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Abstract

Introduction—Allosteric modulators of G-protein coupled receptors (GPCRs) hold the promise
of improved pharmacology and safety over typical orthosteric GPCR ligands. These features are
particularly relevant to the cannabinoid receptor 1 (CB1R) GPCR, since typical orthosteric CB1R
ligands are associated with adverse events that limit their translational potential.

Areas covered—The contextual basis for applying allostery to CB1R is considered from
pharmacological, drug-discovery, and medicinal standpoints. Rational design of small-molecule
CBI1R allosteric modulators as potential pharmacotherapeutics would be greatly facilitated by
direct experimental characterization of structure-function correlates underlying the biological
activity of chemically-diverse CB1R allosteric modulators, CB1R allosteric ligand-binding
binding pockets, and amino acid contact residues critical to allosteric ligand engagement and
activity. In these regards, designer covalent probes exhibiting well-characterized molecular
pharmacology as CB1R allosteric modulators are emerging as valuable molecular reporters
enabling experimental interrogation of CB1R allosteric site(s) and informing the design of new
CB1R agents as drugs.

Expert opinion—Synthesis and pharmacological profiling of CB1R allosteric ligands will
continue to provide valuable insights into CB1R structure-function correlates. The resulting data
should expand the repertoire of novel agents capable of exerting therapeutic benefit by modulating
CB1R-dependent signaling.
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1. Exploiting allostery for G-protein-coupled receptor (GPCR) drug
discovery

Approximately 800 annotated and 150 ‘orphan’ G-protein-coupled receptors (GPCRS)
without known endogenous ligand/function constitute the largest superfamily of cell-surface
integral-membrane proteins encoded by the human genome, within which GPCRs represent
the third largest gene family [1,2]. Also known as seven-transmembrane receptors (7TMRS),
GPCRs principally function as transducers of signals (light photons, ions, lipids, peptides,
hormones, odorants, etc.) from the extracellular milieu across the plasma membrane and into
the cytoplasmic compartment, where downstream intracellular signaling cascades modulate
cell physiology [3]. The ubiquity of GPCRs and their importance to both human
(patho)physiology and drug discovery are reflected in the fact that ~40-60% of known drugs
interact with them, making GPCRs at present the largest class of therapeutic targets [4].
Most approved, GPCR-targeted drugs are synthetic small molecules that exert their
therapeutic effects by engaging a GPCR at its primary ‘orthosteric’ site, classically defined
as the intramolecular domain to which naturally occurring endogenous ligands bind [5].

Notwithstanding their undeniable contributions to clinical medicine and public health,
GPCR orthosteric drugs share a propensity for adverse-event liabilities due to on-target (e.g.
interference with constitutive physiological signaling; hyperefficacy) and/or off-target (e.g.
lack of receptor selectivity) effects [6]. The off-target adverse effects are particularly
noisome to therapeutics invention, since orthosteric binding sites within GPCR subfamilies
are highly conserved evolutionarily and structurally, complicating the optimization and
development of subtype-specific GPCR orthosteric ligands (particularly agonists) as drugs
and inviting potential adverse interactions across functionally distinct GPCRs [1,7].

