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ABSTRACT:

The cannabinoid 1 receptor (CB1R) is one of the most widely expressed metabotropic G protein-
coupled receptors in brain, and its participation in various (patho)physiological processes has made
CBIR activation a viable therapeutic modality. Adverse psychotropic effects limit the clinical
utility of CBIR orthosteric agonists and have promoted the search for CBIR positive allosteric
modulators (PAMs) with the promise of improved drug-like pharmacology and enhanced safety
over typical CBIR agonists. In this study, we describe the synthesis and in vitro and ex vivo
pharmacology of the novel allosteric CB1R modulator GAT211 (racemic) and its resolved
enantiomers, GAT228 (R) and GAT229 (S). GAT211 engages CBI1R allosteric site(s), enhances
the binding of the orthosteric full agonist [’H]CP55,490 and reduces the binding of the orthosteric
antagonist/inverse agonist [’H]SR141716A. GAT211 displayed both PAM and agonist activity in
HEK293A and Neuro2a cells expressing human recombinant CB1R (hCB1R) and, in mouse-brain
membranes rich in native CBIR. GAT211 also exhibited a strong PAM effect in isolated vas
deferens endogenously expressing CB1R. Each resolved and crystallized GAT211 enantiomer
showed a markedly distinctive pharmacology as a CBIR allosteric modulator. In all biological
systems examined, GAT211’s allosteric agonist activity resided with the R-(+)-enantiomer
(GAT228), whereas its PAM activity resided with the S-(-)-enantiomer (GAT229), which lacked
intrinsic activity. These results constitute the first demonstration of enantiomer-selective CB1R
positive allosteric modulation and set a precedent whereby enantiomeric resolution can decisively

define the molecular pharmacology of a CBIR allosteric ligand.
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INTRODUCTION
Expressed to varying extents in peripheral tissues, the cannabinoid 1 receptor (CB1R) is the most

abundant G protein-coupled receptor (GPCR) in the central nervous system.l: 2

Naturally-
occurring CBI1R agonists including the endocannabinoids anandamide (AEA) and 2-
arachidonoylglycerol (2-AG) and the plant-derived phytocannabinoid and principal psychoactive
cannabis constituent, A’-tetrahydrocannabinol (A’-THC), activate the receptor by engaging its
orthosteric site.®> CB1R-dependent signaling directly regulates neurotransmission, synapse
formation, nociception, metabolism, and reproduction such that aberrant CBI1R-mediated
information transmission has been implicated in diverse pathologies associated with these and
other physiological processes. Such considerations have spurred the design and biological
profiling of chemically-diverse CB1R orthosteric ligands as potential pharmacotherapeutics for
treating prevalent unsolved medical problems including neurological/neurodegenerative diseases,
chronic pain, substance-use disorders, obesity and diabetes.®? Although a few CBIR orthosteric
agonists have gained regulatory approval for select indications!?, their association with untoward
psychotropic side effects has severely limited their translational potential and clinical utility,
spurring the quest for small-molecule ligands with alternative modes of CB1R pharmacological
modulation that would be more attractive for therapeutic application.'4’

Allosteric modulators bind to GPCR site(s) that are topographically and structurally
distinct from-- yet interact cooperatively with-- those that engage orthosteric ligands.!® Binding of
an allosteric modulator is believed to induce a conformational change in the receptor that affects
the receptor’s affinity for, and/or the efficacy of, an orthosteric ligand to generate receptor

18-20

conformational states with unique structural and functional phenotypes. Positive allosteric

modulators (PAMs) enhance orthosteric ligand binding and/or receptor activity, whereas negative

4
ACS Paragon Plus Environment

Page 4 of 54



Page 5 of 54

©CoO~NOUTA,WNPE

ACS Chemical Neuroscience

allosteric modulators (NAMSs) reduce orthosteric ligand binding and/or receptor activity. Allosteric
agonist- positive allosteric modulators (ago-PAMs) exhibit agonism through allosteric sites to
varying degrees, in the absence of an orthosteric ligand in addition to potentiating GPCR activation
in the presence of an orthosteric ligand.?

As exemplified in Figure 1, structurally distinct, synthetic, plant-derived, and endogenous
CBIR allosteric ligands have been identified. The paradigmatic, first-generation CB1R allosteric
modulators, Org27569 and PSNCBAM-1, paradoxically enhance the affinity, but reduce the
efficacy, of orthosteric cannabinergic ligands such as CP55,940, thus acting as PAMs of binding
but NAMs in functional assays.?>?® Org27569 and PSNCBAM-1 also display some inverse-
agonist activity in vitro, suggesting that they may not act as “pure” NAMs under certain
conditions.?* 25 293! Fenofibrate, the PPAR agonist, has been shown to act as a CBIR NAM®
whereas RTI-371, the dopamine transport inhibitor®3, and ZCZ0113* have been reported to act as
CBIR PAMs. Cannabidiol, a non-psychoactive phytocannabinoid with potential therapeutic utility
for treating numerous disorders, was recently shown by us to act as a non-competitive CB1R
NAM.%® Putative endogenous CBIR allosteric modulators include the non-classical anti-
inflammatory eicosanoid, lipoxin A4, a CBIR PAM of orthosteric ligand binding and adenylyl
cyclase activity and an in vivo anti-inflammatory agent® 27 36; the steroid pregnenolone, a NAM of
CB1R-mediated ERK1/2 phosphorylation with no effect on orthosteric agonist binding affinity or
cAMP-mediated signaling® 2" %’; and a family of hemopressin-related peptide endocannabinoids
(“Pepcans”) that act as CBIR NAMs.? 3 The existence of endogenous CBIR allosteric ligands
suggests the importance of allostery to physiological CBIR function and regulation.®® From a
pharmacotherapeutic perspective, CB1R PAMs hold promise of greater clinical utility than typical

CBI1R orthosteric agonists because of their lack of intrinsic efficacy in the absence of an orthosteric
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ligand and their ability to modify the magnitude of the effect with the nature of the orthosteric
ligand (“probe-dependence”). Furthermore their inherent efficacy ceiling renders PAMs less likely
to elicit the CB1R supraphysiological activation, desensitization, and downregulation identified as
causal factors underlying the psychotropic side effects of typical CBIR orthosteric agonists.'4 2%
34,40 Ago-PAMs may be particularly attractive for treating disease states whose etiology involves
severe loss of endogenous neurotransmitters.'8 4142 Given the therapeutic potential of agents that
modulate CB1R activity and the distinctive pharmacological characteristics of GPCR/CB1R
allosteric activators, novel, efficacious, potent, and selective small-molecule CBIR PAMs are
increasingly being sought. !> 16. 34

