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Cannabinoid CB; receptor (CB3R) is a class A G protein-coupled receptor (GPCR) involved in a broad spectrum of
physiological processes and pathological conditions. For that reason, targeting CB2R might provide therapeutic
opportunities in neurodegenerative disorders, neuropathic pain, inflammatory diseases, and cancer. The main
components from Cannabis sativa, such as Ag-tetrahydrocannabinol (AQ-THC) and cannabidiol (CBD), have been
therapeutically exploited and synthetically-derived analogs have been generated. One example is cannabidiol-
dimethylheptyl (CBD-DMH), which exhibits anti-inflammatory effects. Nevertheless, its pharmacological
mechanism of action is not yet fully understood and is hypothesized for multiple targets, including CBzR. The aim
of this study was to further investigate the molecular pharmacology of CBD-DMH on CB,R while CBD was taken
along as control. These compounds were screened in equilibrium and kinetic radioligand binding studies and
various functional assays, including G protein activation, inhibition of cAMP production and B-arrestin-2
recruitment. In dissociation studies, CBD-DMH allosterically modulated the radioligand binding. Furthermore,
CBD-DMH negatively modulated the G protein activation of reference agonists CP55,940, AEA and 2-AG, but not
the agonist-induced B-arrestin-2 recruitment. Nevertheless, CBD-DMH also displayed competitive binding to
CB2R and partial agonism on G protein activation, inhibition of cAMP production and B-arrestin-2 recruitment.
CBD did not exhibit such allosteric behavior and only very weakly bound CBzR without activation. This study
shows a dual binding mode of CBD-DMH, but not CBD, to CByR with the suggestion of two different binding sites.
Altogether, it encourages further research into this dual mechanism which might provide a new class of mole-
cules targeting CBaR.

localization of these receptors, they regulate different processes. CB1R is
the most abundant GPCR in the central nervous system and involved in

1. Introduction

The cannabinoid CB; and CB; receptors (CB;R and CB3R) are class A
G protein-coupled receptors (GPCRs) that are responsible for signal
transduction of the endocannabinoid system (ECS) [1]. Both receptors
couple primarily to Gaj/, proteins and recruit 8-arrestin upon stimula-
tion by agonists, such as the endocannabinoids anandamide (AEA) and
2-arachidonoylglycerol (2-AG) [2,3]. However, due to the distinct

the regulation of cognition and memory. On the contrary, CB2R is pri-
marily expressed on cells of the immune system and modulates (neuro)
inflammatory processes [4]. Therefore, specific targeting of CBaR might
provide opportunities in the treatment of a variety of pathological
conditions characterized by low-grade inflammation, such as neuro-
pathic pain, inflammatory bowel disease, neurodegenerative disorders,

Abbreviations: 2-AG, 2-arachidonoylglycerol; AEA, anandamide; BCA, bicinchoninic acid; CB;R, cannabinoid CB; receptor; CB,R, cannabinoid CB, receptor; CBD,
cannabidiol; CBD-DMH, cannabidiol-dimethylheptyl; ECS, endocannabinoid system; GPCR, G protein-coupled receptor; NAM, negative allosteric modulator; NSB,
non-specific binding; PAM, positive allosteric modulator; PMSF, phenylmethylsulfonyl fluoride; TB, total binding; TM, transmembrane domain; A°-THC, A°-

tetrahydrocannabinol.
* Corresponding author.
E-mail address: 1.h.heitman@lacdr.leidenuniv.nl (L.H. Heitman).

https://doi.org/10.1016/j.bcp.2023.115924

Received 1 October 2023; Received in revised form 10 November 2023; Accepted 13 November 2023

Available online 14 November 2023

0006-2952/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:l.h.heitman@lacdr.leidenuniv.nl
www.sciencedirect.com/science/journal/00062952
https://www.elsevier.com/locate/biochempharm
https://doi.org/10.1016/j.bcp.2023.115924
https://doi.org/10.1016/j.bcp.2023.115924
https://doi.org/10.1016/j.bcp.2023.115924
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bcp.2023.115924&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Bouma et al.

and cancer [5].

The main components of Cannabis sativa A°-tetrahydrocannabinol
(A°-THC) and cannabidiol (CBD), and synthetically-derived analogs
have been therapeutically exploited to target CB,R [6]. Over the years,
CBD has received increasing attention due to its variety of therapeutic
effects, including antiepileptic, anti-inflammatory, analgesic, and anti-
cancer properties as well as neuroprotective and neuromodulatory
functions in Parkinson’s disease [7,8]. Currently, Epidiolex® (CBD) and
Sativex® (1:1 CBD: AQ—THC) are approved for the treatment of Dravet
syndrome, Lennox-Gastaut syndrome and multiple sclerosis-associated
spasticity [9]. Additionally, CBD has been brought to the attention of
the public as component of oils or infused beverages that can be ob-
tained without a prescription [10]. However, the pharmacological
mechanism of action of CBD is not yet fully understood and has been
linked to interactions with various targets via contradicting mechanisms
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[8,11-13].

In view of the promising therapeutic possibilities of CBD, various
derivatives have been synthesized over the years. One such derivative is
cannabidiol-dimethylheptyl (CBD-DMH) in which the pentyl side chain
of CBD is replaced for a dimethylheptyl chain (Fig. 1) [14]. Similar to
CBD, CBD-DMH is devoid of any psychotropic activity and has been
shown to possess anti-inflammatory effects by reducing the levels of
various pro-inflammatory genes and key inflammatory mediators, such
as nitric oxide and reactive oxygen intermediates [14-17]. Additionally,
CBD-DMH induced apoptosis in myeloblastic cells, but not healthy
control cells [18]. Fride et al. further demonstrated efficacy and anti-
inflammatory activity of CBD-DMH in vivo [19]. These beneficial ef-
fects of CBD-DMH have been hypothesized to be mediated via various
proteins, such as CB;R, CB;R, adenosine Aga receptor and an ananda-
mide transporter. [15-17,19-22]. Interestingly, low (orthosteric)
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Fig. 1. Chemical structures of reported allosteric modulators and reference ligands of the endocannabinoid system.
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affinity of CBD-DMH to CBsR has been found, but also allosteric mod-
ulation of downstream signaling pathways has been speculated [20-22].
Nevertheless, the exact molecular mechanisms remain unknown.

