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ABSTRACT: Orthosteric activation of CB1 is known to cause a plethora
of adverse side effects in vivo. Allosteric modulation is an exciting
therapeutic approach and is hoped to offer improved therapeutic potential
and a reduced on-target side effect profile compared to orthosteric
agonists. This study aimed to systematically characterize the in vitro
activity of the positive allosteric modulator ZCZ011, explicitly
considering its effects on receptor regulation. HEK293 cells expressing
hCB1 receptors were used to characterize ZCZ011 alone and in
combination with orthosteric agonists. Real-time BRET approaches
were employed for G protein dissociation, cAMP signaling, and β-arrestin
translocation. Characterization also included ERK1/2 phosphorylation
(PerkinElmer AlphaLISA) and receptor internalization. ZCZ011 is an allosteric agonist of CB1 in all pathways tested, with a similar
signaling profile to that of the partial orthosteric agonist Δ9-tetrahydrocannabinol. ZCZ011 also showed limited positive allosteric
modulation in increasing the potency and efficacy of THC-induced ERK1/2 phosphorylation, β-arrestin translocation, and receptor
internalization. However, no positive allosteric modulation was observed for ZCZ011 in combination with either CP55940 or AMB-
FUBINACA, in G protein dissociation, nor cAMP inhibition. Our study suggests that ZCZ011 is an allosteric agonist, with effects
that are often difficult to differentiate from those of orthosteric agonists. Together with its pronounced agonist activity, the limited
extent of ZCZ011 positive allosteric modulation suggests that further investigation into the differences between allosteric and
orthosteric agonism is required, especially in receptor regulation end points.
KEYWORDS: cannabinoid receptor 1, allosteric modulator, allosteric agonist

■ INTRODUCTION
Phytocannabinoids from Cannabis sativa, endogenous canna-
binoids, and synthetic cannabinoids act primarily through two
cannabinoid receptor subtypes: cannabinoid receptor 1 (CB1)
and 2 (CB2).

1−3 Ligands that activate CB1 are currently being
investigated as potential therapeutics in a range of central
nervous system (CNS) disorders including neuropathic and
inflammatory pain, Huntington’s disease, multiple sclerosis,
epilepsy, and Parkinson’s disease.4 The traditional approach to
developing therapeutics at CB1 has centered around com-
pounds that bind to the orthosteric binding site which is
common to the endocannabinoids 2-arachidoloylglycerol (2-
AG), anandamide (AEA), and the phytocannabinoid Δ9-trans-
tetrahydrocannabinol (THC). However, the therapeutic utility
of CB1 is limited by psychoactivity, and more recently,
significant toxicological effects such as seizures, hypothermia,
and tachycardia have been observed following recreational use
of high efficacy synthetic cannabinoids.5,6

One potential approach to reducing on-target adverse effects
is the use of allosteric modulators. Allosteric ligands are

compounds that bind to a receptor at a site that is
topographically distinct from the orthosteric binding site.7

They can increase (positive allosteric modulation) or decrease
(negative allosteric modulation) the binding and/or signaling
of orthosterically bound ligands. “Pure” allosteric modulators
have no activity in the absence of orthosteric ligands and,
therefore, have the potential to exogenously regulate
endocannabinoid action in specific regions/tissues implicated
in disease states. Allosteric modulators are thought to be
therapeutically advantageous; they display a “ceiling effect”
(that is, the degree of cooperativity is saturable), have higher
receptor subtype specificity, and are also hoped to cause
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reduced tolerance and receptor downregulation,8 though to
date there is limited evidence to support this latter attribute. In
contrast, allosteric agonists are ligands that induce receptor
activation and downstream signaling cascades independently;
that is, in the absence of an orthosteric ligand.9

The first cannabinoid positive allosteric modulators reported
in literature are from the 2-phenylindole structural class and
include GAT211 (the racemic mixture of GAT229 and
GAT228) and ZCZ011 (Figure 1A, a racemic mixture for
which enantiomers have not been separately character-
ized).10,11 GAT229 and GAT228 are reported to have different
functional outcomes in vitro, where GAT229 is a pure positive
allosteric modulator and GAT228 is an allosteric agonist.10

This may also be the case for ZCZ011, although separation of
the enantiomers is required to investigate this further.

ZCZ011 was first reported by Ignatowska-Jankowska et al.11

as an ago-PAM (positive allosteric modulator that displays
intrinsic efficacy in the absence of an orthosteric ligand). In
vitro, ZCZ011 increased binding of [3H]CP55940 and
potentiated signaling of AEA in [35S]GTPγS binding, β-
arrestin recruitment, and ERK phosphorylation (in Path-
Hunter β-arrestin cells and CHO-hCB1 cells, respectively).

When tested alone, ZCZ011 was found to be an agonist in the
DiscoverX cAMP assay, a weak agonist in β-arrestin recruit-
ment and ERK phosphorylation, but paradoxically caused no
[35S]GTPγS binding.11In vivo, ZCZ011 alone (40 mg/kg)
reversed mechanical and cold allodynia in neuropathic pain
(chronic constriction injury model), without causing any
cannabimimetic effects (catalepsy, hypothermia, locomotor
depression, or conditioned place preference). The effects were
found to be of long duration with no development of tolerance
after repeated administration. In combination with CP55940,
ZCZ011 potentiated antinociception while also augmenting
the adverse CB1-mediated effects such as catalepsy and
hypothermia.11 Following the initial characterization of
ZCZ011, it has been reported as a positive allosteric modulator
of CP55940 in cAMP accumulation and β-arrestin recruitment,
with intrinsic efficacy in both pathways.12,13

There are currently two proposed binding sites for the 2-
phenylindole structural class of positive allosteric modulators,
the first based on the crystal structure of ZCZ011 in
combination with the orthosteric agonist CP5594014 and the
second being the GAT229 binding site (proposed on the basis
of in silico docking data15). Both structures suggest that

Figure 1. Concentration−response curves showing allosteric agonism of ZCZ011 and orthosteric agonism of THC, AMB-FUBINACA, and
CP55940 in HEK293 cells. (A) Chemical structure of ZCZ011, (B) inhibition of cAMP stimulated by 5 μM forskolin and cannabinoid ligands, (C)
dissociation of Gαi3 and Gβγ subunits as determined by TRUPATH BRET assay stimulated by cannabinoid ligands, (D) phosphorylation of ERK1/
2 by cannabinoid ligands, (E) internalization of hCB1, and (F) translocation of β-arrestin-2 by cannabinoid ligands. Representative data is expressed
as mean ± SD of technical duplicates or triplicates in the same assay. Each experiment was repeated five times (n = 5), and mean parameters are
reported in the text or Table 1.
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ZCZ011 would stabilize an active conformation of CB1 with
subtle differences to an orthosteric agonist. It therefore remains
unclear whether allosteric agonists will trigger the same
signaling and desensitization pathways as orthosteric agonists.
Such data is of particular interest given the suggestion that
allosteric ligands may show reduced desensitization and
tolerance.8 We therefore aimed to perform an in vitro
characterization of ZCZ011 at CB1 in the presence and
absence of orthosteric agonists, with a focus on receptor
regulation pathways (β-arrestin recruitment and receptor
internalization). Classical signaling pathways were also
included for comparison.