To address this need, we report the synthesis of GAT211 (1), a racemic compound derived
from 2-phenylindole, by our recently developed microwave-accelerated methodology (Scheme
1), and its initial pharmacological profiling. GAT211 has one chiral center. Its enantiomers,
GAT228 (R-(+); 1a) and GAT229 (S-(+); 1b), were separated by chiral HPLC (Scheme 1) and
crystallized, and their absolute stereochemistry was determined using single-crystal X-ray
diffraction (Figs 2A & 2B). The three compounds were characterized as allosteric modulators of
CBI1R orthosteric ligand binding and signaling in cell-based systems overexpressing human CB1R
(hCB1R) and in tissues endogenously expressing CBIR. GAT211 displayed properties consistent
with both CBI1R positive allosteric modulation and CBIR partial agonist activity through an
allosteric site as an ago-PAM. The pharmacological profiling of the resolved enantiomers revealed
that the allosteric agonist activity was exclusively attributable to GAT228 (R-(+) enantiomer),
while GAT211’s potent PAM activity was attributable to GAT229 (S-(-) enantiomer). GAT211,
GAT228, and GAT229 thus comprise a unique family of CBIR allosteric modulators with

enantiomer-specific activity.
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CHEMISTRY:

In general, the Michael addition of 2-phenylindole to nitrostyrene gives the expected addition
product, albeit in low yields (Scheme 1). Although this Michael addition reaction proceeds
smoothly with indoles lacking a phenyl substitution at C-2 position, the presence of phenyl ring at
this position poses significant steric and electronic demand and markedly decreases the rate of
addition at the indole ring C-3 position. In line with our interest in developing microwave

accelerated methodologies for rapidly constructing libraries of biologically active compounds*! 44

4, we recently reported a mild and high yielding microwave-accelerated synthesis of 1 in presence
of ammonium trifluooacetate.*> Recognizing the demand for compound supply required for
enantiomer separation and in vitro and in vivo therapeutic profiling, we utilized this methodology
to synthesize 1 on a multi-gram scale and obtained the desired product in 88% yield with 10
minutes of microwave irradiation (Scheme 1). Baseline enantiomeric resolution of racemate 1 was
achieved by chiral HPLC under supercritical fluid chromatography (SFC) conditions with
CHIRALPAK®IC column (Supporting Information Tables 1-4; Figures 1-3). Both the (+)-
enantiomer 1a (GAT228) and the (-)-enantiomer 1b (GAT229) were obtained in >99% ee. The
circular dichroism (CD) spectra of GAT228 and GAT229 were recorded in chloroform and found

to be mirror images of each other, confirming their enantiomeric relationship (see Supporting

Information, Figure 4).

Crystalline 1a (GAT228) and 1b (GAT229) and Stereochemical Assignments. To obtain
absolute configuration of the chiral center in 1a and 1b, we explored different crystallization
conditions and found that crystals suitable for X-ray investigation were obtained when these

enantiomers were crystallized from MeOH:H20. Absolute configuration was assigned using
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likelihood methods in PLATON. Compounds 1a and 1b were found to have (R)- and (S)- absolute

stereochemistry, respectively (Scheme 1; Figures 2A-2B).

RESULTS

GAT211 Acts as a CB1 PAM on Mouse Vas Deferens. The release of contractile
transmitters from neurons innervating mouse vas deferens smooth muscle is inhibited by neuronal
CBI1Rs activation, making inhibition of electrically-evoked vas deferens contractions a well-
accepted, ex vivo functional assay for CBIR activity.*® GAT211 (1 uM) potentiated the inhibition
of electrically-evoked vas deferens contractions induced by AEA (10 and 100 nM) (Figure 3). By
itself, GAT211 had no statistically significant effect on electrically-evoked contractions of the vas
deferens at concentrations of 1 nM up to 10 uM (n=6; data not shown). These data suggest that
GAT211 enhanced AEA-dependent activation of CBI1R in mouse isolated vas deferens, as
expected of a CB1R PAM, but itself did not behave as an agonist of CB1Rs naturally expressed in

vas deferens.

Effects of GAT Compounds on CB1R Orthosteric Ligand Dissociation and Binding.
The effect of GAT211 on CBIR ligand dissociation kinetics was assessed in mouse brain
membranes. As compared to vehicle (DMSO) alone, GAT211 (1 puM) increased the ty for
[*’H]CP55,940 dissociation from mouse brain CBIR (Figure 4): [t DMSO = 6.1 (4.0-13.1) min;
t. GAT211 = 22.4 (15.0-44.2) min; non-overlapping 95% ClIs]. The increased binding time (i.e.
reduced rate of dissociation) is consistent with the allosteric enhancement of orthosteric ligand

binding, as would be expected if GAT211 was acting as a PAM.
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The effect of GAT211 and its enantiomers GAT228 and GAT229 on CBI1R orthosteric
ligand binding was assessed in membranes isolated from CHO cells expressing recombinant
hCBIR. GAT211 enhanced [PH]CP55,940 binding at 100 nM and 1 pM to CHO-hCBIR
membranes (Figure 5A) and from 1 nM — 10 uM to mouse brain membranes (see Supporting
Information, Figure 5). The effect of GAT211 on the binding of orthosteric antagonist/inverse
agonist [’H]SR141716A to hCBIR was assessed in CHO-hCB1R membranes. GAT211 markedly
reduced [°’H]SR141716A binding at 1 and 10 uM (Figure 5B). The (+)-enantiomer, GAT228 had
no effect on [PH]JCP55,940 binding up to 1 pM in CHO-hCBI1R cell membranes (Figure 5C), but
showed a weak PAM effect at a 10 uM concentration. GAT229 (1 nM — 10 uM, Figure 5D)
enhanced [*H]CP55,940 binding to CHO-hCB1R membranes to a far greater extent than GAT228
and to a slightly greater extent than GAT211. The decrease in PAM effect on binding observed in
5A and 5D at supra-pharmacological concentration (10 uM) was due to the limited solubility in
these preparations. GAT211-dependent displacement of [’H]CP55,940 was also assessed in CHO-
hCB2R membranes. GAT211 had no effect on [?’H]CP55,940 binding to hCB2R up to 1uM, and
increased [*’H]CP55,940 binding by only 29% at a supra-pharmacological concentration of 10 uM
(data not shown).

The overall data in Figure 5 are consistent with racemic GAT211 acting as a CBIR PAM
of orthosteric ligand binding. Between its enantiomers, GAT229 behaved as a PAM of orthosteric

ligand binding and enhanced [°’H]CP55,940 binding more than GAT211 or GAT228.
Concentration-Dependent Effects of GAT211, GAT228, and GAT229 on Signaling in

HEK293A Cells. GAT211 and its enantiomer GAT229 significantly enhanced the binding of

orthosteric agonist to hCBIR demonstrating their activity as CBIR PAMs. Next, the ability of
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GAT211 and its enantiomers to modulate hCB1R-dependent arrestin recruitment and Gati/o-
dependent inhibition of cAMP production was assessed. HEK293A cells expressing hCB1R-GFP?
and arrestin2-Rluc were treated with 1 nM — 10 uM CP55,940 with or without 1 nM — 10 uM
GAT211, GAT228, or GAT229. CBIR-dependent, agonist-induced (i.e. CP55,940) arrestin2
recruitment was then quantified by BRET? (Figures 6A-C). CBIR is preferentially coupled to Giso
such that CBIR activation inhibits adenylyl cyclase-mediated cell signaling. The ability of
GAT211 and its enantiomers to modulate CBI1R-dependent, CP55,940-induced inhibition of
cAMP production was thus determined. For this purpose, HEK-CRE cells transfected with
hCB1R-GFP? were treated with 1 nM — 10 pM CP55,940 in the absence or presence of 1 nM — 10
uM GAT211, GAT228, or GAT229, and cellular cAMP content was quantified (Figure 6D-F).
The observed concentration-response data were fit to the allosteric binding model*”: 8 combined
with the Black-Leff operational model for agonism.?? 4% 50 Induced signaling bias by GAT211,
GAT228 and GAT229 was estimated through the calculation of ALog(a.f).%*

Four independent estimates of a, 3, Ks and ts8 were made for each test compound and
signaling pathway examined (Table 1). The resulting data indicate that GAT211 and GAT229
displayed robust PAM activity as demonstrated by Log(a3) values > 0. Calculation of ALog(a3)
values (Table 2) with statistical analysis showed that GAT229 evidenced a 2-fold bias in CP55,940
signaling toward inhibition of cAMP production over arrestin2 recruitment (BRET?).