In view of the therapeutic possibilities, we aimed to investigate the
molecular pharmacological effect of CBD-DMH on CByR, while close
analog CBD was taken along. The possibility of an allosteric interaction
with CBzR was explored in equilibrium and kinetic radioligand binding
studies in which all commercially available proclaimed allosteric mod-
ulators of the ECS were screened for validation (Fig. 1) [23]. Of these,
only CBD-DMH displayed allosteric properties on CBoR and was further
characterized in radioligand binding assays and functional studies. CBD-
DMH demonstrated competitive binding to CB,R and (partial) agonism
on G protein activation, inhibition of cAMP production and B-arrestin-2
recruitment. Additionally, CBD-DMH negatively impacted the affinity of
a set of reference ligands. Furthermore, in the presence of CBD-DMH the
G protein activation of CP55,940 and 2-AG was impaired, which was not
observed in B-arrestin-2 recruitment assays to CBoR. This study shows
that CBD-DMH has allosteric interactions with CByR, but also competi-
tively binds to the receptor with orthosteric ligands. It therefore invites
further research into this dual mechanism of CBD-DMH to CB5R which
might provide a new class of molecules targeting CB2R.

2. Materials and methods
2.1. Chemicals and reagents

Compounds AM630, CP55,940, GAT228, GAT229, GAT211, preg-
nenolone and PSNCBAM-1 were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Pepcan-12 (RVD-HPa), (-)-cannabidiol (CBD), anandamide
(AEA), 2-arachidonoylglycerol (2-AG) and phenylmethylsulfonyl fluo-
ride (PMSF) were bought from Tocris Bioscience (Bristol, United
Kingdom). ZCZ011 was received from Axon Medchem (Groningen, the
Netherlands), while B-caryophyllene was obtained from Bio-Connect
(Huissen, the Netherlands), and (-)-5-cannabidiol-dimethylheptyl
(CBD-DMH) was from Bio-Techne Ltd (Abingdon, United Kingdom).
R06957022 and [3H]RO6957022 (specific activity 82.8 Ci/mmol) were
custom-synthesized and custom-labeled, respectively, by F. Hoffmann-
La Roche Ltd (Basel, Switzerland). [3H]CP55,940 (specific activity
108.5 Ci/mmol), guanosine 5-O-[y-thio]triphosphate ([BSS]GTP«/S,
specific activity 1250 Ci/mmol) and GF/C filter plates were purchased
from PerkinElmer (Waltham, MA, USA). The PathHunter and cAMP
Hunter detection kits were obtained from DiscoverX (Fremont, CA,
USA). Bicinchoninic acid (BCA) and BCA protein assay reagent were
purchased from Pierce Chemical Company (Rockford, IL, USA). All other
chemicals were of analytical grade and obtained from standard com-
mercial sources. Buffers and solutions were prepared at room tempera-
ture (rt) using Millipore water (deionized using a MilliQ A10 BiocelTM,
with a 0.22 um filter).

2.2. Cell culture

CHO cells stably expressing hCB;R (CHOK1_hCBybgal, DiscoverX)
were cultured in Ham’s F12 Nutrient Mixture supplemented with 10%
(v/v) fetal calf serum (FCS), 2 mM Glutamax, 100 IU/mL penicillin, 100
pg/mL streptomycin, 300 ug/mL hygromycin and 800 pg/mL G418 in a
humidified atmosphere at 37 °C and 5% CO». Cells were subcultured
twice-weekly when reaching 80-90% confluence on 10 or 15 cm ¢ plates
by trypsinization. All experiments were done within 20 passages.

2.3. Membrane preparation

CHOK1 _hCBgbgal cells were harvested when reaching 90% conflu-
ence in 15 cm ¢ plates after one week subculture at a 1:6 ratio. The cells
were detached by scraping into 5 mL phosphate-buffered saline (PBS)
and subsequently centrifuged at 2000 x g for 5 min. Pellets were
resuspended in ice-cold Tris buffer (50 mM Tris-HCL, pH 7.4) and
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homogenized with an Ultra Turrax homogenizer (IKA-Werke GmbH &
Co. KG, Staufen, Germany). Cytosolic and membrane fractions were
separated using an Optima LE-80 K ultracentrifuge (Beckman Coulter,
Inc., Fullerton, CA) at 100,000 x g for 20 min at 4 °C. This homogeni-
zation and centrifugation cycle were repeated a second time. The final
pellet was resuspended and homogenized in ice-cold Tris buffer and
subsequently aliquoted and stored in 100 pL aliquots at —80 °C. Mem-
brane protein concentrations were determined using a BCA protein
determination assay, as described by the manufacturer (Pierce BCA
protein assay kit) [24].

2.4. [?HJR06957022 binding assays

[®HIR06957022 binding assays have previously been described with
the main difference that the incubation temperature was changed to
10 °C for improved separation of kinetic differences [25]. In short,
CHOK1_hCBybgal membranes were thawed and subsequently homoge-
nized using the Ultra Turrax homogenizer. For experiments with endo-
cannabinoids, membranes were preincubated for 30 min with 50 uM
phenylmethylsulfonyl fluoride (PMSF). The reactions were carried out
in 100 pL assay buffer (50 mM Tris-HCI (pH 7.4), 0.1% (w/v) bovine
serum albumin (BSA)) containing 1 ug of membrane protein and 1.5 nM
[®*H]R06957022. Incubations were performed at 10 °C. Therefore, assay
buffer, (radio)ligands and membranes were precooled to 10 °C prior to
the experiment. Nonspecific binding (NSB) was determined using 10 pM
AM630 and vehicle (i.e. acetonitrile for endocannabinoids, and DMSO
for all other compounds) concentrations were constant and kept < 1% in
all samples unless stated otherwise. Total radioligand binding (TB) did
not exceed 10% of the amount added to prevent ligand depletion. For all
assays, incubations were terminated by rapid vacuum filtration with ice-
cold 50 mM Tris-HCl (pH 7.4), 0.1% (w/v) BSA buffer through Whatman
GF/C filters using a Filtermate 96-well harvester (PerkinElmer). Filters
were dried for at least 30 min at 55 °C and subsequently 25 uL Micro-
Scint scintillation cocktail was added per well. Filter-bound radioac-
tivity was measured by scintillation spectrometry using a Microbeta®
2450 counter (PerkinElmer).

2.4.1. Dissociation assays

For all dissociation assays, membranes were pre-incubated with
radioligand for 2 h at 10 °C. [®HIR06957022 dissociation was initiated
by addition of 10 uM AM630 as displacer at different time points for 3 h.
The allosteric screen was performed in single point dissociation assays
by addition of displacer in the absence (control) or presence of 10 uM (f.
c.) compound for a total incubation of 27 min (i.e. dissociation half-life
of the radioligand in this assay). In full curve modulatory dissociation
assays, the amount of receptor-bound radioligand was determined at
different time points up to 3 h (CBD) or 5 h (CBD-DMH) upon addition of
the displacer in the absence (control) or presence of increasing con-
centrations of CBD-DMH or 10 yM CBD. Final DMSO concentrations
were increased to 1.5% to improve solubility. Incubations were termi-
nated and receptor-bound radioactivity was determined as described in
section 2.4.