■ RESULTS AND DISCUSSION
Ago-PAMs such as GAT211, GAT229, ZCZ011, and a series
of structural analogues, have been found to activate CB1in vivo
and induce antinociception, decrease intraocular pressure
(IOP), and slow the progression and severity of an animal
model of Huntington’s Disease. Interestingly these in vivo
effects have been observed in the absence of cannabimimetic
effects associated with orthosteric activation of CB1, such as
tolerance, catalepsy, hypothermia, and dependence.11,16−20 To
date, no in vitro mechanism has been defined that explains the
differences between orthosteric and allosteric agonism. This
study provides a comprehensive in vitro characterization of the
allosteric agonist ZCZ011, with a focus on receptor regulation
end points, and compares the allosteric signaling profile to
those of classical orthosteric cannabinoids. Orthosteric agonists
were chosen to represent a range of efficacy profiles, THC is
generally considered to be a partial agonist, and AMB
FUBINACA is a high efficacy synthetic cannabinoid. For
some assays where THC and AMB-FUBINACA produce
vastly different profiles (e.g., G protein dissociation and β-
arrestin translocation), CP55940 was also included as a more
moderate efficacy ligand.

Signaling Profile of the Allosteric Agonist ZCZ011 in
the Absence of Orthosteric Agonist. cAMP Inhibition.
Canonical signaling of CB1 is through Gαi proteins, which
decrease cAMP levels by inhibition of adenylate cyclase.
ZCZ011 alone caused concentration-dependent inhibition of
forskolin stimulated cAMP with an Emax of 63.7 ± 1.7%
inhibition of cAMP (curve span; n = 5, Figure 1B), equi-
efficacious with the previously described full agonist AMB-
FUBINACA (Emax = 66.6 ± 2.8%; n = 5) and of slightly but
significantly higher efficacy than the partial agonist THC (Emax
= 56.1 ± 1.9%; n = 5, p < 0.05) (Figure 1B). Though a high
efficacy ligand in this pathway, ZCZ011 was significantly less
potent (pEC50 6.53 ± 0.10; n = 5) than both THC and AMB-
FUBINACA (pEC50 = 8.17 ± 0.11, and 9.57 ± 0.09
respectively; n = 5, Figure 1B). This finding aligns with the
initial characterization11 and two more recent studies,12,13

which all report ZCZ011 to be an efficacious agonist in cAMP
inhibition. Real-time kinetic traces of cAMP inhibition can be
found in Figures S1 and S2.

G Protein Dissociation. As the cAMP pathway has high
receptor reserve in the HEK cell line used in the current study,
low receptor occupancy is sufficient to cause full cAMP
inhibition.21 Therefore, this pathway cannot easily distinguish
between partial and full agonists,21 as evidenced by the high
efficacy of THC in Figure 1B. As the reserve “bottleneck” in
this pathway is thought to be the adenylate cyclase, an assay
measuring G protein dissociation may more accurately report
ligand efficacy.22 G protein dissociation was therefore

investigated in HEK-hCB1 cells using a real-time TRUPATH
BRET assay23 in the hope that this pathway would better
reflect differing compound efficacies. The Gαi3 biosensor was
chosen, as this pathway shows a robust response with a broad
range of ligand efficacies for CB1.

ZCZ011 caused G protein dissociation in a concentration-
dependent manner (pEC50 = 6.11 ± 0.07), Figure 1C), with
lower potency than both AMB-FUBINACA and CP55940
(Table 1). Interestingly, THC did not induce robust G protein

dissociation in this assay, indicating comparatively lower
efficacy (Figure 1C). ZCZ011 was therefore found to be a
higher efficacy ligand (Emax = 132.60 ± 11.12) than THC in
this pathway, equi-efficacious with CP55940, and less effica-
cious than AMB-FUBINACA (Figure 1C, Table 1). Real-time
kinetic data can be found in Figures S1 and S3. Our study is
the first to report that ZCZ011 is an efficacious agonist of G
protein dissociation using novel TRUPATH BRET biosensors,
which contrasts with a related G protein activity assay
paradigm; [35S]GTPγS binding experiments suggested that
ZCZ011 did not induce G protein activation.11 In contrast to
the G protein dissociation assay, the GTPγS experiment is
carried out in cell membranes, and the assay is highly sensitive
to NaCl and Mg2+ concentrations such that the assay can be
optimized to be more sensitive to agonism or inverse agonism
through buffer components.24 It is therefore possible that the
previous GTPγS assays11 lacked sensitivity to the agonist
activity of ZCZ011.

ERK1/2 Phosphorylation. Canonical signaling of CB1
includes phosphorylation of the mitogen-activated protein
kinases ERK1/2, attributed to both Gα and Gβγ signaling.

25−27

This signaling paradigm was investigated using the AlphaLISA
Surefire pERK kit, where all responses were normalized to
pERK response in the presence of vehicle (0%) or 1 μM
CP55940 (100%) at 3 min 30 s, the time point for peak pERK
activity.

ZCZ011 induced phosphorylation of ERK1/2 at concen-
trations greater than 1 μM, with 10 μM ZCZ011 inducing the
same level of phosphorylation as 10 μM THC (37.1 ± 7.1%,
and 30.3 ± 3.4% respectively, n = 5, Figure 1D), although the
curve may not have saturated due to its low potency in this
assay. ZCZ011 was also found to be an agonist with similar
potency and efficacy in this pathway when initially
characterized.11

Table 1. Potencies (pEC50) and Efficacies (Emax) of G
Protein Dissociation by Cannabinoid Ligands at CB1

a

ligand pEC50 Emax (ΔBRET.sec)

THC ND ND
THC + 1 μM ZCZ011 ND ND
AMB-FUBINACA 8.67 ± 0.05† 176.00 ± 9.98†

AMB-FUBINACA + 1 μM ZCZ011 8.42 ± 0.02* 189.70 ± 7.31
CP55940 7.74 ± 0.08† 150.80 ± 8.15
CP55940 + 1 μM ZCZ011 7.57 ± 0.11 176.20 ± 7.30*
aData is presented as mean ± SEM of five independent biological
replicates, with Emax defined as the top of the curve (maximal
response). Statistical tests to compare orthosteric ligand responses in
the absence and presence of ZCZ011 were performed in GraphPad
Prism using paired t tests (* < 0.05). Statistical tests to compare
ZCZ011 (alone) to orthosteric agonists (alone) were performed in
GraphPad Prism using a repeated measures one-way ANOVA with
Tukey’s posthoc test († < 0.05). ND indicates values that were not
determined due to the low signal size.
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Receptor Internalization. Concentration−response curves
for CB1 internalization were generated over a 60 min time
course of agonist exposure in the absence and presence of
ZCZ011. ZCZ011 alone produced concentration-dependent
receptor internalization with significantly lower potency
(pEC50 = 5.87 ± 0.06) but higher efficacy (Emax = 0.0156 ±
0.0024 min−1) compared to THC (Figure 1E, Table 4).
ZCZ011 alone (1 μM) induced CB1 internalization with a
similar rate to that of 1 μM THC (with half-lives of 44.86 ±
8.86 min and 44.77 ± 3.68 min, respectively).