GAT228 did not exhibit allosteric potentiation on inhibition of cAMP production but showed very
weak PAM effect on arrestin2 recruitment (BRET?). GAT211, which is a 1:1 racemic mixture of
the two enantiomers produced no bias in signaling. The direct efficacy of the allosteric modulator
(tB) is reported as a fraction of the efficacy of CP55,940. Therefore, as seen in Fig. 6B and 6E,

GAT228 exhibited allosteric agonism at CB1R as it increased basal arrestin2 recruitment and

0
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cAMP inhibition on its own but did not compete with CP55,940. No such effects were observed

with GAT229 in both these assays suggesting it’s ‘pure’ PAM activity at the CBIR.

Effects of GAT211, GAT228, and GAT229 on Agonist-induced, CB1R-dependent Arrestin2
Recruitment with a BRET-based Cell Assays. Modulation of hCB1R-dependent arrestin2
recruitment by the GAT compounds was assessed further in HEK293A and Neuro2a cells
transfected with hCBI1R-GFP? and arrestin2-Rluc, the former cells expressing recombinant
hCBIR, and the Neuro2a cells expressing native receptor. The cells were treated with 1 nM — 10
UM 2-AG, AEA, or CP55,940 in the presence or absence of 1 uM GAT211, GAT228, or GAT229.
Agonist-induced arrestin2 recruitment to hCB1R was then quantified by BRET?. The observed
concentration-response data were fitted and analyzed using the non-linear regression (4 parameter)
model. GAT211 (1 uM) shifted the BRET? concentration-response curves (CRC) leftward and
upward in the presence of 2-AG, AEA, and CP55,940 in HEK293A (Figures 7A-C) and Neuro2a
(Figures 7E-7G) cells. GAT228 (1 uM) did not shift the BRET? CRC relative to orthosteric ligands
alone (Figure 7). GAT229 (1 uM) shifted the BRET? CRCs of 2-AG, AEA, and CP55,940 leftward
and upward in HEK293A (Figures 7A-C) and Neuro2a (Figures 7E-G) cells to a greater degree
than GAT211. In HEK293A or Neuro2a cells, both GAT211 and GAT228 increased arrestin2
recruitment in a concentration-dependent manner, whereas GAT229 had no effect (Figures 7D,
H). Therefore, the racemic GAT211 demonstrated mixed PAM/allosteric agonist activity for
arrestin2 recruitment in both HEK293A and Neuro2a cells as induced by both synthetic
(CP55,940) and endogenous (2-AG, AEA) cannabinoids. The allosteric agonist activity attributed

to GAT228 contrasts with GAT229’s profile in these cell-based systems as a “pure” CB1IR PAM.

1
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Effect of GAT compounds on CB1R-Mediated ERK1/2 and PLCB3 Phosphorylation.
GAT211-dependent modulation of CB1R-dependent signaling was further profiled in HEK293A
cells expressing recombinant hCBIR and transfected with hCB1R-GFP? and Neuro2a cells
endogenously expressing CBIR. The cells were treated with 1 nM — 10 uM 2-AG, AEA, or
CP55,940 in the presence or absence of 1 uM GAT211, GAT228, or GAT229. ERK (Figure 8)
and PLCB3 (Figure 9) phosphorylation were quantified by In-cell™ western analysis. The
observed concentration-response data were fit and analyzed using the non-linear regression (4-
parameter) model. As observed for arrestin2 recruitment (Figure 7), GAT211 (1 uM) shifted ERK
and PLCB3 CRCs leftward and upward in the presence of 2-AG, AEA, and CP55,940 in HEK293A
(Figures. 8A-C, 9A-C) and Neuro2a (Figures 8E-8G, 9E-9G) cells. GAT228 (1 uM) did not shift
the CRC:s relative to orthosteric ligands alone (Figures 8 and 9). GAT229 (1 uM) shifted the CRCs
leftward and upward in the presence of 2-AG, AEA, and CP55,940 in HEK293A (Figures 8A-C,
9A-C) and Neuro2a (Figures. 8E-G, 9E-G) cells to a greater extent than GAT211. GAT211 or
GAT228 (1 nM — 10 uM) increased ERK and PLCP3 phosphorylation in a concentration-
dependent manner, whereas GAT229 was without effect (Figures 8D and 8H, 9D and 9H). These
data provide additional evidence that GAT211 acts as a mixed CBIR PAM/allosteric agonist;

GAT?228 acts as an allosteric partial agonist; and GAT229 acts as a CBIR PAM.

Allosteric Potencies and Efficacies of GAT Compounds in BRET? based cell assay and on
ERK and PLCB3 Phosphorylation. The allosteric potencies of GAT211, GAT228, and GAT229
were estimated in HEK293A cells transfected with hCB1R and treated with 500 nM CP55,940 and
1 nM — 10 uM GAT211, GAT228, or GAT229 (Fig. 10, Table 3). Similar experiments were also

conducted with 500 nM 2-AG or AEA plus 1 nM — 10 pM GAT211, GAT228, or GAT229 (Table

2
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4). GAT229 was a more potent enhancer of arrestin2 recruitment (Fig. 10A), ERK (Fig. 10B) and
PLCPB3 phosphorylation (Fig. 10C) than GAT211 or GAT228 (Table 3).

No difference in respective potencies was observed between the arrestin2 recruitment and
PLCB3 phosphorylation assays among GAT211, GAT228, or GAT229 (Table 3). When data from
those assays were pooled and orthosteric ligands were compared, GAT229 was also a more potent
enhancer of 2-AG, AEA, and CP55,940-mediated hCBIR signaling than either GAT211 or
GAT228 (Table 4). No difference in potency among the GAT compounds was observed whether
2-AG, AEA, or CP55,940 was the orthosteric agonist (i.e., no probe-dependent difference in
potency was evident) (Table 4).

The efficacies of GAT211, GAT228, and GAT229 were estimated from the data presented
in Figures 7 — 9 and calculated as % Emax relative to orthosteric ligand alone (Tables 3 and 4).
GAT229 was the more efficacious enhancer of arrestin2 recruitment and PLCB3 phosphorylation
than GAT228 in the presence of 500 nM CP55,940 (Table 3). GAT229 was a less efficacious
enhancer of ERK phosphorylation than arrestin2 recruitment (Table 3). GAT229 was a more
efficacious enhancer of 2-AG, AEA, and CP55,940-mediated hCB1R signaling than either
GAT211 or GAT228 (Table 4). Emax was greater in the presence of 2-AG and AEA as compared
to CP55,940, for GAT211 and GAT228 (i.e. GAT211 and GAT228 displayed probe-dependence
for 2-AG and AEA over CP55,940) (Table 4). No probe-dependent difference in efficacy was

observed for GAT229 (Table 4). These data are consistent with GAT229 acting as a CB1IR PAM.