2.4.2. Displacement assays

For displacement assays, membranes were incubated with 10 uM or
six increasing concentrations of competing ligand (ranging from 0.01
nM to 10 uM) in the absence (control) or presence of increasing con-
centrations of CBD-DMH or 3 uM CBD. To prevent precipitation in the
assay, the maximum modulatory concentrations of CBD-DMH and CBD
were set to 3 uM and all other CBD-DMH concentrations were chosen to
be evenly distributed over its displacement curve. The reaction mixture
was incubated for 2 h at 10 °C after which incubations were terminated
and receptor-bound radioactivity was determined as described in sec-
tion 2.4.
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2.5. [3H]CP55, 940 displacement assays

For single point [°H]CP55,940  displacement  assays,
CHOK1_hCBybgal membranes were homogenized and diluted to 1.5 pg
of membrane protein per well in assay buffer (50 mM Tris-HCl (pH 7.4),
5 mM MgCly, 0.1% (w/v) BSA). Membranes were incubated with 10 uM
of competing ligand in the presence of 1.5 nM °H] CP55,940. In-
cubations were for 2 h at 25 °C. NSB was determined using 10 uM
AM630 and DMSO concentrations were constant and kept < 1% in all
samples. TB did not exceed 10% of the amount added to prevent ligand
depletion. Incubations were terminated as described in section 2.4
except using ice-cold wash buffer containing 50 mM Tris-HCl, 5 mM
MgCl, and 0.1% BSA.

2.6. [3ES]GTP)/S binding assays

G protein activation of CBoR was measured by binding of [3°>S]GTPyS
as previously described [26]. In short, CHOK1_hCBybgal membrane
homogenates (5 pg) were diluted in assay buffer (50 mM Tris-HCl, 5 mM
MgCl,, 150 mM NaCl, 1 mM EDTA, 0.05% BSA (w/v) and 1 mM DTT,
freshly prepared each day) and supplemented with 5 ug saponin and 1
uM GDP to a total volume of 100 pL. For endocannabinoid samples, the
membranes were additionally preincubated for 30 min with 50 pM
PMSF. To determine pECso and Epax values, increasing concentrations of
ligand of interest (ranging from 0.01 nM to 10 pM) in absence (control)
or presence of increasing concentrations of CBD-DMH or 0.3 uM CBD
were preincubated for 30 min at rt. To prevent precipitation in the assay,
the maximum modulatory concentrations of CBD-DMH and CBD were
set to 0.3 pM and all other CBD-DMH concentrations were chosen to be
evenly distributed over its displacement curve. Basal activity was
determined in the presence of vehicle (i.e. acetonitrile for endocanna-
binoids, and DMSO for all other compounds) or specific CBD-DMH/CBD
concentration only and the maximal response was determined by 10 uM
CP55,940 or specific ligand of interest. [BSS]GTPyS (0.3 nM) was added,
and the samples were incubated for 90 min at 25 °C while shaking at
400 rpm. Incubations were terminated as described in section 2.4 except
using ice-cold wash buffer containing 50 mM Tris-HCl and 5 mM MgCly.

2.7. cAMP Hunter™ assays

Inhibition of cAMP production by CB,R stimulation in CByR-over-
expressing cell lines was measured using the cAMP Hunter™ assay
enzyme fragment complementation chemiluminescent detection kit as
described before and following the manufacturer’s protocol (DiscoveRx,
Fremont, CA) [27]. Briefly, CHO-K1 cells overexpressing human CB,R
were plated into a 96 well plate (10,000 cells/well) and incubated
overnight at 37 °C and 5% CO». Media were aspirated and replaced with
30 pL of cell assay buffer. Cells were treated for 30 min at 37 °C with 15
uL of 3 x dose-response solutions of samples prepared in presence of cell
assay buffer containing a 3 x 25 uM NKH477 solution (a water soluble
analog of forskolin) to stimulate adenylate cyclase and enhance basal
cAMP levels. Following stimulation, cell lysis and cAMP detection were
performed as per the manufacturer’s protocol. Luminescence was
measured using a GloMax Multi Detection System (Promega, Italy).

2.8. PathHunter f3-arrestin-2 recruitment assays

B-arrestin-2 recruitment to CBoR was measured using the PathHunter
B-arrestin recruitment assay kit as described before [28]. In short,
CHOK1_hCBybgal cells were seeded at a density of 5,000 cells/well in
solid white-walled 384-wells plates in culture medium as described in
section 2.2 and incubated overnight at 37 °C and 5% COs. For experi-
ments with endocannabinoids, the cells were preincubated for 30 min at
37 °C and 5% CO; with 50 uM PMSF. To determine pECsy and Epax
values, cells were stimulated with increasing concentrations of ligand of
interest (ranging from 0.01 nM to 10 pM) in absence (control) or
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presence of increasing concentrations of CBD-DMH or 1 uM CBD for 90
min at 37 °C and 5% CO,. To prevent precipitation in the assay, the
maximum modulatory concentrations of CBD-DMH and CBD were set to
1 uM and all other CBD-DMH concentrations were chosen to be evenly
distributed over its displacement curve. Basal activity was determined in
the presence of vehicle or specific CBD-DMH/CBD concentration only
and the maximal response was determined by 10 pM CP55,940 or spe-
cific ligand of interest. Vehicle (i.e. acetonitrile for endocannabinoids,
and DMSO for all other compounds) concentrations were constant and
kept < 1% in all samples. Subsequently, cells were loaded with 12.5 pL
detection reagent prepared according to suppliers protocol [29] and
incubated for 1 h in the dark at rt to detect 8-galactosidase enzyme ac-
tivity. Luminescence was measured on an Envision multilabel plate
reader (PerkinElmer).

2.9. Data analysis

All experimental data were analyzed using GraphPad Prism 9.0
(GraphPad Software Inc., San Diego, CA). All values obtained are means
+ standard deviation (SD) of at least three independent experiments
performed in duplicate, unless stated otherwise.

[*H]R06957022 and [3H]CP55,940 assays were baseline-corrected
with NSB and normalized to this value (0%) and TB (100%). Dissocia-
tion rate constants (k,s) were determined by the ‘one-phase decay
exponential decay’ analysis. The half-maximal inhibitory concentrations
(pICsp) of the agonists in [3H]RO6957022 displacement assays were
obtained by non-linear regression analysis of the displacement curves.
Values from direct competition curves were further converted into
inhibitory constant pK; using the Cheng-Prusoff equation [30] with the
experimentally determined dissociation constant (Kp) value 0.78 nM
(data not shown). The modulation in apparent affinities was investi-
gated on the level of the pICsg values and the Cheng-Prusoff equation
was not applied due to the possibility of CBD-DMH altering the Kp
crucial for the analysis.