A novel finding of our study is that ZCZ011 induces
efficacious internalization of CB1. Together with the β-arrestin
translocation data, this provides insight into the receptor
regulation occurring through allosteric activation of CB1. A
theoretical advantage of allosteric modulators is that tolerance
may be reduced compared to exogenous orthosteric
agonists.8In vivo data has shown that chronic administration
of ZCZ011 alone (40 mg/kg) causes antiallodynia with no loss
of effect over time (no development of tolerance), although
tolerance was not explored for ZCZ011 in combination with
an exogenous orthosteric agonist.11 Data from the current
study shows that ZCZ011 induces translocation of β-arrestin 2
to the membrane and efficacious receptor internalization in the
absence of orthosteric ligand (Figure 3, 1D). Furthermore,
ZCZ011 induces CB1 internalization with greater efficacy than
THC, an orthosteric ligand that is known to cause receptor
downregulation and produce tolerance in vivo.28 In this light,
the lack of tolerance produced by ZCZ011 in vivo is
surprising.11 It is important to note, however, that in vivo
experiments cannot be performed in the absence of the
endogenous cannabinoids (AEA and 2-AG), meaning that it is
not possible to distinguish between the agonism of ZCZ011
alone and its positive allosteric modulation of endocannabi-
noids.

ZCZ011 was found to be less potent and less efficacious in
all pathways tested when compared to the full agonist AMB-
FUBINACA. In contrast, it was less potent but equi-efficacious
to the partial agonist CP55940 in β-arrestin 2 translocation and
G protein dissociation pathways. In comparison to the
phytocannabinoid THC, ZCZ011 was found to be of higher
efficacy in cAMP inhibition, G protein dissociation, and
receptor internalization (Tables 1 and 5) and equi-efficacious
in ERK1/2 phosphorylation and β-arrestin translocation
(Tables 1 and 4). The apparent inconsistency of ZCZ011
appearing more efficacious compared to THC in all G protein
dependent pathways except for ERK1/2 phosphorylation could
be due to poor definition of the top of the curve due to the low
potency of ZCZ011 in this pathway. However, in all signaling
pathways, ZCZ011 was less potent than THC.

The ability of ZCZ011 to induce canonical signaling
associated with orthosteric activation of CB1 with equal/
greater efficacy than that of THC is notable for the future
development of exogenous therapeutics targeting CB1. This
finding is surprising given ZCZ011’s apparent lack of classical
tetrad effects when administered alone, in contrast to the on-
target tetrad effects produced by orthosteric agonists.11,12

Following in vivo dosing of 40 mg/kg (i.p.), ZCZ011 has been
found in whole brain homogenates at concentrations ranging
from 19 nM to 9.82 μM,11,29 suggesting the concentrations
utilized in the current study are physiologically attainable and
relevant. As ZCZ011 behaves as a classical CB1 agonist in HEK
cells, but has a distinct in vivo profile, it is clear we need a
greater understanding of how CB1 activation leads to the

production of on-target adverse effects. All in vivo exper-
imentation is performed in rodents; it is therefore possible that
subtle species differences in CB1 (between mice and humans)
is contributing to the differences in in vitro and in vivo findings.
Investigation into the mechanism by which ZCZ011 effects
rodent CB1 compared to human CB1 should be done to
validate these findings.

Translocation of β-Arrestin 1 and 2 to the Cell
Membrane. Due to literature suggesting that allosteric
modulators may result in reduced drug-induced toler-
ance,8,30,31 this study aimed to characterize regulation and
desensitization pathways of ZCZ011. Translocation of β-
arrestins (1 and 2) to the membrane is thought to be involved
in regulation of receptor number. G protein coupled receptor
kinases (GRKs) phosphorylate CB1, and this causes an
increase in recruitment of β-arrestin 1 and 2 to the receptor.
This study measures translocation of β-arrestin 1 and 2 to the
membrane using a real-time BRET assay in HEK cells
transiently transfected with pplss-3HA-hCB1 and BRET assay
components as previously described.32,33

Similar to THC, ZCZ011 alone did not cause β-arrestin 1
translocation. ZCZ011 induced β-arrestin 2 translocation with
equivalent potency and efficacy to THC (pEC50 = 5.09 ± 0.09,
Emax = 64.17 ± 8.09, Table 3) was found to be equi-efficacious
(but less potent) than the partial agonist CP55940 and of
lower efficacy than AMB-FUBINACA (Figure 1F, Table 3).
Real-time kinetic data showing translocation of β-arrestin 2 by
ZCZ011 can be found in Figure S1. This data aligns well with
previous literature, in which ZCZ011 was found to be an
agonist in β-arrestin 2 recruitment (though β-arrestin 1
recruitment was not previously investigated).11−13

Analysis of Allosteric Modulation by ZCZ011. Current
literature surrounding allosteric agonists in combination with
orthosteric agonists is prone to misinterpretation due to
experimental design and analysis failing to consider the
magnitude of allosteric agonism in the absence of an
orthosteric ligand.34 One example of this misinterpretation is
when PAM concentration−response curves are performed in
the presence of the EC20 orthosteric agonist, without
considering the activity of the allosteric compound alone.
This can lead to the inability to distinguish allosteric agonism
from allosteric effects that are specific to the presence of an
orthosteric agonist,17,35−37 resulting in the incorrect desig-
nation of allosteric agonists as allosteric modulators. A similar
example is when statistical analysis is performed on single
points within a concentration−response, to compare the
response of an orthosteric ligand alone to its response in the
presence of a fixed concentration of allosteric ligand (e.g.,
Garai et al.37). This is problematic because allosteric
compounds with intrinsic activity will cause a baseline shift
in the orthosteric agonist concentration−response curve,
which will not be accounted for in this type of analysis.
When potency and efficacy values are interpolated and
compared without presentation of the curves themselves, the
ability to draw conclusions is impinged.35,37

Allosteric agonists in combination with an orthosteric
agonist produce signaling profiles that are difficult to interpret,
and because more than one type of interaction may occur,
allosteric agonism (additive effects) must be differentiated
from positive allosteric modulation (synergistic effects). If the
orthosteric ligand is a full agonist and no increase in maximal
response is possible, the addition of an allosteric ligand with
agonist properties will cause an increase in the baseline but no
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change to Emax (as in Figure 3F). This results in a decreased
span of response and may therefore manifest as an apparent
increase in the potency of the orthosteric agonist, although this
is actually an artifact of the increased baseline (Figure 3F,
Table 3). This has been seen throughout allosteric modulator
literature, where increases in potency are reported as evidence
for positive allosteric modulation despite shifted baselines.10

Similarly, for partial orthosteric agonists (for which the
response produced is not pathway-maximal; as for THC and
CP55940 in several pathways in this study), the addition of an
allosteric agonist will increase both the bottom of the curve
and Emax. This increase in Emax appears to signal an increase in
the efficacy of the orthosteric agonist, but the span of the
orthosteric ligand response is not actually increased, rather, the
curve no longer starts at zero. To capture the effect of allosteric
agonism and positive allosteric modulation in combination
with both high and low efficacy ligands, we selected orthosteric
ligands for their established variable efficacies (rather than
prioritizing endogenous ligands, which are likely more relevant
for considering the effects of allosteric ligands in vivo).