3
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DISCUSSION

In this study, the racemic compound GAT211 and its enantiomers GAT228 (R) and
GAT229 (S) were characterized as CB1R allosteric modulators. GAT211 did not affect ligand
binding to CB2R at concentrations below 10 pM, whereas it was very effective at CBIR at nM
concentrations. GAT211 enhanced the inhibitory effect of AEA on electrically evoked
contractions in mouse isolated vas deferens, but did not by itself inhibit contractions in the vas
deferens, suggesting that GAT211 acted as a CBIR PAM in this assay. Radioligand binding
analysis demonstrated GAT211 reduced the rate of dissociation of [’H]CP55,940 from hCBIR in
mouse brain membranes and enhanced [*PH]CP55,940 binding to hCBIR CHO cell membranes, a
profile consistent with GAT211’s action as a PAM of orthosteric ligand binding. GAT228 had no
effect on [PH]CP55,940 binding up to 1 uM, but showed a small enhancement of binding at a
supra-pharmacological concentration, whereas GAT229 enhanced [PH]CP55,940 binding to
hCBIR CHO membranes, producing a greater enhancement than either GAT211 or GAT228.
Neither GAT211, nor its enantiomers competed with [’H]JCP55,940 for CBIR binding. Unlike its
effect on [PH]JCP55,940 binding, GAT211 reduced the binding of the CBIR inverse agonist
[PH]SR141716A at 1 to 10 uM. Based on these data, GAT211 may have affected the
conformational equilibrium between CBIR in the R* (i.e. spontaneously coupled to signaling
pathways) and R states (i.e. “uncoupled” from intracellular signaling mechanisms).%? > Such a
shift would be expected to increase [’H]CP55,940 CB1 binding and signaling, and reduce
[PH]SR141716A CBIR binding and inverse signaling.5? %3

We tested GAT211 and its enantiomers GAT228 and GAT229 in four different cell-based
assays: arrestin2 recruitment (BRET?), cAMP inhibition, ERK1/2 and PLCB3 phosphorylation in

HEK293A cells. GAT211 displayed properties consistent with both PAM activity and allosteric

4
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agonist activity across assays in the nanomolar range (Tables 3, 4). That is, GAT211 independently
increased arrestin2 recruitment, in addition to enhancing each of these effects in the presence of
either CP55,940, 2-AG, or AEA. GAT228 consistently displayed partial agonist activity across
assays in the nanomolar range (Tables 3, 4), suggesting that GAT228 was a partial allosteric
agonist of CBIR. GAT229, on the other hand, displayed no intrinsic efficacy and consistently
showed PAM activity in the nanomolar range in all these assays (Tables 3, 4). Together, these data
across multiple model systems and assays are consistent with our characterization of GAT211 as
a potent CB1R ago-PAM with allosteric agonist activity residing exclusively in the R-(+)-
enantiomer, GAT228 and S-(-)-enantiomer, GAT229 acting as a ‘pure’ and potent CBIR PAM.

Org27569 and PSNCBAM-1 have remained by far the most studied CBIR allosteric
modulators.?? 23 2% 26 (Org27569 and PSNCBAM-1 paradoxically enhance orthosteric agonist
binding to CBIR and reduce orthosteric ligand-dependent signaling: they are PAMs of ligand
binding, but NAMs of receptor signaling. GAT211, Org27569, and PSNCBAM-1 are similar in
that they enhance CP55,940 binding and reduce SR141716A binding, suggesting both these
prototypic allosteric modulators regulate the equilibrium between R and R* CB1R conformations,
perhaps through a common allosteric binding site within the receptor.4?: 5253

From a therapeutic perspective, the functional selectivity of allosteric CB1R ligands may
lead to the tailoring of new-generation drugs enabling improved treatment strategies and outcomes,
were it to be demonstrated that preferred signaling pathways invoke therapeutic effects over
adverse events. We characterized GAT211, GAT228, and GAT229 in several distinct cell-
signaling pathways — arrestin2, cAMP inhibition and ERK1/2 (Gain), and PLCB3 (Gaogq) — to

determine whether these compounds exhibit any functional selectivity.
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It can be seen from the data in Table 1 that GAT229 is a PAM for both arrestin2 recruitment
(BRET?) and cAMP responses and produces 2-fold bias toward cAMP (versus arrestin2
recruitment); this compound has no intrinsic efficacy for either pathway. GAT228 was inactive as
a PAM in the cAMP assays with a very minor effect in arrestin2 recruitment. It had comparable
intrinsic efficacy for both pathways. GAT211, the ago-PAM induces no bias in signaling between
arrestin2 recruitment and inhibition of cAMP and had comparable intrinsic efficacy for both
pathways.

Allosteric modulators can be probe-dependent, that is, the efficacy of the allosteric
modulator can vary with the orthosteric probe being used.> Previous studies have reported that
Org27569 and PSNCBAM-1 both display probe-dependence because they are more potent
modulators of CP55,940 binding and CB1R activation than WIN 55,212-2.2° We employed in this
study 2-AG, AEA, and CP55,940 as orthosteric probes because 2-AG and AEA are the major
endocannabinoids and CP55,940 is a standard, high potency/efficacy synthetic cannabinergic
ligand routinely used for studying CBIR activation.®® GAT211 and GAT228 displayed probe-
dependence as more potent and efficacious enhancers of endocannabinoid (2-AG and AEA)
signaling than CP55,940 signaling (BRET? arrestin2 assay, cAMP assay). GAT229 did not display
probe-dependence. These data indicate the PAM activity of GAT211, and to a lesser extent
GAT228, may be best observed in the presence of endocannabinoids, whereas GAT229 remains
highly active as a CB1R PAM with either endo- or exocannabinoids as the orthosteric agonist. One
major reason CB1R allosteric modulators are attractive as potential therapeutics is that they would
be less likely to promote psychotropic side-effects elicited by orthosteric CBIR ligands.4 21 54
The observation that GAT211 and its enantiomers are highly active allosteric modulators when

endocannabinoids are used as orthosteric agonists holds therapeutic promise because these agents
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may effectively enhance endogenous CBIR signaling in the absence of any exogenously
administered CB1R orthosteric cannabimimetics that may incite such adverse response. Although
inhibition of the two principal hydrolases that degrade endocannabinoids elevates the tissue
content of these mediators, prolonged pharmacological or genetic monoacylglycerol lipase
ablation drives functional downregulation of CB1R signaling and incite adverse central nervous

system effects (tolerance, dependence)®® >

and fatty acid amide hydrolase inhibitors have met
with high-profile failures in the clinic.® Thus, allosteric CBIR activation by GAT211 and its
enantiomers could represent a more attractive therapeutic strategy for enhancing endogenous

cannabinergic activity than targeting endocannabinoid-degrading enzymes with small-molecule

inhibitors.