Functional agonist responses from the [3°S]GTPyS binding assays
and B-arrestin-2 recruitment assays were baseline-corrected with the
basal activity and normalized to 10 pM of CP55,940 (orthosteric effect)
or control response (allosteric modulation). pECs¢ and Ep,x values were
determined using non-linear regression curve fitting ‘log(agonist) vs.
response’. On reference agonist data the ‘three parameters’ fit was used,
whereas for CBD-DMH and CBD the variable slope (four parameter) fit
was applied. This gave freedom to observe both agonistic and allosteric
mechanisms of these unknown compounds. Data from the cAMP assay
were normalized to NKH477 stimulus alone as 100%. The percentage of

response was calculated using the following formula:
meanRLUtessample —MeanRLUnkna77
meanRLUyenicte —meanRLUnra77 *

determined using non-linear regression curve fitting ‘log(agonist) vs.
response (three parameters)’.

Differences in pICso and pECsq values were analyzed using an ordi-
nary one-way ANOVA with Dunnett’s multiple comparisons test or an
unpaired Student’s t-test with Welch’s correction. Significant differences
are displayed as * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p <
0.0001.

%response = 100*1 PECso values were

3. Results

3.1. Screening of CBD-DMH and proclaimed allosteric modulators of ECS
on CB2R

To explore the molecular pharmacological profile of CBD-DMH on
CB2R, it was screened in single point displacement assays using inverse
agonist [H]R06957022 and agonist [3H]CP55,940 along with ten
proclaimed ECS modulators for reference (Figs. 1, 2A, Table 1). ZCZ011,
GAT211, GAT228, GAT229 and CBD-DMH displaced [®HIR06957022
between 18 and 42% when tested at 10 uM, whereas ORG27569 and
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Fig. 2. Screening of reported allosteric modulators of the ECS in radioligand binding assays on hCB,R. (A) Displacement of [>H]R06957022 or [*H]CP55,940 by 10
uM compound. (B) Dissociation of [PHJR06957022 from hCB,R at 10 °C with indicated half life time (t.,). (C) Binding of [PHJRO6957022 after 27 min of dissociation
(t,) from hCB,R induced by 10 uM AM630 in the absence (control) or presence of 10 uM of compound. (D). Dissociation curves of [PHJRO6957022 from hCB,R
induced by 10 uM AM630 in the absence (control) or presence of increasing concentrations of CBD-DMH or 10 uM CBD. Total binding (TB) of specific radioligand was
set to 100%. Data are shown as mean + SD from at least two (A,C) or three (B,D) independent experiments performed in duplicate.

Table 1
Screening of reported allosteric modulators of the ECS in radioligand binding
assays on hCByR.

Compound [H] RO6957022 [3H] CP55,940 [?H]
displacement (%) displacement R06957022
(%)" binding (%)
Control N.A. N.A. 51+5
ORG27569 68+ 3 45+3 52+2
PSNCBAM-1 2+1 18+ 4 53+8
ZCZ011 30+1 34+7 58 + 14
GAT211 (rac) 21 +3 17 £5 57 £2
GAT228 (R) 34+6 37+8 54 +4
GAT229 (S) 18 +12 25+ 3 57 +5
p-caryophyllene 8 + 11 2+6 49 + 12
Pregnenolone -8+18 1+6 54+ 0
Pepcan-12 -31+11 0+4 52+3
CBD 51+6 65+5 51+5
CBD-DMH 42+ 8 105+ 3 75 + 9%

Values represent the mean + SD of at least two individual experiments per-
formed in duplicate. One-way ANOVA with Dunnett’s multiple comparisons test
was used to analyze differences in specific binding compared to control (*p <
0.05). N.A. is not applicable.

@ Percentage [*H]R06957022 displacement from hCBR in the presence of 10
uM compound after 2 h.

b percentage [®H]CP55,940 displacement from hCB,R in the presence of 10
uM compound after 2 h.

© Percentage [°’HIR06957022 binding after 27 min of dissociation from hCB,R
induced by 10 uM AM630 in absence (control) or presence of 10 uM compound.

CBD displaced the radioligand more than 50% at this concentration.
PSNCBAM-1, B-caryophyllene and pregnenolone did not displace [*H]
R06957022 at all and pepcan-12 slightly increased the specific binding
of [*H]R06957022. Using [3H]CP55,940, six compounds displaced the
radioligand between 17 and 45%, but only 10 pM CBD and CBD-DMH
displaced the agonistic radioligand for 65% and 105%, respectively.
Compounds B-caryophyllene, pregnenolone and pepcan-12 did not in-
fluence [SH]CP55,940 binding.

To investigate allosteric effects of CBD-DMH and the ECS

modulators, radioligand dissociation assays were executed. For a quick
screening of all compounds, a single point [PH]R06957022 dissociation
assay was designed. In the presence of 10 uM AM630, dissociation of
[*HIR06957022 followed a monophasic decay until full dissociation
was reached after approximately 180 min, where its dissociation half-
life (ty,) was 27 min, ie. the point where 50% of the radioligand was
still bound (Fig. 2B). Subsequently, all eleven compounds were screened
in a single point [*H]R06957022 dissociation assay at t,, of 27 min of
dissociation, i.e. the time point that equally allows for the observation of
an increase or decrease in radioligand dissociation rate (Fig. 2C). Only
CBD-DMH significantly increased the specific binding of [3H]
R06957022 to 75 + 9% compared to 51 + 5% of control (Fig. 2C,
Table 1). Interestingly, close analog CBD did not change the specific
binding (51 + 5%). To further quantify these effects, a full curve
dissociation in the presence of CBD-DMH and CBD was performed
(Fig. 2D, Table 2). CBD-DMH drastically altered the dissociation of ’H]
R06957022, which could not be quantified in the three hour timeframe.
Therefore, the incubation time was extended to five hours and time
points were distributed to capture the full response. The dissociation
rate constant (ko) of [3H]RO6957022 was significantly reduced in the
presence of 1 and 3 uM CBD-DMH with ks values of 0.007 £ 0.002

Table 2

Dissociation rate constants in the absence and presence of
increasing concentrations of CBD-DMH or 10 uM CBD in [?H]
RO6950722 dissociation assays.

Modulator Kogr (min™")
Control 0.019 + 0.005

-+ 1 uM CBD-DMH 0.007 + 0.002

+ 3 uM CBD-DMH 0.005 + 0.001***
+ 10 uM CBD-DMH N.D.

-+ 10 uM CBD 0.013 + 0.001*

Values represent the mean + SD of at least three individual ex-
periments performed in duplicate. One-way ANOVA with Dun-
nett’s multiple comparisons test was used to analyze differences

in kg compared to vehicle (*p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.00001). N.D. is not determined.
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min~! and 0.005 + 0.001 min?, respectively, compared to 0.019 +
0.005 min ! in the control condition. Furthermore, even after 5 h in-
cubation in the presence of 10 pM CBD-DMH this parameter could no
longer be quantified, as the radioligand’s dissociation was extremely
impaired. The Koz of [®H]RO6957022 in the presence of 10 uM CBD was
also significantly reduced to 0.013 + 0.001 min ™, but this was less than
2-fold from control and is therefore not considered biologically relevant
(Fig. 2D, Table 2).