Due to the complex signaling profiles of allosteric agonists in
combination with orthosteric agonists, a nonclassical analysis
method is needed to interpret these findings. To distinguish

allosteric agonism from allosteric modulation, we simulated
“additive agonism” profiles for each pathway investigated.
These profiles entailed two agonists binding to noninteracting
sites within the same system. By creating overlay plots of
additive agonism simulations with empirical results, we were
able to qualitatively assess whether the increases in potency
and/or efficacy we observed could be explained simply by
additive agonism, or whether a different mechanistic
explanation (such as positive allosteric modulation) was
required to explain the data.

cAMP Inhibition. To investigate the effect ZCZ011 has on
cAMP inhibition, THC in the absence and presence of several
concentrations of ZCZ011 was explored. Due to the large
receptor reserve in the cAMP pathway, partial agonists induce
close to maximal cAMP inhibition. For this reason, only the
partial agonist THC was investigated in combination with
ZCZ011 as full agonist responses would not be further
potentiated. Real-time kinetic data of cAMP inhibition by
THC in combination with ZCZ011 is reported in Figure S2.
The span of the THC concentration−response curve was
progressively reduced with increasing ZCZ011-concentrations
due to the agonism of ZCZ011 alone at these concentrations.
However, the maximum extent (Emax) of the response was

Figure 2. Concentration−response curves showing the G protein dependent signaling of ZCZ011 in combination with orthosteric agonists in
HEK293-hCB1 cells compared to simulations of additive agonism. (A) Inhibition of cAMP stimulated by 5 μM forskolin and THC in the absence
and presence of ZCZ011, (B−D) dissociation of Gαi3 and Gβγ subunits as determined by TRUPATH BRET assay stimulated by THC (B), AMB-
FUBINACA (C), or CP55940 (D) alone and in the presence of 1 μM ZCZ011. (E−F) Phosphorylation of ERK1/2 by AMB-FUBINACA (E), or
THC (F). Data has been normalized to appropriate controls and pooled across five independent biological replicates (n = 5). Data is expressed as
mean ± SEM.
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unchanged from THC alone (Emax = 47.0 ± 2.6%; n = 5) with
the addition of 10 nM, 100 nM, and 1 μM ZCZ011 (Emax =
49.4 ± 3.9%, 44.3 ± 1.2%, and 41.7 ± 1.2%, respectively; n =
5) (Figure 2A). At concentrations of 10 nM and 100 nM,
ZCZ011 decreased the potency of THC (n = 5) from pEC50 =
8.42 ± 0.11 to 7.93 ± 0.03 and 8.05 ± 0.01, respectively
(Figure 2A). In combination with 1 μM ZCZ011, the potency
of THC was unchanged (pEC50 = 8.63 ± 0.06; n = 5). While
the experimental data showed that ZCZ011 decreased THC
potency compared to THC alone, simulation of additive
agonism for cAMP inhibition suggested that costimulation
would increase THC potency (Figure 2A). The incongruence
of these data sets can be interpreted to mean that the
experimental data is inconsistent with the effects of ZCZ011
and THC acting either additively or synergistically in this
pathway (Table 5).

G Protein Dissociation. The TRUPATH BRET assay
allowed us to more closely investigate the allosteric modulation
of G protein dissociation by ZCZ011 in the presence of an
orthosteric agonist. Real-time kinetic data showing G protein
dissociation of orthosteric agonists in combination with
ZCZ011 is reported in Figure S3. In combination with
THC, positive allosteric modulation was not observed; there
was no change in response potency or span with the addition
of ZCZ011 (Figure 2B), which may reflect the very weak
agonism of THC in this pathway. In combination with
CP55940, 1 μM ZCZ011 caused no change in potency, but it
did significantly increase the Emax of the response (Figure 2D,
Table 1). The full agonist AMB-FUBINACA in combination
with 1 μM ZCZ011 showed decreased potency and equivalent
Emax compared to AMB-FUBINACA alone (Figure 2C, Table
1). Simulations of G protein dissociation for both CP55940
and AMB-FUBINANCA in combination with ZCZ011
predicted an increase in potency of the orthosteric ligand,
but the experimental results (Figure 2C/D, Table 1) revealed
no change (for CP55940) or a decrease in potency (for AMB-
FUBINACA; Table 5). As the additive agonism simulations for
cAMP inhibition and G protein dissociation predicted changes
in potency and/or efficacy that were greater than the effects
shown in the experimental data, no evidence was adduced for a
positive interaction between these ligands. Instead, a possible
negative interaction was suggested between ZCZ011 and the
orthosteric ligand in these pathways.

ERK1/2 Phosphorylation. In combination with the partial
agonist THC, an inactive concentration of ZCZ011 (1 μM)
caused an increase in potency and efficacy of the response
(Figure 2F, Table 2). However, in combination with the full
agonist AMB-FUBINACA, 1 μM ZCZ011 did not cause an

increase in potency or efficacy (Figure 2E, Table 2). On
comparison with additive agonism simulations, empirical data
showed that ZCZ011 induced a greater-than-additive increase
in THC potency and efficacy in ERK1/2 phosphorylation
(Figure 2F, Table 2). Likewise, THC efficacy in the presence
of ZCZ011 (compared to THC alone) was greater than that
simulated by additive agonism (Figure 2F, Table 2), indicating
a synergistic effect consistent with positive allosteric modu-
lation. In contrast, for AMB-FUBINACA-induced ERK1/2
phosphorylation in combination with ZCZ011, additive
agonism simulations were not inconsistent with the exper-
imental data, suggesting that additive agonism is sufficient to
explain this data (Figure 2E, Table 2).