These limitations have stimulated exploration of new modes of molecular pharmacology in
the search for candidate ligands that modulate GPCRs for therapeutic gain [8,9]. In this
regard, increasing attention has been focused on the discovery implications of allostery, i.e.
cooperative interactions among distinct sites within the conformational landscape of a
multidomain molecular system (e.g. a protein drug target) [10]. Well recognized in multisite
carrier proteins and enzymes, allosteric domain coupling has more recently been
documented to occur in ‘druggable’ GPCRs across all subfamilies, especially among
rhodopsinlike, class-A GPCRs [11]. GPCR binding sites that engage (drug-like) ligands with
allosteric regulatory properties are structurally and topographically distinct from canonical
orthosteric sites that bind endogenous ligands. The classic, ‘pure’ allosteric ligand has no
intrinsic efficacy of its own, but once recognized and engaged by a GPCR allosteric binding
site, modulates the binding and/or signaling character of an orthosteric agent. The
(sub)molecular mechanism underlying this cooperative influence is believed to involve
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discrete changes in GPCR conformation, activation state, and signaling context that reflect
coupled, cooperative structural and functional interactions between the receptor’s orthosteric
site and its remote, allosteric ligand-binding site(s) [12—14]. Biological consequences of
GPCR allosteric ligand engagement may include changes in the affinity and/or efficacy of
the orthosteric ligand, temporal and spatial alterations in GPCR internalization dynamics
and desensitization, and shifts in the directionality and magnitude of the GPCR’s
information output and signaling characteristics (signal amplitude, frequency, intensity, and
duration) [10,13]. Aside from this classic paradigm, allosteric effects may also arise through
formation of GPCR heteromers/oligomers or complexes with accessory cell proteins [15].
Consequently, GPCR allosteric pharmacology is inherently complex and quite distinct from
that of a typical orthosteric ligand.

Since the approval of the first allosteric medicine (cinacalcet, Sensipar®) by the United
States Food and Drug Administration in 2004 [16], members of several prominent drug
classes have been identified as allosteric receptor modulators [17]. Allosteric ligands offer
attractive discovery features with potential therapeutic advantages over orthosteric GPCR
ligands [17-19]. GPCR allosteric ligand-binding sites are not as highly conserved as
orthosteric sites, inviting a higher degree of receptor-/target-level selectivity from allosteric
ligands. As compared to orthosteric GPCR modulators, allosteric ligands offer greater
potential and scope for therapeutically optimizing the signaling context of a target GPCR by
stabilizing a receptor conformation preferentially directed along a particular (i.e. salutary)
intracellular effector pathway and away from others (i.e. those eliciting adverse events) (so-
called ‘biased agonism’ or ‘functional selectivity’) [20,21]. GPCR signaling character and
consequent cell responses can also be biased or fine-tuned by an allosteric ligand whose
effects are specific to a particular orthosteric effector (‘probe dependence’) [13]. Functioning
cooperatively with endogenous orthosteric ligands to express activity, an allosteric
modulator would preferentially exert its pharmacological effect only in those tissues with
adequate orthosteric ligand tone. In this manner, an allosteric drug helps maintain the spatial
and temporal fidelity of the endogenous effector and acts only when and where required,
offering significant potential for tissue specificity with reduced adverse event risk [17-19].
The hallmark “ceiling effect’ of GPCR allosteric modulators reflects the saturable nature of
their function and may provide significant clinical advantage, serving as an intrinsic safety
feature that militates against the risks of a potentially harmful overpotentiation of efficacy
and disruption of physiological signaling networks with dose escalation [22]. These salient
properties of a GPCR allosteric ligand may lessen the need for additional pharmaceuticals,
reduce the required dose of the orthosteric agent to achieve a therapeutic effect, lower any
abuse risk associated with a central nervous system (CNS)-acting agent, increase the
therapeutic index and enhance the therapeutic range [17,19,23].

The phenotypes displayed by GPCR allosteric ligands are diverse and include ‘pure’
allosteric modulators with positive (potentiator) or negative (attenuator) cooperativity (PAMs
or NAMs, respectively) as well as neutral allosteric ligands (NALSs) that occupy a GPCR
allosteric site while having no intrinsic cooperativity (Figure 1). Allosteric phenotypes may
also encompass dual functionalities within a given ligand, e.g.: allosteric agonists coupled
with PAM or NAM activity (ago-PAMs or ago-NAMs, respectively) or allosteric
antagonists/inverse agonists coupled with PAM or NAM activity (IA-PAMs or IA-NAMs,
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respectively) [13,17,19]. Thus, allostery has great discovery potential to expand the GPCR-
modulator chemical space, variegate the pharmacological modulation of a given GPCR
target, offer a highly nuanced approach to therapeutic GPCR-dependent signal modulation
by inducing unique and specific receptor conformational and functional states, and increase
the number of druggable GPCRs. These perceived attractions have spurred recent medicinal
chemistry efforts aimed at generating allosteric modulators as tool compounds and
development candidates for drug targets including ligand-gated ion channels and, especially,
GPCRs [24-26].