Together, the results from the screening assays suggest a weak
competitive interaction of ORG27569 and CBD with [3H]CP55,940 at
CB2R, while CBD weakly and CBD-DMH more potently displaced ’H]
R06957022. Interestingly, CBD-DMH is also an allosteric enhancer of
[*H]RO6957022 binding at CB,R, indicating a second possible binding
site. Notably, none of the other compounds exhibit evident allosteric
enhancement or inhibition. Therefore, the binding mechanism of CBD-
DMH is further explored, while taking CBD along as control.

3.2. Affinity of orthosteric reference ligands in the absence or presence of
CBD-DMH and CBD

The competitive behavior of CBD-DMH and CBD was further inves-
tigated in full curve displacement assays with [*H]R06957022. CBD-
DMH displayed a pK; value of 6.46 + 0.20, while a remaining 20% of
[®H]R06957022 was not displaced (Fig. 3A, Table 3). CBD only showed
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Table 3

Apparent affinity (pK;) of CBD-DMH or apparent affinity (pICso) of orthosteric
ligands in the absence or presence of CBD-DMH and CBD as determined in [*H]
R0O6957022 displacement assays.

Modulator CBD- R0O6957022 CP55,940 2-AG AEA
DMH
Control 6.46 8.39 + 0.49 8.78 + 6.20 + 5.58 +
+ 0.20 0.28 0.16 0.16
+ 0.03 yM N.A. 8.30 +£ 0.32 8.62 + 6.14 + 5.49 +
CBD-DMH 0.26 0.06 0.17
+ 0.3 uM N.A. 7.97 £0.12 8.52 &+ 6.06 5.57 +
CBD-DMH 0.63 0.21 0.25
+ 3 uM CBD- N.A. 6.99 + 7.04 + 5.01 + 4.47 +
DMH 0.55** 0.92* 0.20%*** 0.50%*
+ 3 uM CBD N.A. 8.04 £ 0.45 8.60 = 5.88 + 5.45 +
0.36 0.05 0.14

Values represent the mean + SD of at least three individual experiments per-
formed in duplicate. pK; (CBD-DMH) and pICsg values of orthosteric reference
ligands in the absence (control) or presence of increasing concentrations of CBD-
DMH or 3 uM CBD were obtained from [*PHJR06957022 displacement assays on
membranes stably expressing hCB;R. One-way ANOVA with Dunnett’s multiple
comparisons test was used to analyze differences in pICsy compared to control
(*p <0.05, ** p < 0.01, *** p < 0.001, **** p < 0.00001). N.A. is not applicable.
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Fig. 3. Affinity and modulation of affinity of orthosteric ligands by CBD-DMH and CBD. (A) [*H]R06957022 displacement by CBD-DMH and CBD. [*H]R06950722
displacement by (B) orthosteric inverse agonist RO6957022, orthosteric agonists (C) CP55,940, (D) 2-AG and (E) AEA in the absence (control) or presence of
increasing concentrations of CBD-DMH or 3 uM CBD. Data are shown as mean =+ SD from at least three independent experiments performed in duplicate.
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weak displacement at 10 pM, as such its affinity for CBaR could not be
determined (Fig. 3A).

As allosteric modulation can be probe-dependent, the modulating
effect of CBD-DMH and CBD was investigated on the binding of various
reference ligands. Specifically, modulation of CP55,940 (which was also
used as a radioligand in the screen, Fig. 2A), and two endogenous ago-
nists, i.e. 2-AG and AEA, was evaluated and compared to their effect on
unlabeled RO6957022. To this end, [®H]R06957022 displacement as-
says in the absence or presence of increasing concentrations of CBD-
DMH or 3 uM CBD were performed (Fig. 3, Table 3). The control con-
ditions reflected the increased displacement of [*HIR06957022 in the
presence of increasing concentrations of CBD-DMH from 0% up to 80%
and 20% displacement in the presence of 3 uM CBD, which corresponded
well to their values in the displacement curves (Fig. 3).

For both inverse agonist RO6957022 and agonist CP55,940 a trend
in decreased apparent affinity (pICsp) was found in the presence of
increasing concentrations of CBD-DMH (Fig. 3C,D, Table 3). Specif-
ically, their apparent affinities were significantly decreased in the
presence of the highest concentration of 3 pM CBD-DMH by 25- and 54-
fold, respectively. Similarly, the apparent affinities of endogenous ago-
nists 2-AG and AEA were significantly reduced in the presence of 3 pM
CBD-DMH by 15- and 13-fold compared to control condition. However,
3 uM CBD did not statistically significant affect the apparent affinity of
any orthosteric ligand (Fig. 3C-F, Table 3). This further confirms the lack
of allosteric modulation by CBD at CBsR, whereas CBD-DMH impaired
the apparent affinity of the inverse agonist, synthetic agonist, and
endogenous agonists at CByR. Nevertheless, CBD-DMH also competes
with RO6957022 for binding to CB2R.

3.3. Ga; protein activation by CBD-DMH and modulation of orthosteric
reference agonists in the absence or presence of CBD-DMH and CBD

[3°S1GTPyS binding assays were performed to investigate Ga; protein
activation by CBD-DMH and CBD. CBD-DMH behaved as a partial
agonist with a pECsg value of 7.42 + 0.14 and Ep,5x value of 69 + 5%
compared to full agonist CP55,940 (Fig. 4A, Table 4). CBD did not
induce any Go; protein activation on CByR. Furthermore, this agonistic
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effect of CBD-DMH was also observed in a cAMP assay with a potency of
8.05 + 0.28, i.e. cAMP production was inhibited by CBD-DMH at CB2R
(Table 4).

To evaluate the modulatory effect of CBD-DMH and CBD on Go;
protein activation induced by orthosteric agonists CP55,940, 2-AG and
AEA, functional [3°S]GTPyS binding assays were performed in the
absence and presence of increasing concentrations of CBD-DMH and 0.3
uM CBD (Fig. 4, Table 4). Firstly, the basal conditions reflected the
partial agonistic behavior of CBD-DMH for Go; protein activation, which
was not observed for CBD (Fig. 4). Secondly, a dose-dependent negative
modulation of CP55,940-incuded Go; protein activation was observed in
the presence of CBD-DMH (Fig. 4B). Specifically, pECsy values were
significantly decreased from 8.90 + 0.45 to 7.01 + 0.46 in the presence
of 0.3 uM CBD-DMH (Table 4). On the other hand, CBD did not modulate
CP55,940 activation of CBoR. Neither CBD-DMH nor CBD affected the
maximum activation level by CP55,940. Although not statistically sig-
nificant, a trend was observed that CBD-DMH dose-dependently
decreased the potency of 2-AG, without affecting its maximum activa-
tion (Fig. 4C, Table 4). CBD did neither statistically significant affect the
potency of 2-AG nor AEA (Fig. 4C, D, Table 4). Finally, AEA-induced G
protein activation was differently impacted by CBD-DMH compared to
the other agonists, as the level of activation induced by CBD-DMH was
higher than AEA efficacy (Fig. 4A). Hence, the increasing concentrations
of AEA caused the level of CBD-DMH activation to be brought back to
the maximal AEA activation level. Noteworthy, the lowest CBD-DMH
concentration tested (0.03 uM) resulted in a level of G protein activa-
tion equal to AEA’s efficacy, i.e. resulting in a flat dose-response curve.