Translocation of β-Arrestin 1 and 2 to the Cell
Membrane. As allosteric ligands are predicted to have
decreased tolerance in vivo, translocation of β-arrestin 1 and
2 to the membrane was investigated in the presence of
orthosteric agonists with a range of efficacies. Real-time kinetic
BRET traces showing translocation of β-arrestin 1 and 2 can be
found in Figures S4 and S5, respectively. To determine
whether ZCZ011 increases the efficacy of THC, the response
of 10 μM THC in the absence and presence of ZCZ011 (1 μM
and 10 μM) was compared. Both 1 and 10 μM ZCZ011 in
combination with THC (10 μM) caused an increase in β-
arrestin 1 translocation compared with THC alone (Table 3,
Figure 3A). ZCZ011 (10 μM) in combination with the partial
agonist CP55940 increased the efficacy of β-arrestin 1
translocation, although potency of the response was unchanged
(Table 3, Figure 3C). In combination with the full agonist
AMB-FUBINACA, efficacy of β-arrestin 1 translocation was
unchanged in combination with 1 μM or 10 μM ZCZ011,
likely an indication that the AMB-FUBINACA Emax could not
be further increased. However, due to the slight baseline shift
caused by ZCZ011 alone, both 1 μM and 10 μM ZCZ011
increased the apparent potency of AMB-FUBINACA (Table 3,
Figure 3E).

ZCZ011 at 10 μM increased the potency (pEC50) and
efficacy of THC in β-arrestin 2 translocation when used in
combination, but at 1 μM ZCZ011, only potency was
significantly increased (Table 3, Figure 3B). ZCZ011 (1 μM
and 10 μM) in combination with CP55940 caused no change
in potency or efficacy when compared to CP55940 alone
(Table 3, Figure 3D). However, unlike with CP55940, in
combination with 1 μM and 10 μM ZCZ011, the potency of
AMB-FUBINACA in β-arrestin 2 translocation was signifi-
cantly increased. ZCZ011 significantly decreased the span of
the AMB-FUBINACA-induced β-arrestin 2 translocation
concentration response curve; however, this is due to the
agonism of ZCZ011 alone as ZCZ011 did not alter the
maximum response (top of the curve) produced (Table 3,
Figure 3F). Simulations of additive agonism for THC-induced
β-arrestin 1 and 2 translocation were inconsistent with
experimental data in that ZCZ011 was observed to increase
the efficacy of THC to a greater extent than predicted by
additive agonism simulation, suggesting a synergistic relation-
ship consistent with positive allosteric modulation. ZCZ011
also increased the efficacy of CP55940-induced β-arrestin 1
translocation and the potency of AMB-FUBINACA-induced β-
arrestin 1 and 2 translocation (Figure 3, Table 3). However,
these increases were not inconsistent with simulations of
additive agonism, and therefore additivity may be sufficient to
explain these ZCZ011 effects.

Table 2. Potencies (pEC50) and Efficacies (Emax) of ERK1/2
Phosphorylation by Cannabinoid Ligands at CB1

a

ligand pEC50 Emax

THC 6.69 ± 0.22 31.0 ± 3.3
THC + 1 μM ZCZ011 7.6 ± 0.17* 77.7 ± 17.7*
AMB-FUBINACA 8.22 ± 0.08 129.2 ± 8.8
AMB-FUBINACA + 1 μM ZCZ011 8.53 ± 0.17 148.6 ± 14.2

aData is presented as mean ± SEM of five independent biological
replicates, with Emax expressed as the span of the curve (percentage of
1 μM CP55940 stimulation). Statistically significant differences when
comparing the orthosteric ligand in the absence and presence of
ZCZ011 were performed in GraphPad Prism using a paired t test,
with p values indicated as * < 0.05.
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Receptor Internalization. To further investigate the effect
of allosteric modulation on receptor regulation, CB1 internal-
ization assays were performed. Only THC was utilized in this

assay, as the speed of internalization of CP55940 and AMB-
FUBINACA were too rapid to reliably detect an increase
through positive allosteric modulation.33 At 1 h, the potency of

Table 3. Potencies (pEC50) and Efficacies (Emax) of β-Arrestin 1 and 2 Translocation by Ligands at CB1
a

β-arrestin 1 β-arrestin 2

ligand pEC50 Emax (span) pEC50 Emax (span)

THC 5.98 ± 0.58 6.31 ± 2.13b 5.59 ± 0.23 39.84 ± 4.02
THC + 1 μM ZCZ011 6.72 ± 0.54 18.63 ± 3.75*b 6.62 ± 0.34* 43.56 ± 3.57
THC + 10 μM ZCZ011 6.83 ± 0.56 34.42 ± 5.36*b 6.89 ± 0.09* 54.53 ± 3.07
CP55940 7.22 ± 0.22 20.84 ± 3.20 7.69 ± 0.04† 99.27 ± 14.93
CP55940 + 1 μM ZCZ011 7.61 ± 0.13 28.64 ± 2.31 7.76 ± 0.06 108.00 ± 16.83
CP55940 + 10 μM ZCZ011 7.51 ± 0.12 33.06 ± 2.94* 7.94 ± 0.14 111.30 ± 13.75
AMB-FUBINACA 7.52 ± 0.06 60.59 ± 4.72 7.96 ± 0.05† 195.30 ± 28.44†

AMB-FUBINACA + 1 μM ZCZ011 7.80 ± 0.08* 58.92 ± 3.65 8.27 ± 0.10* 161.20 ± 19.63*
AMB-FUBINACA + 10 μM ZCZ011 8.04 ± 0.07* 53.05 ± 3.29 8.44 ± 0.05* 163.50 ± 20.65*

aData is presented as mean ± SEM of five independent biological replicates, with Emax expressed as the span of the curve. Statistically significant
differences when comparing the orthosteric ligand in the absence and presence of ZCZ011 were performed in GraphPad Prism using repeated
measures one-way ANOVA with Dunnett’s multiple comparisons test (* < 0.05). Statistically significant differences when comparing ZCZ011 to
orthosteric ligands alone were performed in GraphPad Prism using a mixed effects analysis with multiple comparisons († < 0.05). ND indicates
values that were not determined. bA concentration response curve was not accurately fit, therefore response at a 10 μM orthosteric agonist was
used.

Figure 3. Concentration−response curves showing β-arrestin 1 (A, C, E) or 2 (B, D, F) translocation by cannabinoid ligands in HEK293-WT cells
transiently transfected with hCB1, compared to simulations of additive agonism. Data has been normalized to appropriate controls and pooled
across five independent biological replicates (n = 5). Data is expressed as mean ± SEM.

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.2c00160
ACS Pharmacol. Transl. Sci. 2022, 5, 1279−1291

1285

https://pubs.acs.org/doi/10.1021/acsptsci.2c00160?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.2c00160?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.2c00160?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.2c00160?fig=fig3&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


receptor internalization by THC in combination with ZCZ011
(100 nM and 1 μM) was unchanged when compared to THC
alone (Figure 4, Table 4). However, both 100 nM and 1 μM

ZCZ011 in combination with THC significantly increased the
efficacy of THC, indicating positive allosteric modulation
occurring in this pathway (Figure 4, Table 4). Next the time
course of internalization was examined for both ligands at 1
μM. Both 100 nM and 1 μM ZCZ011 in combination with 1
μM THC significantly increased the rate of internalization by
THC (from 44.77 ± 3.68 to 22.39 ± 1.06 and 12.51 ± 0.84
min, respectively) (Figure 4).