7 :
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CONCLUSION

Positive allosteric CB1R modulators have the potential to treat several unsolved medical
problems including addiction, glaucoma, neurodegenerative diseases, pain, and neurological
disorders without the on-target side effects that have limited the therapeutic utility of direct CB1R
orthosteric agonists, antagonists and inverse agonists.?! In this study, the racemic compound
GAT211, and its enantiomers GAT228 and GAT229 were characterized for the first time in an
array of biochemical and functional, cell-based assays. GAT211 behaved as a PAM of CB1R that
enhanced both [PH]CP55,940 binding and agonist-mediated CBIR signaling. GAT211 also
displayed allosteric agonist activity in some assays. The PAM and allosteric agonist activity were
attributable to specific GAT211 enantiomer. GAT229 (S) was a potent CBIR PAM and GAT228
(R) was an allosteric partial agonist at CB1R. To our best knowledge, this study represents the first
identification of two enantiomers of a CBIR allosteric ligand having unique molecular
pharmacology profiles that make GAT211, GAT228, and GAT229 a set of novel allosteric

modulators with potential therapeutic utility.
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METHODS

Chemical Synthesis of GAT211 and Separation of Enantiomers. In a 20-mL glass tube, 2-
phenylindole (3.0 g, 1.0 eq.), nitro styrene (3.0 g, 1.3 eq.) and CF3COONHz4 (0.6 g, 0.25 eq.) were
taken in 12 mL of 25% aq. EtOH. The tube was sealed, introduced into a microwave reactor, and
irradiated for 10 min at 100 °C with magnetic stirring. After cooling to room temperature, the
reaction contents were removed and diluted with cold water followed by extraction with
dichloromethane (3x). Combined dichloromethane layer was evaporated under reduced pressure,
and the residue was purified by flash chromatography using a Biotage™ SP1 instrument with
normal phase GRACE™ columns (40-um particle size) (Biotage USA, Charlotte, NC) with
hexane: acetone (95:5—70:30 gradient) as eluent to give pure product (4.68 g, 88% yield) (Scheme
1). Enantiomers of GAT211 were separated by supercritical fluid chromatography using a 5-mm
CHIRALPAK®IC/SFC column with 20% isopropyl acetate as co-solvent at a flow rate of 2
mL/min. Absorbance was measured at 298 nm (Supplementary Tables 1 — 4; Supplementary Figs.
1 — 3). Enantiomer separation and enantiomeric purity was confirmed by HPLC and optical
rotations and CD spectra were recorded. (Supplementary Fig. 4).

GAT211 (1): '"H NMR (500 MHz, CDCI3) & 8.15 (s, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.49-7.41 (m,
5H), 7.39 (d, J=8.0 Hz, 1H), 7.37-7.26 (m, 4H), 7.26-7.18 (m, 2H), 7.11 (ddd, J = 8.5 Hz, 7.5 Hz,
1.0 Hz, 1H), 5.32 (dd as t, J = 8.0 Hz, 1H), 5.19 (dd, J = 12.5 Hz, 7.5 Hz, 1H), 5.13 (dd, J=12.5
Hz, 8.5 Hz, 1H). *C NMR (126 MHz, CDCl3) &: 140.16, 137.24, 136.32, 132.44, 128.24, 128.17,
129.07, 128.91, 127.75, 127.47, 127.29, 122.77, 120.59, 120.23, 111.69, 109.84, 79.35, 41.06.
M.P. = 147-148°C. MS (ESI) (m/z): 343 [M+H]". HRMS m/z calculated for C22H18N202 [M]"

342.1368, found 342.1364

9
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GAT228 (1a): 'H NMR (500 MHz, CDCL3) § 8.14 (s, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.49-7.40 (m,
5H), 7.38 (d, J = 8.5 Hz, 1H), 7.36-7.26 (m, 4H), 7.26-7.17 (m, 2H), 7.11 (t, J = 7.5 Hz, 1H), 5.32
(dd as t, 8.0 Hz, 1H), 5.18 (dd, J = 12.5 Hz, 7.5 Hz, 1H), 5.13 (dd, J = 12.5 Hz, 8.5 Hz, 1H). MS
(ESI) (m/z): 343 [M+H]".

GAT229 (1b): 'H NMR (500 MHz, CDCls) § 8.15 (s, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.49-7.41 (m,
5H), 7.39 (d, J = 8.0 Hz, 1H), 7.36-7.32 (m, 2H), 7.32-7.27 (m, 2H), 7.25-7.19 (m, 2H), 7.11 (ddd,
J=8.5Hz, 7.5 Hz, 1.0 Hz, 1H), 5.32 (dd as t, J = 8.0 Hz, 1H), 5.19 (dd, J = 12.5 Hz, 7.5 Hz, 1H),

5.13 (dd, J = 12.5 Hz, 8.5 Hz, 1H). MS (ESI) (m/z): 343 [M+H]".

X-ray Crystallographic Analysis of GAT228 and GAT229

Single-crystal X-ray diffraction data on GAT228 and GAT229 were collected using CuKa
radiation and a Bruker Platinum-135 CCD area detector. The crystals were prepared for data
collection by coating with high viscosity microscope oil. The oil-coated crystal was mounted on a
micro-mesh mount (Mitergen, Inc.), transferred to the diffractometer, and a data set collected at
150°K. The structure was solved by direct methods and refined by full-matrix least squares on F?
values using the programs found in the SHELXTL suite (Bruker, SHELXTL v6.10, 2000, Bruker
AXS Inc., Madison, WI). Corrections were applied for Lorentz, polarization, and absorption
effects. Parameters refined included atomic coordinates and anisotropic thermal parameters for all
non-hydrogen atoms. Hydrogen atoms on carbons were included using a riding model [coordinate
shifts of C applied to H atoms] with C-H distance set at 0.96 A. The absolute configuration was

evaluated using likelihood methods in PLATON.
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For GAT228 a 0.205 x 0.010 x 0.005 mm?® crystal was monoclinic in space group P 21, with unit
cell dimensions a = 7.8877(3), b = 13.5114(6), ¢ = 8.1120(3) A, and p = 99.225(1)°. Data was
95.6% complete to 68.17° 0 (~ 0.83 A) with an average redundancy of 1.99. The final anisotropic
full matrix least-squares refinement on F? with 236 variables and one restraint converged at R1 =
3.40%, for the observed data and wR2 = 9.22% for all data. The analysis of 924 Bivjot pairs
indicated that the absolute structure had been correctly assigned. The method calculated that the
probability that the structure is inverted is smaller than 2 x 10"'*. Based on this analysis the absolute
configuration at C8 = R (as reported by PLATON) (Figure 2A). Complete information on data

collection and refinement is available in the supplemental material (SI-TABLES 5-10).