In conclusion, we observed partial agonism of CBD-DMH, but not
CBD, in G protein activation and cAMP assays on CBzR. Moreover, CBD-
DMH, but not CBD, also negatively modulated agonist-induced Go;
protein activation.

3.4. f3-arrestin-2 recruitment by CBD-DMH and modulation of orthosteric
reference agonists in the absence or presence of CBD-DMH and CBD

Another functional assay was performed to investigate the effect of
CBD-DMH and CBD on B-arrestin-2 recruitment to CBsR. CBD-DMH

140+
—e— Control

-= +0.03 uM CBD-DMH
—+ +0.1 upM CBD-DMH

+0.3 uM CBD-DMH
~ +0.3uM CBD

—

I

=
1

100

[*S]GTPyS specific
binding (% of control)
=
1

-20
A T T T T

> -11-10 9 -8 -7 6 -5
log [CP55,940] (M)

F

500
—o— Control

~= +0.03 uM CBD-DMH
+0.1 uM CBD-DMH
+0.3 uM CBD-DMH
~— +0.3 uM CBD

400
300

200+

N EEERY

[*5S]GTPyS specific
binding (% of control)

—
oHe AT
-100-1H
> -10 9 -8 -7 -6 -5
Qf’
log [AEA] (M)

Fig. 4. G protein activation and modulation thereof by CBD-DMH and CBD. (A) [**S]GTPyS binding by CBD-DMH and CBD compared to full agonist CP55,940.
Modulation of orthosteric agonists (B) CP55,940, (C) 2-AG and (D) AEA-induced [3%s] GTPyS binding in the absence (control) or presence of increasing concentrations
of CBD-DMH or 0.3 uM CBD. Data are shown as mean + SD from at least three independent experiments performed in duplicate.
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Table 4
Potency (pECsp) and maximum activation (Epay) of orthosteric ligands in the absence or presence of CBD-DMH and CBD determined in functional assays.
Assay Agonist CBD-DMH CP55,940 2-AG AEA
Modulator PECso Emax (%)  pECso Emax (%)  pECso Emax (%) PECso Emax (%)
[3°s] GTPyS binding assay Control 7.42+0.14 69+5 8.90 £+ 0.45 106 + 10 6.39 +0.26 105+ 6 7.03+£0.34 123 £11
+0.03uM CBD-DMH  N.A. N.A. 8.42 + 0.01 99 +13 6.30 £ 0.41 102+ 7 N.D. 100 + 34*
+ 0.1 uM CBD-DMH N.A. N.A. 8.01 £+ 0.02* 94 +4 6.18 +0.83 98 £ 16 N.D. 84 + 297
+ 0.3 uM CBD-DMH N.A. N.A. 7.01 + 98 +3 5.63 +0.32 100 + 20 N.D. 83 + 27*
0.467‘5‘7‘:7':7':
+ 0.3 uM CBD N.A. N.A. 9.00 £+ 0.47 110 £ 12 6.27 + 0.46 89 £ 16 6.52 +0.14 86 + 20
cAMP assay Control 8.05+0.28 N.A. N.A. N.A. N.A. N.A. N.A. N.A.
B-arrestin-2 recruitment Control 6.92 +0.13 47 £ 15 8.35 £ 0.12 99 +3 5.68 +0.09 100 + 17% 6.53+0.13 98 + 3
assay + 0.1 uM CBD-DMH N.A. N.A. 8.50 £ 0.11 115+9 5.32+0.76 104 +13* 6.51 +£0.32 102+ 8
+ 0.3 uM CBD-DMH N.A. N.A. 8.46 £+ 0.06 100 £ 5 5.58 + 0.40 111 + 297 6.41 £0.82 103 + 14
+ 1 pM CBD-DMH N.A. N.A. 8.28 + 0.32 115+ 13 5.64 +0.28 104 + 14% N.D. 105 + 21
+ 1 uM CBD N.A. N.A. 8.43 £ 0.12 72+ 11 5.54+0.16 103 + 23* 6.48 +£0.31 107 + 18

Values represent the mean =+ SD of at least three individual experiments performed in duplicate. Potency (pECso) and maximum effect (Epay) or effect at 10 pM values
of orthosteric reference ligands (#) in the absence (control) or presence increasing concentrations of CBD-DMH or CBD were obtained from [3%s] GTPyS binding, cAMP
or B-arrestin-2 recruitment assays on membranes or cells stably expressing hCB,R, respectively. The percentage maximum effect at 10 uM was calculated compared to
the top of the control curves. One-way ANOVA with Dunnett’s multiple comparisons test was used to analyze differences in pECso compared to control (*p < 0.05, ** p
< 0.01, *** p < 0.001, **** p < 0.00001). N.D. is not determined. N.A. is not applicable.

behaved as a partial agonist on B-arrestin-2 recruitment with a pECsg
value of 6.92 + 0.13 and 47 + 15% activation compared to CP55,940
(Fig. 5A, Table 4). Furthermore, CBD did not induce B-arrestin-2
recruitment to CBaR.

The modulatory effect of CBD-DMH and CBD on RB-arrestin-2
recruitment by CP55,940, 2-AG and AEA to CByR was further examined
in this assay (Fig. 5, Table 4). As expected, the basal conditions reflected
the partial agonism of CBD-DMH on B-arrestin-2 recruitment to CBoR
(Fig. 5A). Similar to the G protein activation results, no statistically
significant modulation by CBD was detected for CP55,940, 2-AG or AEA-
induced B-arrestin-2 recruitment (Fig. 5B-D, Table 4). CBD-DMH did not
induce a dose-dependent negative modulation of CP55,940, 2-AG or
AEA-induced B-arrestin-2 recruitment, in contrast to G protein activa-
tion results (Fig. 5B-D, Table 4). Interestingly, modulation of AEA-
induced B-arrestin-2 recruitment by highest concentration of 1 uM
CBD-DMH could not be determined due to an already maximal

A
PP CBD-DMH
—.— -

£ S 120
E 3 100 = CBD
=
g 80 B 1M CP55,940
=9 607 B 10 uM2-AG
V= 40
£2 B 10puMAEA
EE 0_f.“....l..i.;..i.........
TS 20
=

40— F— 1 —

‘ép\ 8 -7 -6 -5
%
log [compound] (M)
C

L 1407
S 1201 Control
E _ 100 +0.1 uM CBD-DMH
£ g 801 +0.3 uM CBD-DMH
2§ 607 +1 pM CBD-DMH
VS 40
g° +1 uM CBD
£s ™ ?
g k=
T 207
=

U o Bl py e

» -8 -7 -6 -5

&
log [2-AG] (M)

activation of the receptor by CBD-DMH.