Overall, the “simulation versus experimental data” compar-
isons provided little evidence for ZCZ011 acting as a positive
allosteric modulator in combination with CP55940 and AMB-
FUBINACA in any pathway examined, in contrast to previous
literature reports to date.11−13 However, greater-than-additive
responses, consistent with positive allosteric modulation, were
observed with ZCZ011 in combination with THC for ERK1/2
phosphorylation, β-arrestin translocation, and receptor inter-
nalization (Table 5).

Interestingly, a negative interaction was observed upon
comparing empirical cAMP inhibition and G protein
dissociation with simulations of additive agonism for all
orthosteric ligands. This suggests that ZCZ011 is not a positive
allosteric modulator of G protein dissociation. Negative
allosteric modulation or competitive antagonism could explain
the negative interaction observed, although more investigation
is required. This negative interaction is interesting because
ZCZ011 was found to be a positive allosteric modulator of

ERK1/2 phosphorylation, a signaling pathway known to be
mediated by G proteins.25−27 These contrasting findings could
be attributed to a mutual inconsistency in pERK and G protein
dissociation assay sensitivities, such that low levels of pERK
may not be detectable (and if so, apparent PAM effects
observed could be overestimated), or that PAM effects were
underestimated in G protein dissociation assays due to limits in
detecting high efficacy responses. As Gαi3 was the only G
protein investigated in the G protein dissociation assay, it is
possible that ZCZ011 potentiates the dissociation of a different
Gα subtype thus causing an increase in ERK1/2 phosphor-
ylation. However, as the Gαi3 dissociation results align with
the cAMP inhibition data, it is unlikely that any noncanonical
signaling is affecting this data.

A novel finding of our study is that ZCZ011 is a positive
allosteric modulator of the efficacy and rate of THC-induced
receptor internalization, as comparing experimental data with
simulated profiles showed that ZCZ011 had a greater-than-
additive effect on internalization (Figure 4, Table 4). This is an
interesting finding considering allosteric modulation is
proposed to result in decreased tolerance;8 potentiation of
receptor internalization suggests that this may not be the case.
However, in vivo, the key orthosteric ligand will be an

Figure 4. Internalization of CB1 induced by cannabinoid ligands in HEK293-hCB1 cells. (A) Kinetic concentration−response data were analyzed
by MRT (see Methods) and are presented as 1/MRT, where data has been normalized to the response of THC alone and pooled across five
independent biological replicates (n = 5). (B) Kinetic hCB1 internalization responses to high drug concentrations, presented over 60 min, where
representative data are expressed as mean ± SD of technical duplicates (n = 5 data are shown in Table 4). (C) Internalization half-lives are
expressed as mean ± SEM of five independent biological replicates (n = 5). * indicates a significant difference when compared to 1 μM THC.

Table 4. Potencies (pEC50) and Efficacies (Emax) of CB1
Internalization by Cannabinoid Ligands over 60 mina

ligand pEC50 Emax (min−1, span)

THC 7.66 ± 0.08 0.0075 ± 0.0010
THC + 100 nM ZCZ011 7.76 ± 0.13 0.0148 ± 0.0004*
THC + 1 μM ZCZ011 7.89 ± 0.03 0.0260 ± 0.0018*

aData is presented as mean ± SEM of five independent biological
replicates, with Emax expressed as the span of the curve. Statistical tests
(comparing THC alone to all other conditions) were performed in
GraphPad Prism using a repeated measures one-way ANOVA with
Dunnett’s posthoc tests; p values indicated as * < 0.05.

Table 5. Conclusions from Comparison of Empirical Data
to Simulations of Additive Agonism for Orthosteric Ligands
in Combination with ZCZ011a

signaling pathway THC CP55940 AMB-FUBINACA

cAMP inconsistent
(negative)

− −

G protein
dissociation

− inconsistent
(negative)

inconsistent
(negative)

ERK1/2
phosphorylation

inconsistent
(positive)

− not inconsistent

β-arrestin
translocation

inconsistent
(positive)

not inconsistent not inconsistent

receptor trafficking inconsistent
(positive)

− −

aComparisons between empirical data and in silico simulations of
additive agonism have been qualitatively classified as “not
inconsistent” (could be explained by additive agonism) and
“inconsistent” (negative = less-than-additive effect, positive =
greater-than-additive effect).
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endogenous cannabinoid. As the endocannabinoid AEA has
similar efficacy to THC,38 and 2-AG has similar efficacy to
AMB-FUBINACA, we hypothesize that, in vivo, in the
presence of endogenous cannabinoid, ZCZ011 would exhibit
similar effects to those observed in combination with THC or
AMB-FUBINACA, although clearly this merits direct exami-
nation.

The terminology in the literature surrounding allosteric
agonists is sometimes ambiguous, where allosteric compounds
are automatically referred to as allosteric modulators
irrespective of their modulator activity and are therefore
being referred to as “ago-PAMs”. However, this term seems to
poorly describe ligands like ZCZ011: moderately efficacious
allosteric agonists that display agonism at lower concen-
trations, with limited modulatory activity at higher concen-
trations in the presence of some orthosteric ligands. Literature
describing allosteric operational model analysis states that the
principal difference between an allosteric agonist and an
allosteric modulator is that allosteric agonists possess intrinsic
efficacy, therefore resulting in increased basal response.39

ZCZ011 meets the allosteric agonist criteria due to its intrinsic
efficacy at concentrations lower than those where its activity is
PAM-like. However, it is important to emphasize that PAM
effects can still be detected in some assays, though they appear
to be ligand and/or context-dependent.

In conclusion, ZCZ011 is an efficacious allosteric agonist
with a similar in vitro signaling profile to that of THC. ZCZ011
was found to be a PAM of THC-induced ERK1/2
phosphorylation, β-arrestin translocation, and receptor inter-
nalization, although no data in this study supports the
designation of ZCZ011 as a positive allosteric modulator of
CP55940 or AMB-FUBINACA, nor for G protein signaling for
any ligand. The difference in PAM effects observed for
different orthosteric agonists may simply be due to the low
efficacy of THC compared to the synthetic cannabinoids, such
that ZCZ011 is able to potentiate signaling to a greater extent.
Due to the reported absence of CB1 agonist effects in vivo with
administration of ZCZ011,11 our study suggests further
investigation is needed to understand the mechanism by
which the classical tetrad of cannabimimetic effects are
produced following CB1 activation. Our study is the first to
report that ZCZ011 efficaciously drives receptor internal-
ization in the absence of an orthosteric ligand. The relationship
between in vivo tolerance to cannabinoids and the molecular
mechanisms underpinning receptor regulation (classically
entailing desensitization and internalization) also requires
further investigation, considering the inconsistency between
the internalization data we report in this study and the lack of
tolerance seen in vivo.11

■ METHODS
Drugs. Racemic ZCZ011 was provided as a generous gift

from Professor Ruth Ross (University of Toronto) and was
constituted and stored at 10 mM in DMSO. THC was
purchased from THC Pharm GmbH (Germany) and stored at
31.6 mM in absolute ethanol. AMB-FUBINACA was provided
as a gift from Sam Banister (University of Sydney) and stored
at 10 mM in DMSO. CP55940 was purchased from Cayman
Chemical Company (Ann Arbor, MI, USA) and stored at 10
mM in absolute ethanol. All drugs were aliquoted into single
use aliquots and stored at −80 °C. Forskolin was also
purchased from Cayman Chemical Company and was stored at
31.6 mM in DMSO in large, multiuse aliquots.