For GAT229 a 0.243 x 0.107 x 0.092 mm? crystal was monoclinic in space group P 21, with unit
cell dimensions a = 7.8891(3), b = 13.4883(6), ¢ = 8.1151(3) A, and B = 99.192(1)°. Data was
95.8% complete to 68.02° 0 (~ 0.83 A) with an average redundancy of 1.99. The final anisotropic
full matrix least-squares refinement on F? with 236 variables and one restraint converged at R1 =
3.03%, for the observed data and wR2 = 8.00% for all data. The analysis of 916 Bivjot pairs
indicated that the absolute structure had been correctly assigned. The method calculated that the
probability that the structure is inverted is smaller than 1 x 1022, Based on this analysis the absolute
configuration at C8 = S (as reported by PLATON) (Figure 2B). Complete information on data
collection and refinement is available in the supplemental material (SI-Tables 11-16). Atomic
coordinates for GAT228 and GAT229 have been deposited with the Cambridge Crystallographic
Data Centre (deposition numbers 1504064 and 1504065). Copies of the data can be obtained, free
of charge, on application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK [fax: +44(0)-1223-

336033 or e-mail: deposit@ccdc.cam.ac.uk.
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Commercial Chemicals and Reagents. 2-AG, AEA, (-)-cis-3-[2-hydroxy-4-(1,1-
dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol (CP,55,940), and N-(Piperidin-
1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide-

hydrochloride (SR141716A) were purchased from Tocris Bioscience (Bristol, UK) Pertussis toxin
(PTx) was purchased from Sigma-Aldrich (Oakville, ON, CAN). Cannabinoids were dissolved in
DMSO (final DMSO concentration 0.1% by volume in all assay media) and added directly to
tissue-culture media at the concentrations and times indicated. No effects of vehicle alone were
observed as compared to culture media alone in any of the assays conducted. PTx was dissolved

in dH20 (50 ng/mL) and added directly to culture media 24 h prior to compound treatment.

In Vitro Pharmacology:

Animals. Adult male MF1 albino mice were purchased from Harlan UK Ltd. (Blackthorn, UK).
These mice were maintained on a 12/12 h light/dark cycle with free access to food and water. All
animal care and experimental procedures complied with the UK Animals (Scientific Procedures)

Act, 1986, and associated guidelines for the use of experimental animals.

Plasmids. hCBI1R-green fluorescent protein’ (GFP?) and human arrestin2 (B-arrestinl)-Renilla
luciferase (Rluc) were cloned as fusion proteins at the C-terminus. hCB1R-GFP? was generated
using the pGFP?-N3 plasmid (PerkinElmer, Waltham, MA) as described previously.®® Arrestin2-
Rluc was generated using the pRluc-N1 plasmid (PerkinElmer) as described previously.®® The

GFP?-Rluc fusion construct and Rluc plasmids have also been described.>
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Cell Culture. Human embryonic kidney 293A (HEK293A), and murine neuroblast Neuro2a cells

were originally from the American Type Culture Collection (Manassas, VA).

CHO cells that stably express hCB1R or human cannabinoid 2 receptor (hCB2R) were constructed
as detailed.?® In brief, CHO cells transfected with cDNA encoding human cannabinoid CB1 or
CB2 receptors were maintained at 37°C in Dulbecco’s modified Eagle’s medium nutrient mixture
F-12 HAM, supplemented with 1 mM L-glutamine, 10% fetal bovine serum, 0.6% penicillin—
streptomycin and G418 (400 mg/mL). All cells were maintained in a humidified tissue-culture
incubator at 37° C under 5% C02-95% air in their respective media specified below and were

passaged twice a week using a non-enzymatic cell dissociation solution.

HEK293A cells were transfected with 400 ng hCB1R-GFP?-expressing plasmid described above
using Lipofectamine 2000 according to manufacturer’s instructions (Invitrogen, Burlington,
Ontario, Canada). The HEK293A and Neuro2a cells were maintained in DMEM supplemented

with 10% FBS and 10* U/mL Pen/Strep.

HEK293A Cignal Lenti CRE (HEK-CRE) reporter cells were provided by Dr. Christopher J. Sinal
(Dalhousie University, Nova Scotia, Canada). HEK-CRE cells stably express the firefly luciferase
gene driven by tandem repeat elements of the cAMP transcriptional response element (Qiagen,
Toronto, Ontario, Canada). Thus, the luciferase signal is directly proportional to the level of
cAMP/protein kinase A (PKA) pathway activity. HEK-CRE cells were maintained at 37°C, 5%
C02-95% air in DMEM supplemented with 10% FBS, 10* U/mL Pen/Strep, and 200 pg/mL

puromycin.
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CHO and HEK cells do not endogenously express CB1R, whereas Neuro2A cells do.

Membrane Preparations. Mouse forebrain membranes were prepared as detailed.®! In brief, cells
were harvested by scraping, centrifuged, and then frozen as a pellet at -20°C until required. Before
use in a radioligand binding assay, cells were defrosted, diluted in Tris buffer (50 mM Tris—HCl

and 50 mM Tris—base) and homogenized with a 1 ml hand-held homogenizer.

Vas Deferens Organ-bath Experiments. Vasa deferentia were obtained from adult MF1 mice.
The tissues were mounted vertically in 4 mL organ baths. They were then subjected to electrical
stimulation of progressively greater intensity, followed by an equilibration procedure in which
they were exposed to alternate periods of stimulation (2 min) and rest (10 min) until contractions
with consistent amplitudes were obtained.5! These contractions were monophasic and isometric
and were evoked by 0.5 s trains of pulses of 110% maximal voltage (train frequency 0.1 Hz; pulse
frequency 5 Hz; pulse duration 0.5 ms). All drug additions were made to the organ baths after the
equilibration period and there was no washout between those additions. In some experiments, there
was an initial application of GAT211 or its vehicle and this was followed 28 min later by a 2 min
period of electrical stimulation at the end of which the lowest of a series of concentrations of the
endogenous cannabinoid receptor agonist, AEA, was applied. After a 13 min interval, the tissues
were electrically stimulated for 2 min and then subjected to a further addition of AEA. This cycle
of drug addition, 13 min rest and 2 min stimulation was repeated without washout, to obtain
cumulative CRCs, only one of which was constructed per tissue.%? A similar procedure was used
in experiments in which a series of additions of a set of increasing concentrations of GAT211,

were made. Each drug addition was made in a volume of 10 pL.
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Dissociation Kinetics

Dissociation kinetic assays were performed with the CBIR agonist [°’H]CP55,940 (0.7 nM), 1
mg/mL BSA, and 50 mM Tris buffer containing 0.1 mM EDTA and 0.5 mM MgClz, pH 7.4, in a
total assay volume of 500 pL. We used the “isotopic dilution” method to measure the dissociation
rate constant for [’H]JCP55,940 from mouse whole brain membranes.®® [*H]CP55,940 (0.7 nM)
was incubated with mouse brain membranes (30 pug) for 60 min at 25 °C. Dissociation was initiated
by the addition of 1 pM unlabeled ligand in the presence and absence of the test compound.
Dissociation times of 0.5 to 120 min at 25 °C were used. To determine the nonspecific binding,
experiments were also performed in the presence of a 1 uM concentration of the unlabeled ligand.
Binding was terminated by addition of ice-cold wash buffer (50 mM Tris buffer containing 1
mg/mL BSA) and vacuum filtration using a 24-well sampling manifold (Brandel Cell Harvester;
Brandel Inc, Gaithersburg, MD, USA) and Whatman GF/B glass-fiber filters that had been soaked
in wash buffer at 4°C for 24 h. Each reaction tube was washed five times with a 4 mL aliquot of
buffer. The filters were oven-dried for 60 min and then placed in 5 mL of scintillation fluid (Ultima
Gold XR), and radioactivity was quantified by liquid scintillation spectrometry. Specific binding
was defined as the difference between the binding that occurred in the presence and absence of 1

uM unlabeled ligand and was 70 to 85% of total binding.