2. Cannabinoid receptor 1 (CB1R): functional and physiological

characteristics

Perhaps best known as the GPCR engaged and activated by the phytocannabinoid A°-
tetrahydrocannbinol (A%-THC), the main psychoactive component of Cannabis sativa
(marijuana), the mammalian cannabinoid receptor 1 (CB1R) is a molecular constituent of
the endogenous cannabinoid (‘endocannabinoid’) signaling system [27]. CB1R displays the
general structural features of other integral-membrane, ‘rhodopsin-like,” class-A GPCRs: an
extracellular region consisting of the amino terminus and three extracellular loops (ECLs 1-
3); a structural core of seven bundled transmembrane a-helices (TMHs 1-7); three
intracellular loops (ICLs 1-3); a plasma-membrane proximal cytoplasmic region comprised
of an amphipathic helix (H8) oriented parallel to the interior membrane face; and a carboxyl
terminus longer than in most other class-A GPCRs (Figure 2) [28,29]. The extracellular
region of CB1R modulates ligand access from the extracellular compartment; its TMH
region engages orthosteric ligands and transduces information to the intracellular
compartment through conformational change; and its intracellular, membrane-proximal
region interfaces with cytoplasmic signaling proteins as a link to downstream information
pathways. CB1R shares with most class-A GPCRs an activation mechanism involving
disruption of a highly conserved salt bridge (“ionic lock’) between an arginine residue of the
TMH3 (D/E)RY motif and a negatively charged TMH6 aspartic or glutamic acid residue
[30]. Human CB1R (hCB1R) activation involves disruption of the salt bridge between
arginine residue R214(3.50) and aspartic acid residue D338(6.30), leading to a
conformational change at rotameric tyrosyl Y397 (7.53) that also supports hCB1R ligand-
independent (“constitutive’) activity [31].

At the cellular level, the biological actions of CB1R depend upon its activation by
endocannabinoid agonists, amide (e.g. anandamide) or ester (e.g. 2-arachidonoylglycerol)
conjugates of arachidonic acid whose biosynthetic and inactivation pathways involve
prominent representatives of the serine hydrolase enzyme class [27]. The lipophilic nature of
cannabinergic ligands suggests that they access the orthosteric binding site in the CB1R
TMH bundle through the lipid bilayer rather than directly from the aqueous extracellular
milieu [38]. Canonical CB1R-dependent information transmission occurs through coupling
with heteromeric G proteins of the Gj,, family to elicit multiple potential signaling events
including inhibition of adenylyl cyclase and select voltage-dependent calcium channels and
activation of inwardly rectifying potassium channels and mitogen-dependent protein kinases
[39]. Under some conditions, CB1R can also interact with Gg or G and non-G-protein
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signaling partners such as GPCR-associated sorting protein 1 (GASP1) and auxiliary
proteins including p-arrestins, factor associated with neutral sphingomyelinase (FAN), and
adaptor protein-3 (AP-3) to control receptor information output, intracellular trafficking, and
internalization/desensitization [40].