Cell Lines and Maintenance. All assays were performed
in human embryonic kidney 293 (HEK293) cells. Wild type
HEK293 cells transiently transfected with pplss-3HA tagged
hCB1 (construct first reported in Finlay et al.21) were used for
the β-arrestin membrane translocation assay, and HEK293
cells stably expressing triple-hemagglutinin-tagged hCB1
(Cawston et al.40) were used for all other assays. HEK293
cells were cultured in high glucose Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum (FBS)
and maintained in 75 cm2 vented-cap flasks in a humidified 37
°C incubator with 5% CO2. Stable hCB1-expressing HEK293
cells were cultured in 250 μg/mL zeocin as previously
described.40

BRET-CAMYEL cAMP Assay. Cellular cAMP was meas-
ured using a kinetic bioluminescence resonance energy transfer
(BRET) assay, CAMYEL.40,41

Briefly, HEK/3HA-hCB1 cells were seeded into 10 cm
culture dishes (Corning, Corning, NY) at a density of 6 × 106

cells/dish and incubated at 37 °C for 24 h to achieve 50−60%
confluence. Medium was then replaced and cells were
transfected with 5 μg pcDNA3.1-His-CAMYEL using linear
polyethylenimine (30 μg PEI, Polysciences, Warrington, PA)
in a 1:6 DNA:PEI ratio. A transfection mixture was prepared in
150 mM NaCl and dispensed into a culture dish dropwise.
Cells were then incubated for 24 h.40,41 Transfected cells were
lifted and replated at 50,000 cells/well in a poly D-lysine (high
molecular weight PDL, Sigma-Aldrich) coated, white 96-well
CulturPlates (PerkinElmer), and incubated overnight. To
assay, the medium was aspirated and cells were washed with
PBS and preincubated for 30 min in a BRET assay medium
(phenol red-free DMEM containing 25 mM HEPES,
supplemented with 1 mg/mL fatty-acid free bovine serum
albumin; BSA, MP Biomedicals, Auckland, NZ). Coelenter-
azine-h (final concentration of 5 μM, prepared 10× in assay
medium; Nanolight Technology, Prolume Ltd.) was then
dispensed, and plates were transferred to a LUMIstar Omega
plate reader (BMG Labtech GmbH, Ortenberg, BW,
Germany) and incubated in the dark at 37 °C for 5 min
before addition of drugs. Drug components (agonist or vehicle,
allosteric ligand or vehicle, and forskolin or vehicle) were
prepared at 10× concentration and combined in a poly-
propylene V-well plate for dispensing. Drugs were then added
together to the assay plate with a multichannel pipet (final
stimulation volume of 100 μL). Luminescence was detected
simultaneously at 475 and 535 nm in real-time using the
LUMIstar for approximately 20 min. Inverse BRET ratios
(460/535 nm) were calculated in Omega MARS software
(V3.1 R5, BMG Labtech GmbH), and data was analyzed using
GraphPad Prism v8 (GraphPad Software Inc., La Jolla, CA,
USA). Kinetic BRET traces were transformed into concen-
tration response curves using the in-built area under the curve
(AUC) analysis in GraphPad Prism v8 and normalized to
forskolin (100%) and vehicle (0%).

β-Arrestin Membrane Translocation Assay. The β-
arrestin membrane translocation assay used was first described
by Donthamsetti et al.42 and adapted by Ibsen et al.32 and
Finlay et al.33 Wildtype HEK293 cells were seeded into 10 cm
dishes and incubated for 24 h at 37 °C prior to transfection to
gain 50−60% confluency. Complete medium was then
replaced, and a transfection mixture was prepared containing
(per dish): 2 μg mem-Linker-Citrine-SH3 pcDNA3.1+, 50 ng
Rluc8-β-arrestin pcDNA3.1+ (either human β-arrestin 1 or 2,
depending on the assay), 1.6 μg pplss-3HA-hCB 1pEF4a, and
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350 ng empty pcDNA3.1+. Plasmid solutions were initially
diluted in sterile Milli-Q water, before being diluted to the
desired concentration in OptiMEM (Thermo Fisher Scientific)
and combined with 36 μg of PEI-Max (a 1:9 DNA:PEImax
ratio, polyethylenimine 25K, Polysciences). The transfection
mixture was incubated at room temperature for 20 min before
dropwise addition to 10 cm dishes and overnight incubation.
Transfected cells were then plated at 60,000 cells/well in PDL
(Sigma-Aldrich) coated white 96-well CulturPlates (Perki-
nElmer) and incubated for 24 h.

To assay, cells were washed with PBS and preincubated for
30 min in BRET assay medium. Coelenterazine-h (5 μM) was
then added to the cells and luminescence at 475 and 535 nm
was simultaneously detected in the LUMIstar for approx-
imately 5 min to establish a baseline BRET ratio. A 10×
concentrated drug was then added to the cells, and plates were
returned to the LUMIstar and luminescence was detected for a
further 25 min. BRET ratios (535/475 nm) were calculated in
Omega MARS software, and data was analyzed using
GraphPad Prism v8. Predrug addition traces (coelenterazine-
h incubation) were averaged and subtracted from the postdrug
addition BRET ratio data at matched time points for each drug
condition resulting in ΔBRET ratios. “Vehicle” BRET ratios
were then subtracted from matched drug responses within each
read cycle (baseline correction), and the area under the curve
analysis was performed using the in-built AUC analysis in
GraphPad Prism v8.

BRET-TRUPATH G Protein Dissociation Experiment. G
protein dissociation was measured using the TRUPATH kit (a
gift from Bryan Roth, Addgene kit #1000000163) first
described by Olsen et al.23

Briefly, 6 × 106 HEK/3HA-hCB1 cells were seeded into 10
cm culture dishes and incubated at 37 °C for 24 h to achieve
50−60% confluency. Complete culture medium was replaced,
and cells were transfected with a DNA mixture comprising 1
μg Gαi3-Rluc8 pcDNA5/FRT/TO, 1 μg Gβ3 pcDNA3.1, and
1 μg Gγ9-GFP2 pcDNA3.1. Plasmids were diluted in
OptiMEM and incubated for 20 min at room temperature
with 27 μg PEI-max (1:9 DNA:PEImax ratio), before being
added dropwise to cells and incubated for 24 h. Transfected
cells were then lifted and plated at 60,000 cells/well into white
PDL-coated 96-well plates and incubated for 24 h.