Altogether, we found partial agonism of CBD-DMH, but not CBD, in
B-arrestin-2 recruitment assays similar to the G protein activation assays.
However, unlike in G protein activation assays, no modulation of CBD-
DMH or CBD was observed on any agonist-induced B-arrestin-2
recruitment to CBoR.

4. Discussion and conclusion

For centuries, components from Cannabis sativa, such as CBD, have
been used for medicinal purposes [6]. Recently, the FDA approved
Epidiolex®, a pure CBD solution, for the treatment of severe pediatric
seizure disorders [5,9]. Furthermore, CBD has attracted the attention of
the general public as a wonder drug that can be obtained over the
counter. However, its pharmacological profile is still not fully under-
stood and seems to be attributed to polypharmacology, i.e. activity at
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Fig. 5. B-arrestin-2 recruitment and the modulation thereof by CBD-DMH and CBD. (A) B-arrestin-2 recruitment by CBD-DMH and CBD compared to full agonist
CP55,940. Modulation of agonists (B) CP55,940, (C) 2-AG and (D) AEA-induced B-arrestin-2 recruitment in the absence (control) or presence of increasing con-
centrations of CBD-DMH or 1 uM CBD. Data are shown as mean + SD from at least three independent experiments performed in duplicate.
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multiple targets [10-13,31]. Meanwhile, synthetic CBD derivates have
been synthesized including CBD-DMH [14]. CBD-DMH showed anti-
inflammatory effects in various in vitro models, and furthermore
showed efficacy in an in vivo arachidonic acid-induced inflammation
model [15-17,19]. Nevertheless, the exact molecular mechanism of
CBD-DMH remains unknown but has been hypothesized to be mediated
by various proteins including CByR [20-22]. Therefore, we aimed to
further characterize the molecular pharmacological effect of CBD-DMH
on this receptor. One of the proposed mechanisms of CBD-DMH on CB;R
has been attributed to allosteric modulation [22]. Allosteric modulation,
i.e. binding of a ligand at a binding site distinct from the orthosteric site,
presents several advantages over orthosteric targeting of receptors [32].
This includes the lack of intrinsic agonistic properties indicating allo-
steric modulators can only modify the binding or signaling of a second
ligand, e.g. the endogenous ligand. Furthermore, allosteric modulators
bear the possibility of a higher subtype selectivity [32,33]. This class of
molecules might present a different strategy for targeting CByR.

To investigate the allosteric behavior of CBD-DMH, radioligand
binding dissociation assays were performed in which commercially
available proclaimed ECS modulators were taken along for reference
(Fig. 1) [23]. Alteration of the dissociation rate constant (kog) of an
orthosteric ligand has been described as a typical hallmark of allosteric
interactions and can consequently lead to altered affinity and/or po-
tency of the orthosteric ligand at the receptor [32,34]. We screened
CBD-DMH and the proclaimed modulators of the ECS in a single point
dissociation assay at CB,R for a quick insight into their dissociation
modulating properties (Fig. 2C, Table 1) [35]. CB;R allosteric modula-
tors ORG27569, PSNCBAM-1, ZCZ011, GAT211 (rac), GAT229 (S), and
pregnenolone did not alter radioligand binding in these assays, which
confirmed their lack of allosteric interaction with CByR [23]. Previously
reported CBoR negative allosteric modulators (NAMs) 8-caryophyllene
and CBD, and positive allosteric modulator (PAM) pepcan-12 did not
change the binding profile in our assays [36-38]. To the best of our
knowledge, dissociation experiments to identify the allosteric mecha-
nism have only been performed for B-caryophyllene and pepcan-12
using [3H]CP55,94O [37,38]. The use of a biphasic radioligand such as
[3H]CP55,940 may complicate the determination of accurate kinetic
parameters for unlabeled ligands due to the preference for different
binding states [39]. This issue is circumvented in our assays by using the
monophasic [HIR06957022. Furthermore, pepcan-12 did not induce a
statistically significant shift in agonist potency in [*>S]GTPyS or cAMP
assays [38]. Intriguingly, several studies report agonistic behavior of 8-
caryophyllene by showing affinity for CB2R and G protein mediated
signaling [40,41]. As we aimed to investigate allosterism in this project
(which we did not observe), this compound was not taken along in
sequential functional studies.

The only compound allosterically affecting the binding of the radi-
oligand on CB,R was CBD-DMH (Fig. 2C, Table 1). Therefore, the allo-
steric modulation by CBD-DMH was further investigated in a full curve
dissociation assay (Fig. 2D, Table 2). A dose-dependent decrease of ’H]
R06957022 binding was observed in the presence of CBD-DMH and
further quantified by significantly reduced ko values, which corrobo-
rates an allosteric enhancing effect on inverse agonist RO6957022 at
CB5R [32,35]. Of note, CBD was included in this and all consecutive
assays as control compound next to CBD-DMH. Examination of CBD
showed no statistically significant allosteric modulation (Fig. 2A), very
weak competitive binding (Fig. 3A) but no potency on CB3R (Fig. 4A, 5A,
Table 3, 4). Evidently, CBD might bind orthosteric to CB3R, but with a
very low, non-detectable potency in all our assays, which contrasts with
previous assumptions that CBD acts as a partial agonist or allosteric
modulator at CBoR [22,42].

The modulating effect of CBD-DMH was further investigated on the
affinity and potency of reference orthosteric ligands in various binding
and functional assays. The orthosteric ligands used in this study were
inverse agonist RO6957022, reference orthosteric agonist CP55,940 and
endogenous agonists 2-AG and AEA to account for potential probe
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dependence of CBD-DMH, i.e. differential effects on different (types of)
ligands (Fig. 1) [33]. The inclusion of the endocannabinoids to our study
is a valuable addition since this reflects physiological conditions and
provides insight into how physiological effects might be altered [32]. A
negative allosteric modulation phenotype of CBD-DMH was found in G
protein activation assays in which the potency of CP55,940 was signif-
icantly reduced with increasing concentrations of CBD-DMH (Fig. 4B,
Table 4). Although not statistically significant, a similar effect by CBD-
DMH was observed on the potency of 2-AG (Fig. 4C, Table 4). The
modulation of AEA-mediated G protein activation was less apparent due
to the higher level of partial agonism of CBD-DMH compared to AEA,
which probably overshadows the allosteric action on potency (Fig. 4A,D,
Table 4). However, in the presence of various concentrations of CBD-
DMH, we observed a higher G protein activation than by AEA alone,
where in combination with higher concentrations of AEA the maximal
AEA level was observed (Fig. 4D). Together, this suggests that CBD-DMH
is a NAM for G protein activation by CB,R agonists.