As the most abundant metabotropic GPCR in mammalian brain, CB1R is expressed
presynaptically in many brain regions where it inhibits, in retrograde fashion,
neurotransmitter release from postsynaptic neurons [41]. Compared to the levels of
cannabinoid receptor 2 (CB2R) in the periphery, CB1R expression outside the CNS is more
limited, being most prominent in tissues involved with substrate storage/mobilization and
energy homeostasis, such as liver, adipose tissue, and skeletal muscle [27]. Within and
outside the CNS, CB1R has been implicated in a wide range of biological processes. Diverse
physiological actions ascribed to CB1R-medicated cannabinergic signaling contribute to
prenatal and postnatal neurodevelopment; cardiovascular, renal, reproductive, and hepatic
functions; metabolic control and energy balance; feeding behavior; nociception; memory;
learning; salience; and emotional status [27,39,42—46]. Disease states associated with
abnormal CB1R transmission include substance-use disorders, mood-related psychiatric
disturbances (e.g. depression), motor disorders (e.g. multiple sclerosis and Huntington’s
disease), diabetes, overweight/obesity, and cancer [47,48]. Polymorphisms of the hCB1R
gene, CNR1, are implicated in most of these maladies and others, including irritable bowel
syndrome, osteoporosis, inflammatory tissue injury, and coronary heart disease [49]. The
chronic, complex nature of most of these disturbances as serious unsolved medical problems
and global public health threats has firmly established CB1R as a prime GPCR discovery
focus. Escalating interest in exploiting the health potential of medical marijuana has also
increased attention on therapeutic CB1R modulation [50]. Albeit of variable quality and
degree of association with adverse events, positive efficacy data with CB1R orthosteric
agonists or antagonists/inverse agonists in laboratory disease models [27,39] and
randomized cannabinoid clinical trials [51] offer additional validation of CB1R as a tractable
therapeutic target.

3. CB1R as a prime discovery target for allosteric modulator drugs

Drug discovery efforts involving CB1R as therapeutic target have focused extensively on
naturally occurring and synthetic small-molecule orthosteric ligands. However, a paucity of
such agents has received regulatory approval over the past 26 years since CB1R was first
cloned [52]. With reference to phytocannabinoids as medicines, the CB1R partial agonist
AS-THC (Marinol® [dronabinol]) is approved for treating anorexic weight loss in acquired
immune deficiency syndrome (AIDS) patients, and Sativex® (nabiximols), the combination
of A%-THC and cannabidiol (CBD) — the latter a low-affinity CB1R ligand whose complex 7
vivo pharmacology includes indirect effects on CB1R signaling [53]-is approved for
relieving multiple sclerosis spasticity and cancer pain [54]. A purified CBD preparation
(Epidiolex®) was granted orphan drug designation for treating Dravet syndrome, a rare
pediatric onset epilepsy [55]. Although some synthetic CB1R orthosteric ligands have
proven quite useful as pharmacological tool compounds in the laboratory [27,56], only two
have received regulatory approval. Cesamet® (nabilone) is a synthetic cannabinoid and
potent CB1R and CB2R agonist approved to treat chemotherapy-induced nausea and emesis
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refractory to conventional antiemetics [57]. Rimonabant (Acomplia® [SR141716]), a CB1R
antagonist/inverse agonist approved in 2006 the European Union as an adjunctive weight
loss agent, was withdrawn by the manufacturer in 2009 due to its unacceptable risk:benefit
ratio [58].

The very limited therapeutic actualization of both plant-derived and synthetic CB1R
orthosteric ligands may be ascribed largely to their association with on-target, CNS-related
liabilities that make definition of an effective therapeutic window challenging, complicate
clinical development, and restrict — if not obviate — their medicinal utility. As with the
phytocannabinoid A%-THC, conventional synthetic CB1R agonists carry abuse potential and
the risk of psychological and mood-altering side effects (e.g. psychosis, panic, depression,
and anxiety), particularly in predisposed individuals [39,54]. These liabilities are currently
underscored by the proliferation of synthetic “street drugs’ designed to mimic cannabis,
especially since they often act as orthosteric full CB1R agonists with greater potency than
the partial agonist AS-THC [59]. In contrast to natural cannabis extracts, such synthetic
CBI1R agonist preparations do not contain other active phytochemicals such as CBD that can
reduce the risk of psychosis and psychosis-like effects [60]. Adverse CNS effects of the
CB1R antagonist/inverse agonist rimonabant in the clinic included anxiety, depression, and
suicidal ideation [58] and may reflect, at least in part, its inverse agonist property, which can
alter physiological CB1R constitutive signaling [8,61]. Peripherally disposed CB1R ligands
having limited CNS penetration and so-called ‘silent’ or ‘neutral” CB1R antagonists with no
(or low) inverse agonist activity have been pursued as, respectively, pharmacodynamic and
mechanistic attempts to circumvent the problems associated with therapeutic targeting of the
CBI1R orthosteric site [62,63]. Demonstrations of the preclinical therapeutic efficacy of
CBI1R neutral antagonists and peripheral antagonists/inverse agonists notwithstanding, none
has yet reached advanced human trials, let alone the pharmacopoeia.