Radioligand Displacement Assays.

The assays were carried out with [PH]CP55,940 or [°’H]SR141716A and Tris binding buffer (50
mM Tris—HCI, 50 mM Tris-base, 0.1% BSA, pH 7.4), total assay volume 500 pL, using the
filtration procedure described previously.? %4 Binding was initiated by the addition of transfected

human CBIR or CB2R CHO cell membranes (50 pg protein per well) or of whole-brain
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membranes obtained from adult MF1 mice (30 pg protein per well). All assays were performed at
37°C for 60 min before termination by adding ice-cold Tris binding buffer followed by vacuum
filtration using a Brandel 24-well sampling manifold and Brandel GF/B filters that had been
soaked in wash buffer at 4°C for at least 24 h. Each reaction well was washed six times with a 1.2
mL aliquot of Tris-binding buffer. The filters were oven-dried for 60 min and then placed in 3 mL
of scintillation fluid (Ultima Gold XR, PerkinElmer, Seer Green, Buckinghamshire, UK).
Radioactivity was quantified by liquid scintillation spectrometry. Specific binding was defined as
the difference between the binding that occurred in the presence and absence of 1 pM unlabelled
CP55,940 or SR141716A. The concentrations of [°’H]CP55,940 and of [PH|SR141716A used in
our displacement assays were 0.7 nM and 2 nM, respectively. The compounds under investigation
were stored as stock solutions of 10 mM in DMSO, the vehicle concentration in all assay wells

being 0.1% DMSO.

Bioluminescence Resonance Energy Transfer? (BRET?). Direct interactions between CB1R
and arrestin2  were quantified via BRET2.% Cells grown in a 6-well plate were transfected with
the CB1R-GFP? and arrestin2-Rluc constructs using Lipofectamine 2000, according to the
manufacturer’s instructions (Invitrogen) and treated as previously described.®  Briefly, at 48 h
post-transfection, cells were washed twice with cold 0.1 M PBS and suspended in BRET buffer
[0.1 M PBS supplemented with glucose (1 mg/mL), benzamidine (10 mg/mL), leupeptin (5
mg/mL) and a trypsin inhibitor (5 mg/mL)]. Cells were treated with compounds as indicated.
Coelenterazine 400a substrate (50 uM; Biotium, Hayward, CA) was added, and light emissions
were measured at 405 nm (Rluc) and 510 nm (GFP?) using a Luminoskan Ascent plate reader

(Thermo Scientific, Waltham, MA), with an integration time of 10s and a photomultiplier tube
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voltage of 1200 V. BRET efficiency (BRETEfr) represents the efficiency of interaction between
donor and acceptor proteins — here the BRET ratio between CB1R-GFP? and arrestin2-Rluc —
subtracted by the BRET ratio for Rluc alone (i.e. BRETmin) and normalized to the BRET ratio
observed for a GFP2-Rluc fusion protein (i.e. BRETmax)*> 0 and is expressed as a ratio with

unitless value (eq. 1)

=(BRETsample_BRETmin)
(BRETmax—BRETmin)

BRETg¢ 1)

In-cell™ Westerns. Cells were fixed for 10 min at room temperature with 4% paraformaldehyde
and washed three times with 0.1 M PBS for 5 min each. Cells were incubated with blocking
solution (0.1 M PBS, 20% Odyssey blocking buffer, and 0.1% Triton X-100) for 1 h at room
temperature. Cells were incubated with primary antibody solutions directed against
pERK1/2(Tyr205/185) (1:200), ERK1/2 (1:200), pPLCB3(S537) (1:500), PLCB3 (1:1000), (Santa
Cruz Biotechnology, Dallas, TX) diluted in blocking solution overnight at 4°C. Cells were washed
three times with 0.1 M PBS for 5 min each. Cells were incubated in IRCW700dve o JRCW800dye (7:500;
Rockland Immunochemicals, Limerick, PA) and washed three times with 0.1 M PBS for 5 min

each. Analyses were conducted using the Odyssey Imaging system and software (version 3.0; Li-

Cor, Lincoln, NB).

cAMP Luciferase Reporter Assay. Forty-eight hours after transfection of HEK-CRE cells with
hCB1R-GFP?-expressing plasmid, cells were washed twice with cold 0.1 M PBS and suspended
in BRET buffer. Cells were dispensed into 96-well plates (10,000 cells/well) and treated as
indicated. Cells were then lysed with passive lysis buffer (Promega, Oakville, ON, CAN) for 20
min at room temperature. Twenty microliters of cell lysate were mixed with luciferase assay

reagent (50 uM; Promega), and light emissions were measured at 405 nm using a Luminoskan
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Ascent plate reader (Thermo Scientific), with an integration time of 10 s and a photomultiplier
tube voltage of 1200 V. Data are presented as % inhibition of cAMP accumulation relative to the

Emax for the orthosteric agonist alone in the presence of 10 uM forskolin.

Statistical Analyses.
For data related to figures 3, 4, 5, 7, 8, 9 and 10, pharmacological statistics from best-fit CRCs
were obtained through non-linear regression models with variable slope (four-parameter) (Prism
6.0; GraphPad Software Inc., San Diego, CA). Most results were calculated as changes from a
basal level (zero) of: (i) inhibition of electrically-evoked contractions of the vas deferens; (ii)
[P’H]CP55,940 or [°’H]SR141716A binding; (iii) inhibition of cAMP, (iv) arrestin2 recruitment
measured via BRET?, or (v) ERK or PLCPB3 phosphorylation. Prism 5.0 was used to construct
sigmoidal log concentration-response curves to analyze dissociation-kinetic data and to calculate
values of ECso0, Emin, Emax, means, and the standard error (SEM) and/or 95% confidence interval
(CI) of each mean.

For data presented in figure 6: CRCs to CP55,940 for cAMP and BRET were obtained in
the absence and presence of a range of concentrations of GAT211, GAT228 and GAT229. The
resulting patterns of response were fit to the functional allosteric model which is the allosteric

14748 combined with the Black—Leff operational model for agonism (Figure 11).4° In

binding mode
this model the agonist [A] (CP55,940) binds to the receptor R and functions as a probe of receptor
function; the allosteric modulators [B] (GAT test compounds) bind to a separate site on the
receptor. The co-binding of these molecules reciprocally changes the affinity of binding of each

by a factor o and the efficacy of the agonist through a factor f For example, the equilibrium

dissociation constant of the agonist-receptor complex in the absence of modulator binding is Ka,
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but in the presence of the modulator it becomes o 'Ka. The modulator itself may possess efficacy

(denoted tB) and may directly produce agonism. The equation for the production of response by

an agonist in the presence of an allosteric modulator is given as?? 48 50

(Ta/Ka (R +T5[BI/Kp)Enm

[A/K A+t a[A] K+ 2§ L)+ [B] /K p (1+75)+1)