Nonetheless, this allosteric effect of CBD-DMH was not sustained in
B-arrestin-2 recruitment assays (Fig. 4B-D, Table 4), which might indi-
cate that CBD-DMH behaves as a biased allosteric modulator, i.e.
demonstrating preference for modulating one pathway over another
[43]. In the study by Tham et al., CBD-DMH was described as a PAM of
CP55,940-dependent cAMP inhibition in contrast to the NAM effect on
upstream G protein activation found in our study [22]. Secondly,
pathway-specific allostery was described with a NAM effect on
CP55,940-dependent B-arrestin-1 recruitment. It is important to note
that in this specific study, recruitment of B-arrestin-1 was investigated in
contrast to B-arrestin 2 in our study. It has been previously described
that B-arrestin-1 has a weaker affinity for CBzR than B-arrestin-2, which
might suggest different signaling mechanisms and could therefore be
differently impacted by binding of CBD-DMH [44]. Even though we did
not find a pronounced effect on B-arrestin-2 recruitment to CByR, we
also found a pathway-specific allostery between the G protein and B-
arrestin-2 signaling. Importantly, our experiments also highlight the
importance of including different chemotypes and types of agonists, i.e.
agonists and inverse agonists, for investigating probe dependency [45].
Namely, G protein activation by agonists CP55,940 and 2-AG was
negatively impacted by CBD-DMH, whereas inverse agonist RO6957022
binding was positively modulated in dissociation studies. Furthermore,
these results might be a first indication towards transducer dependency
and a biased allosteric effect of CBD-DMH towards G protein activation
over B-arrestin-2 recruitment [43].

While studying the allosteric behavior of CBD-DMH, we also
observed competitive or agonistic behavior in several assays. We found
competitive displacement of the highest concentration of CBD-DMH
with both [PHIR06957022 and [*H]CP55,940 (Fig. 2A, Table 1). This
was further quantified by a low affinity of CBD-DMH for CB2R in
displacement studies, which suggests that CBD-DMH competes with
[®H]RO6957022 for the orthosteric binding site (Fig. 3A, Table 3).
Although, not further analyzed, Tham et al. also found this competitive
binding of CBD-DMH with [SH]CP55,94O and a similar low affinity is
previously reported with [?H]-HU-243 to CB,R [20,22]. Interestingly,
the binding could not be fully inhibited in our studies (Fig. 3A, Table 3),
which is indicative of the formation of a ternary complex of binding of
[’*H]R06957022 to the orthosteric site, while CBD-DMH occupies the
allosteric site [35,46].

For all tested reference ligands, a decreased apparent affinity was
observed in presence of the highest concentration (3 uM) of CBD-DMH
(Fig. 3B-E, Table 3), which further highlights the competitive interac-
tion at the orthosteric binding site. The different conclusions obtained
from the [PHJRO6957022 dissociation and displacement assays with
regard to CBD-DMH’s mechanism of action highlight the importance of
employing both these assays, as these expose the allosteric and
competitive interactions by CBD-DMH, respectively.

The agonistic effect of CBD-DMH was further observed in the various
functional assays, where CBD-DMH elicited partial G protein activation
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and B-arrestin-2 recruitment compared to full agonist CP55,940 with
moderate pECsg values and hill slopes close to unity (Fig. 4A, 5A,
Table 4). No agonistic effect of CBD-DMH on cAMP inhibition was
described in the study by Tham et al., but the apparent upward shift of
the CP55,940 curve in the presence of increasing concentrations of CBD-
DMH would compare to the agonistic effect we also observed and
quantified for CBD-DMH on NKH477-induced inhibition of cAMP levels
(Table 4) [20]. Our results together stress the duality of CBD-DMH,
which is not a pure allosteric modulator, but rather a NAM-agonist
due to having two different interactions with CBoR from which it
modulates and activates the receptor [47].

Ligands with two different binding interactions have previously been
described for the muscarinic My receptor, where bitopic ligands might
adopt a dualsteric binding mode, bridging the orthosteric and allosteric
site or purely bind to the allosteric binding site [46]. This allosteric
binding pocket has been crystallized for the muscarinic My receptor and
sits directly above the orthosteric site [48]. Recently, a study by Yuan
et al. identified seven potential allosteric sites for CB3R of which ‘site H’
was the most promising binding site, which resembles the allosteric site
from the M, receptor and is close to the orthosteric binding pocket of
CB2R [49]. This site located just above the orthosteric pocket has also
been referred to as the extracellular vestibule, ligand entry site or outer
vestibule. It is a region in which ligands might pre-engage before moving
deeper into the orthosteric binding pocket. Nevertheless, allosteric li-
gands could bind here without continuing to the orthosteric pocket and
execute allosteric actions such as changing the orthosteric ligand-
binding kinetics [34,50]. The duality of CBD-DMH described in this
paper can be well explained by it having interactions at a yet to be
identified allosteric binding site, but also by its binding to the orthosteric
site. These orthosteric interactions might be directed by the dime-
thylheptyl moiety that CBD-DMH has opposed to CBD’s pentyl chain.
These side chain substitutions generally enhance the activity of canna-
binoids [18]. Evidently, it is a common structural feature for CB,R ag-
onists such as CP55,940, HU308 and HU910 and is described to interact
with various amino acids in the orthosteric binding pocket [26]. To dive
further into the exact binding mechanism of CBD-DMH at CB3R, struc-
tural elucidation of CB2R in conjunction with CBD-DMH by docking and
molecular dynamic studies could be performed. These should be sup-
ported with in vitro mutagenesis studies for validation of resultant
predicated positions. Together this might aid in obtaining a better idea
of the dual pharmacology of CBD-DMH at CByR.

In conclusion, this study provides a dual profile of CBD-DMH with
both allosteric and orthosteric effects on CByR, although it does not
identify the exact binding site(s) of CBD-DMH. Interestingly, CBD-DMH
partially activates both G protein and B-arrestin-2 recruitment, while it
is a PAM for an inverse agonist, and a NAM for synthetic and endogenous
agonists. In case of the latter, it only modulates G protein activation and
not B-arrestin-2 recruitment suggesting a biased allosteric mechanism.
Furthermore, in these robust fundamental assays we could not confirm
any potent interaction of CBD with CByR. Hence, the beneficial effects of
CBD can still be attributed to polypharmacology, but most likely not via
CByR. Together, this study invites further research into identifying the
dual molecular pharmacology of CBD-DMH at CB2R, which might pro-
vide a new class of molecules targeting CBoR.
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