabbit mAb) (Figure S2, Supporting
Information).

BRET Interaction Studies: The NLuc8 vector and Venus-mGsi were
gifts from Nevin Lambert (Augusta University) and have been previously
described[29] and the Arrestin3-YFP was a gift from Meritxel Canals (Uni-
versity of Nottingham).[30] The CB1R-Luciferase and the CB2R-Luciferase
was made using the HiFi DNA assembly protocol (NEB) to generate ei-
ther SS-Flag-CB1R

[17] with CB1 or SS-Flag-CB2R fused in frame at the
C-terminus with Renilla Luciferase. HEK293 cells were transfected with
CB2R-Luc (donor) and either mGSi or Arrestin 3 (acceptors) at a ratio of
1:4, using PEI (DNA:PEI of 1 𝜇g:4 𝜇L). 24 h post transfection, cells were re-
seeded into white 96-well plates and cultured for a further 24 h. On the day
of experimentation, the media was replaced with 90 𝜇L of Hanks Buffered
Saline and equilibrated for 30 min. Cells were incubated for 5 min with 50
𝜇m Coelenterazine H (Bioline) for 5 min before addition of 1 𝜇L of ligand
or DMSO control. 10 min post-stimulation plates were read using a Clar-
iostar plus at 480-20 nm and 530–20 nm. The Bret ratio was determined
and expressed as a background corrected (DMSO alone) percentage of
that seen for 1 𝜇m CP55940.

Molecular Docking: The cryo-EM structure of CB2R bound to the full-
agonist WIN 55,212-2 (PDB ID: 6PT0) and the model of CB2R bound to
an agonist (JWH-133) and to a NAM (CBD) available a supplementary
data of the publication by Navarro et al.,[23] were prepared using MOE[31]

(version 2016.08). MOE’s protein structure preparation pipeline[32] was
used to remove ligands and water molecules, followed by automatic as-
signment of tautomer and protonation states using Protonate3D[33] at pH
7.5. Geometry optimization of WIN 55,212-2, orthosteric agonist 2, A4,
and B3 was performed using the MMFF94x[34] force field (gradient con-
vergence criterion: RMS 0.001 ⋅ kcal⋅ mol−1 Å−1). The GOLD program[19]

(v5.4.1) was used to dock the ligands under non-default parameters pop-
siz = 500 and maxops = 500 000. All other parameters were set as default.
WIN 55,212-2, orthosteric agonist 2, and B3 were docked into the full-

agonist CB2R model, while A4 was docked into the Navarro model. Pose
reproduction performance was assessed by RMSD between docked poses
and the experimental binding pose ofWIN 55,212-2. Using the knowledge-
based scoring function ASP[18] for docking, followed by rescoring with the
knowledge-based scoring function DSX[20] (v0.89), with CSD potentials
(version 05/11), was found to robustly model experimentally observed in-
termolecular interactions of WIN 55,212-2 and to yield a top-ranked pose
that differed by 0.94 Å from the experimental pose. 50 poses were com-
puted for each ligand and clustered using fconv[35] with an RMSD cutoff
of 2.0 Å.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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