To assay, cells were washed with PBS and preincubated for
30 min in a BRET assay medium. Coelenterazine-400a
(Nanolight, final concentration 5 μM) was then added to the
cells and luminescence was simultaneously detected with
BRET2 filters (410 and 515 nm) in the LUMIstar in the dark
at 37 °C for approximately 5 min. Drugs were prepared at 10×
concentration in BRET assay medium and added to cells
followed by a further 25 min real-time detection in the
LUMIstar. BRET ratios (515/410 nm) were calculated in
Omega MARS software, and data was analyzed using
GraphPad Prism v8. “Vehicle” BRET ratios were then
subtracted from matched conditions (baseline-corrected) and
in-built AUC analysis was performed in GraphPad Prism v8 to
obtain concentration−response curves.

AlphaLISA SureFire pERK Experiment. Phosphorylated
ERK1/2 was detected using an AlphaLISA SureFire pERK kit
(PerkinElmer). Briefly, HEK/3HA-hCB1 cells were plated at
20,000−25,000 cells/well into the inner 60 wells of clear PDL-
coated 96-well plates (Corning, NY) and cultured for 24 h.
The medium was then aspirated and replaced with 50 μL/well
serum-free DMEM, supplemented with 1 mg/mL BSA. Cells

were then incubated for a further 16 h prior to stimulation.
Drugs were prepared at 2× the concentration in serum-free
DMEM supplemented with 1 mg/mL BSA and warmed to 37
°C before addition to the assay plate while partially submerged
in a 37 °C water bath. The stimulation time point was 3 min
30 s, after which the plate was rapidly moved to ice, well
contents aspirated, and AlphaLISA lysis buffer dispensed.
Detection of pERK was performed in accordance with the
manufacturer’s instructions, whereby the acceptor beads were
dispensed prior to donor beads. Plates were read in a
CLARIOstar (BMG Labtech GmbH) and analyzed in
GraphPad Prism where concentration response curves were
normalized to 1 μM CP55940 (100%) and vehicle (0%).

Receptor Internalization Assays. Receptor internal-
ization was investigated using the assay first described by
Grimsey et al.43 and further developed by Finlay et al.44 and
Zhu et al.45 HEK/3HA-hCB1 cells were plated at 40,000 cells/
well into the inner 60 wells of a clear PDL-coated 96-well plate
(Corning, NY) and cultured for 24 h. To assay, complete
medium was replaced with serum-free DMEM supplemented
with 1 mg/mL BSA (assay medium) and incubated for 30 min
at 37 °C. Primary mouse anti-HA.11 clone 16B12 monoclonal
antibody (BioLegend, San Diego, CA, USA; cat. no. 901503;
RRID: AB_2565005) was diluted in assay medium (1:500,
BioLegend, San Diego, CA), warmed to 37 °C, and then added
to cells 30 min prior to drug stimulation. Antibody-containing
medium was then aspirated, cells were washed with assay
medium, and drug dilutions were added to appropriate wells at
specific time points in a staggered fashion so that all time
points would complete at the same time. To stop internal-
ization, plates were placed on ice for 5 min before the contents
of the wells were aspirated and replaced with secondary
antibody (AlexaFluor goat antimouse highly cross-adsorbed
488/594 diluted 1:300, Thermo Fisher Scientific, Waltham,
MA). Plates were then placed on a plate rocker for 30 min at
room temperature, before the secondary antibody was
aspirated, and plates were washed twice with assay medium.
Cells were fixed using 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer for 10 min, before wells were aspirated and
washed twice with PBS. Cells were treated with 4 mg/mL
Hoescht 33258 (diluted 1:500 in PBS + 0.2% Triton X-100,
PBS-T) for 15 min, and then washed twice with PBS-T before
being left for storage and imaging in PBS-T supplemented with
0.4 mg/mL merthiolate.

Plates were imaged using an ImageXpress Micro XLS High-
Content System automatic microscope and analyzed using
MetaXpress v6.2.3.733 (Molecular Devices, San Jose, CA).
One phase decay nonlinear regression curves were fit to the
data, and half-life values were extrapolated to compare rates of
internalization. To create concentration−response curves from
the kinetic data, inverse mean residence time (MRT) was
calculated for time-course fluorescence data as previously
described by Zhu et al.45 MRT is defined as the ratio of the
area under the first moment curve (AUMC) and the area
under the curve (AUC) of concentration versus time. Inverse
MRT was used to account for the slow constitutive
internalization of CB1 relative to agonist-induced internal-
ization, therefore producing more accurate estimates.45

Comparison of Additive Agonism Simulations with
Empirical Data. As ZCZ011 is an agonist in all pathways
tested, to investigate whether observed changes in potency
and/or efficacy of the orthosteric agonist response was due to
allosteric modulation we compared empirical data with
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simulations of additive agonism (Table 5). Potency and
efficacy parameters were obtained from data for each ligand
alone, and simulations were performed for two agonists acting
at two distinct sites within the same system. This approach
simply consisted of combining two Emax models, where the
binding of one drug at one site does not affect the binding of
the second drug, and therefore, simulations represented
additivity rather than allosteric modulation. Additive agonism
simulations used the following equation:
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where A refers to the first ligand (in this case orthosteric), and
B refers to the second ligand (in this case ZCZ011), Emax refers
to the maximum system response, estimated by full agonist
response, ε refers to the intrinsic efficacy of the respective
ligand; empirical data was pooled (n = 5) and normalized to
the response of a full agonist (ε = 1), relative ε values were
determined for each ligand, A/B50 refers to the potency of each
ligand, and total responses were constrained to the system
Emax. Nonlinear regression was performed on simulated data to
generate curves to compare curve shape to empirical data.

Overlay plots were then created to qualitatively compare
empirical data to simulations of additive agonism. Overlay
plots showing additivity simulations that fall within the
experimental error of empirical data suggest that the empirical
data is not inconsistent with additive agonism. However, this
does not imply any particular mechanism. If data are
inconsistent with additive agonism, depending on the nature
of the inconsistency this could indicate positive allosteric
modulation, or a negative interaction: if changes in efficacy
and/or potency are greater than the additive agonism
simulation, this would indicate positive allosteric modulation,
and conversely, if the changes are less than that simulated by
additive agonism, this would indicate a negative interaction.

Data Analysis. All data processing was performed using
GraphPad Prism v8. Sigmoidal concentration response curves
were fit using three parameter nonlinear regression curves, and
data are presented as mean ± SEM, unless otherwise stated.
Statistical analyses were performed on extrapolated data from
nonlinear regression analyses, using parameters derived from
five independent experiments. Repeated measures one-way
ANOVA or unpaired t tests were performed on potencies and
efficacies as reported in-text, and appropriate posthoc tests
were used when significant results were obtained (p < 0.05).
Figures presented in this manuscript are representative, in line
with statistical recommendations, in order to avoid mis-
estimation of response parameters from combination of data
from independent experiments.46

Experimental plate maps were randomized throughout the
study; however, blinding was not feasible.
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