Consensus evidence demonstrates that most GPCRs are subject to allosteric regulation by
chemically diverse natural and synthetic agents acting directly on the receptors with
structure—activity relationships quite distinct from orthosteric ligands [11,13,17,64,65].
Initial evidence of a CB1R allosteric ligand-binding site was published in 2005 [64].
Accordingly, a tractable option for therapeutically modulating CB1R activity rests with
ligands that target this GPCR’s allosteric site(s), given the potential benefits that this
modality may bring for fine-tuning CB1R-dependent responses with greater control,
precision, and selectivity than typical CB1R orthosteric agonists or antagonists (vide supra).
The most intensively studied CB1R allosteric ligands are the synthetic indole Org27569 and
the synthetic urea PSNCBAM-1 (Figure 3). These two prototypic CB1R allosteric ligands
were initially characterized as having a paradoxical, contradictory pharmacological profile
as PAMs of orthosteric agonist affinity, but NAMs of agonist efficacy [64,66]. Subsequent
profiling of Org27659 demonstrated its ability to decrease orthosteric anatagonist/inverse
agonist SR141716A binding, induce robust CB1R internalization, enhance agonist-induced
B-arrestin-mediated extracellular-regulated MAP kinase 1/2 (ERK1/2) signaling in a G-
protein-independent manner, act as a NAM of agonist-induced GTPyS binding and f3-
arrestin recruitment, and inhibit agonist-induced G-protein-mediated inhibition or
stimulation of cAMP production [32,67]. These collective data indicate that Org27569 is a
biased allosteric agonist in that it enhances agonist-induced ERK phosphorylation yet
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inhibits other agonist-induced signaling events [32]. Although both Org27569 and
PSNCBAM-1 modulate signaling of the CB1R agonists CP55,940 and WIN55,212, they
show probe dependence in that they are significantly more potent with CP55,940 than
WIN55,212 [32]. Org27569 and PSNCBAM-1 also display (weak) inverse agonist activity
in vitro, suggesting that these compounds may not act as “pure’ allosteric ligands under
some conditions [32,68].

Direct analogs of these first-generation CB1R allosteric ligands have been synthesized,
many of which apparently share the CB1R allosteric phenotype of the respective parent
compound, albeit as characterized by less extensive experimental data than for the more
well-studied Org27569 and PSNCBAM-1 [64,69-71]. For instance, LDK1256 and
LDK1258 (Figure 3) are Org27569 analogs that share with the parent compound the ability
to act as a PAM of orthosteric agonist (CP55,940) binding and a NAM of agonist-induced
CB1R-G protein coupling while also capable of inducing p-arrestin-mediated ERK1/2
phosphorylation [69,72]. The dopamine transport inhibitor RT1-371 (Figure 3) has been
identified as a synthetic CB1R PAM, and the peroxisome proliferator activated receptor-
alpha (PPAR-a) agonist fenofibrate (Figure 3), as a synthetic CB1R NAM [73,74].