Response =

The variable slope of this model can be derived utilizing the variable slope Black-Leff

operational model as®®:

74[A](Kg+aB[B])+75[Bl/K4)"Em 3)
(talAl(Kp+aB[BD)+7g[BIK4)"+([A]Kp+K oAKp+K 4[B]+a[A][B])™

Response =

Data for the two signaling pathways were fit to obtain values of o, B, Ks and 18 for each

of the test compounds as allosteric modulators of CP55,940 receptor activation. Estimation of
possible induced signaling bias by these allosteric modulators also was made through comparison
of the allosteric modulation produced by the test compounds for each signaling pathway through

calculation of ALog(a).%! Statistical assessment of the differences in Log(af) values were made

through calculation of 95% confidence limits of the mean Log(af) values utilizing a pooled
variance.®’

Statistical analyses included Student’s unpaired t-test, Student’s one-sample t-test, one- or
two-way analysis of variance (ANOVA), as indicated, using GraphPad. Post-hoc analyses were
performed using Dunnett’s multiple comparisons, Bonferroni’s or Tukey’s tests, as indicated.
Homogeneity of variance was confirmed using Bartlett’s test. Data are presented as the mean +

the standard error of the mean, or mean and 95% confidence interval, as indicated, from at least 4

independent experiments. P values < 0.05 were considered to be significant.
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ABBREVIATIONS:

The abbreviations used are: 2-AG, 2-arachidonoylglycerol; AEA, anandamide; ANOVA, analysis of
variance; BRET?, bioluminescence resonance energy transfer 2; CBIR, type 1 cannabinoid receptor; CB2R,
type 2 cannabinoid receptor; CHO, Chinese hamster ovary; CP55,940, (-)-cis-3-[2-Hydroxy-4-(1,1-
dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol;, CRC, concentration-response curve;
GFP?, green fluorescent protein variant 2; HEK293A, human embryonic kidney 293 adherent; PTx,
Pertussis toxin; Rluc, Renilla luciferase; SR141716A, N-(Piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-

dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide-hydrochloride.
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TABLES:

P OO~NOUILAWNPE

0

g Table 1. Operational model of allosterism for GAT211, GAT228, and GAT229.

13

14
15
16

BRE T Tkgst cAMP

i é GAT211 GAT228 GAT229 GAT211 GAT228

19

GAT229

20 pKs 7.26 +0.07 6.93 +£0.09 6.99 +0.14 6.76 £0.08 7.4+0.12
21

22

23 o 24 +2.83 2.5+0.58 425+1.5 2142 1.08+0.34
24

gg B 0.95+0.06 0.68 £0.09 23+0.38 1.13+£0.19 0.95+0.5
27

28 Log(op) 1.35+0.04 0.21+£0.10 097+0.14 1.37+0.06 -0.06 £ 0.36
29

30

31 B 0.15+0.03 0.19+£0.04 0 0.19+0.08 0.15+0.06

32

6.91+0.27

2.25+1.26

10.75+4.43

1.3+0.35

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

presented in Figure 6. Data are mean of 4 independent estimates of pKg o, 8, Log(ap), and 18 + SD.

ACS Paragon Plus Environment

All values estimated using the allosteric binding model*" > combined with the Black —Leff operational model for agonism*® for the data
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Table 2. Summary of induced bias for GAT211,

GAT228, and GAT229.

ALog(af) Induced Bias
GAT211 0.01 (-0.18-0.21) n.s
GAT228 -0.27 (-0.40--0.09) | 0.54 (0.35-0.81)
GAT229 0.34 (0.14-0.54) 2 (1.4-3.47)

All values estimated using the allosteric binding model*" 42
combined with the Black —Leff operational model for agonism*® for
the data presented in Figure 6. Data are mean of 4 independent
experiments with 95% CI.

ACS Paragon Plus Environment

Page 50 of 54



Page 51 of 54

©CoO~NOUTA,WNPE

Table 3. Summary of data by assay for GAT211, GAT228, and

ACS Chemical Neuroscience

GAT229.
Arrestin2
Compound ECso (nM, 95% CI) Emax (%) £ SEM
GAT211 775 (656 —896) 129.54 +13.23
GAT228 832 (652-101) 105.89 +4.85
GAT229 255 (97.0-417)f* 126.98 +12.19*
ERK (Gais)
ECsy (nM. 95% CI) Emax (%) £ SEM
GAT211 647 (516 —-776) 109.61 *16.11
GAT228 703 (558 —855) 96.85 +5.14
GAT229 319 (133 -520)+* 10045 =+3.60"
PLCB3 (Gay)
ECs) (nM, 95% CI) Emax (%) £ SEM
GAT211 553 (354-737) 112.81 +14.21
GAT228 895 (765-1,029) 96.30 +6.29
GAT229 332 (160 —503)* 118.55 +6.39*

ECso determined using non-linear regression analysis; Enax maximum (%)
effect compared to orthosteric agonist alone, determined using non-linear
regression (4 parameter) analysis. Data are mean with 95% CI (ECso) or +
SEM (Emax). Data were calculated as the mean of data for each assay in
HEK293A cells in the presence of 500 nM CP55,940 (ECso, Fig. 10) and
HEK293A and Neuro2a cells treated with 2-AG, AEA or CP55,940 + 1
uM GAT211, GAT228, or GAT229 (Emax, Figs. 7-9). TP <0.01 compared
to GAT211, *P < 0.05 compared to GAT228, within assay; P < 0.05
compared to arrestin2 within compound, as determined by non-
overlapping CI or unpaired t-test.

ACS Paragon Plus Environment
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Table 4. Summary of data by orthosteric probe for GAT211,
GAT228, and GAT229.

2-AG
Compound ECs¢ (nM, 95% CI) Emax (%) £ SEM
GAT211 597 (526 — 686) 121.94 +7.90
GAT228 826 (708 —966) 113.03 +9.22%
GAT229 268 (81.5—443)t* 136.16 + 4.661*
AEA

ECs) (1M, 95% CI) Emax (%) £ SEM
GAT211 606 (435 —780) 12479 +7.63
GAT228 715 (585 —828) 113.81 +9.69%
GAT229 283 (158 —413)1* 143.46 +4.371%

CP55,940

ECs) (nM, 95% CI) Emax (%) = SEM
GAT211 660 (526 —804) 105.13 +1.74"
GAT228 750 (578 —936) 90.28 =+ 1.1197
GAT229 360 (203 —528)* 132.99 +£4.117*

ECso determined using non-linear regression analysis; Em.x maximum (%)
effect compared to orthosteric agonist alone, determined using non-linear
regression (4 parameter) analysis. Data are mean with 95% CI (ECso) or +
SEM (Emax). Data were calculated as the mean of data for each assay in
HEK293A cells in the presence of 500 nM CP55,940 (ECs, Fig. 10) and
HEK293A and Neuro2a cells treated with 2-AG, AEA or CP55,940 = 1 uM
GAT211, GAT228, or GAT229 (Emax, Figs. 7-9). TP < 0.01 compared to
GAT211, *P <0.05 compared to GAT228, within assay; P <0.05 compared
to arrestin2 within compound, as determined by non-overlapping CI or
unpaired t-test.
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