Natural substances identified as potential CB1R allosteric ligands include the nonclassical
anti-inflammatory eicosanoid lipoxin A4 acting as a CB1R PAM of orthosteric ligand
binding and adenylyl cyclase activity [75]; the steroid pregnenolone acting as a NAM on
CB1R-mediated ERK1/2 phosphorylation without affecting cCAMP-mediated signaling or
orthosteric agonist binding affinity [76]; and CBD acting as a noncompetitive CB1R NAM
[77] (Figure 4). Lipoxin A4 and pregnenolone allostery at CB1R, however, remains
somewhat controversial [78]. Intriguingly, a family of hemopressin-related peptide
endocannabinoids (‘pepcans’) present in rodent brain and plasma and human plasma act as
CB1R NAMs on noradrenergic neurons in particular [79,80]. Identification of endogenous
agents as putative CB1R allosteric ligands suggests the importance of allostery to
physiological CB1R function.

When examined in operational models of receptor allostery, binding parameters
characterizing some of the above-referenced ligands as CB1R NAMs and PAMs are
consistent with the allosteric ternary-complex model for 7TMRs and the proposition that
CBI1R has coupled, topographically and structurally distinct allosteric and orthosteric
binding sites that engage modulatory ligands [64,78]. Reminiscent of allosteric modulators
of other GPCRs [13,18-20,22], binding of at least some allosteric ligands to CB1R is
considered to produce conformational ensembles and functional receptor states along the
activity coordinate that are unique and unattainable by orthosteric ligands alone [65,81]. /n
sificomodeling and experimental studies have begun to delineate and characterize putative
discrete receptor sites involved in CB1R engagement of, especially, Org27569/PSNCBAM-1
and relate allosteric ligand engagement to subsequent CB1R functional modulation and
intracellular trafficking (Section 4, vide infra).

As implied by the foregoing, most investigations of CB1R allostery have focused on
defining CB1R NAM and PAM binding and signaling character in cellular (overexpression)
systems using synthetic cannabinergic agonists such as WIN55,212-2 and, especially,
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CP55,940 as orthosteric ligands. Although definitive identification of a test compound as an
allosteric GPCR modulator requires characterization of the compound’s effect on orthosteric
ligand-binding kinetics by active receptor [13,19,24], the (patho)physiological significance
of such biochemical data to biological systems is inherently limited, since allosteric
pharmacology deduced from studies with synthetic agonists may be highly contextual (e.g.
be probe dependent and/or test system specific) and of limited relevance to endogenous
cannabinoid agonists. This view is supported by results from a recent electrophysiological
study using cultured murine hippocampal neurons as a cell system with native CB1R
signaling to characterize the molecular pharmacology of Org27569, PSNCBAM-1, and
Pepcan-12 (RVDPVNFKLLSH) [82]. In this cell system, Org27569, PSNCBAM-1, and
Pepcan-12 (RVDPVNFKLLSH) influenced 2-AG-mediated depolarization in a manner
consistent with their predicted allosteric modulation as previously defined in cell-based
studies using synthetic orthosteric ligands or the phytocannabinoid A%-THC
[32,64,66,67,79]. In contrast, lipoxin A4 acted unexpectedly as a CB1R NAM against 2-AG-
stimulated CB1R signaling and not as a PAM, as would have been predicted from a prior
study [75]. Neither the purported PAM lipoxin A4 [75] nor the purported NAM
pregnenolone [76] had any effect on 2-AG-mediated signaling in the neuronal cells. These
data highlight the difficulty in reconciling data among test systems using synthetic
orthosteric CB1R ligands versus endocannabinoids.

Emerging /n vivo preclinical data from experimental disease models in laboratory animals
indicate that CB1R allosteric modulation may have therapeutic utility. Lipoxin A4 reduced
cognitive deficits in a murine model of B-amyloid-induced learning and memory
impairment, suggesting that allosteric CB1R modulation may be a promising strategy for
ameliorating the degenerative processes of Alzheimer’s and other neuroinflammatory
diseases [75]. The significance of this finding to therapeutic CB1R allosteric modulation is
made provisional by concerns that lipoxin A4 may not act as a true CB1R allosteric
modulator [78]. In acute rat feeding models, PSNCBAM-1 and Org27569 reduced food
intake and weight gain, indicating that CB1R allosteric modulation could represent a
therapeutic modality for weight control and management of the cardiometabolic risks
associated with overweight/obesity [66,83], although Org27659’s hypophagic effect may be
CB1R independent [84]. Org27569 attenuated the cue-induced and drug-induced
reinstatement of cocaine-seeking and methamphetamine-seeking behavior, inviting the
possibility that CB1R allosteric modulators could represent effective pharmacotherapy for
substance-use disorders [85]. The allosteric antagonist effect of PSNCBAM-1 on neuronal
excitability suggests that CB1R allosteric modulation has therapeutic potential in diseases
such as cerebellar ataxia [68]. In mice, pregnenolone inhibited several adverse behavioral
and neurological effects of A%-THC intoxication and blunted the concordant potentiation of
dopamine and glutamate release [76]. Arguably, the strongest experimental evidence in
support of CB1R allostery as a therapeutic modality comes from recent /n vivo
demonstration in the conditioned place preference paradigm that a synthetic, brain-penetrant
CB1R PAM, ZCZ011 (Figure 3), elicited CB1R-mediated antinociceptive effects in a mouse
model of neuropathic pain without inducing the adverse psychoactivity or detrimental
motivational effects (e.g. aversion) commonly associated with orthosteric cannabinoid
agonists [86]. Caution should be exercised in ascribing any of these /in vivo pharmacological
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effects solely, or even primarily, to on-target allosteric actions of the test ligands at CB1R,
since the biological behaviors and molecular phenotypes of GPCR/CB1R allosteric ligands
routinely delineated in cell overexpression systems employing synthetic orthosteric ligands
may not be preserved in complex animal models /in vivo.

4. Localization and architecture of CB1R allosteric ligand-binding sites and

structure—function correlates

Optimal design of GPCR-targeted ligands as potential therapeutics depends upon detailed
characterization of the molecular basis of ligand recognition, the receptor’s ligand-binding
domains, and the conformational consequences of ligand engagement that generate specific
signaling responses, all within the structural and energy dynamics of the resulting
conformational ensemble. In these regards, orthosteric GPCR ligand-binding pockets
continue to be studied most intensively with state-of-the-art structural biology techniques,
given the role of natural ligands as templates for medicinal chemistry and the preponderance
of GPCR-targeted orthosteric ligands among successful drugs [4,5]. For example, protein X-
ray crystallography has provided atomic level structural information on druggable GPCRs in
apo and liganded forms of value to drug discovery, notwithstanding inherent limitations (e.g.
its static nature) and biases introduced by, for instance, protein engineering to facilitate
crystallization [87,88]. A newer structural method, single-particle cryo-electron microscopy
(cryo-EM), is also being used to map orthosteric drug-GPCR conformational states at near-
atomic resolution [89].

In a more limited fashion as compared to GPCR orthosteric sites, computational and
experimental approaches have been used to gain insight into the structural basis of GPCR
allostery and characterize and quantify allosteric behavior. Recent reviews may be consulted
for detailed exposition of these topics beyond this article’s scope [11,13,19,90-96]. Since
most such investigations have focused on GPCRs other than CB1R [97], select examples
among the most well-studied GPCRs are given to exemplify some of the approaches adopted
to delineate GPCR allosteric structure—function correlates. Crystallographic structures with
bound allosteric modulators of the class-A 6-opioid [98] and p-opioid [99] and muscarinic
acetylcholine (mAch) M1, M2, and M4 receptors [100,101]; the class-B glucagon-like
peptide-1 (GLP-1) receptor [102]; and the class-C metabotropic glutamate (mGlu) receptors
1[103] and 5 [104] have provided valuable insights into ligand binding-site topologies and
docking poises involved in GPCR allosteric control. /n silico and modeling approaches such
as docking and molecular dynamics (MD) simulation have been utilized for probing ligand
fit and calculating time-dependent GPCR conformational changes in the millisecond to
femtosecond range following allosteric ligand engagement, in some cases adjunctive to
crystallographic analyses [14,28,99,105-108]. Experimental techniques such as nuclear
magnetic resonance spectroscopy (NMR) [109,110], site-directed mutagenesis coupled with
quantitative pharmacological analyses [111-114] or long-timescale MD simulations [115]
have also been applied to gain structural insight into GPCR allostery. Such approaches have
also helped define structure—activity relationships among GPCR-targeted allosteric scaffolds
[116,117].
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Resulting data on the structural biology of GPCR allosteric ligand binding from the above-
cited and other studies [118] have highlighted some generally shared characteristics of
GPCR allosteric binding pockets, such as their usual, but not inevitable, location within the
7TMH helical bundle and not at the receptor surface. Specific amino acids serve as critical
recognition and interaction points between particular allosteric ligands and target GPCRs
critical to stabilizing receptor conformations in which the allosteric effector is cooperatively
and functionally active within the given cellular context. Yet GPCR structural transitions
consequent to allosteric ligand engagement that support allosteric communication and
information transmission along discrete signaling circuits appear diverse and highly
dynamic, ranging from local unfolding to rigid body motions, reflecting fundamental
thermodynamic and structural properties of any given GPCR.

Given that characterization of allosteric binding sites is critical to rational, structure-based
design of GPCR-targeted drugs, considerable attention is being paid to uncovering the
properties of CB1R allosteric ligand-binding pockets and delineating the conformational
sequelae of allosteric ligand engagement that determine CB1R signaling output.

4.1. CB1R 0Org27569 and PSNCBAM-1 binding regions

Efforts to elucidate the binding sites and structural consequences of allosteric ligand
engagement by CB1R have involved mainly Org27569 and, to a lesser extent, PSNCBAM-1.
The emphasis on Org27569 has been promulgated by its intriguing, contradictory
pharmacological properties as a PAM of orthosteric agonist affinity, but a NAM of agonist
efficacy [64,66].

The observation that mutating hCB1R tryptophan W5.43 abrogated Org27569’s ability to
inhibit CP55,940 signaling implicated this residue in the Org27569 binding site [32]. W5.43
mutation also adversely affected binding of the orthosteric aminoalkylindole agonist
WIN55,212 [119], suggesting the possibility that overlap between the binding pockets for
WIN55,212 and Org27569 facilitates their allosteric cooperativity. A subsequent study
identified a putative Org27569 allosteric binding site comprised of regions from CB1R’s
TMH3, TMH6, and TMH7 [33]. Partial overlap between this binding pocket and that of
rimonabant (SR141716A) presumably accounts for the ability of Org27569 to displace
SR141716A; yet the Org27569 binding pocket features the more elaborated extracellular
extension. Specific amino acid residues were identified as candidate Org27569-CB1R
interaction points. In the absence of SR141716A orthosteric ligand, Org27569 interacts with
CB1R phenylalanine residue F3.25 (189) to form a hydrogen bond between Org27569’s
piperidine nitrogen and TMH3 lysine K3.28(192). Mutation and pharmacological data
indicate that the Org27569-K3.28(192) hydrogen bond may be critical to CP55,940’s
antagonist and inverse agonist actions. Extensive /7 sifico modeling and MD simulation data
for Org27569 docked into this putative CB1R binding pocket further suggest that Org27569
antagonizes the efficacy of CP55,940 by sterically hindering conformational adjustments
important to CB1R activation in three complementary ways: blocking movements of the
second extracellular loop (ECL2) by forming an aromatic interaction between Org27569’s
indole ring and ECL2 phenylalanine Phe268; prohibiting a key electrostatic interaction
between ECL3 lysine residue Lys373 and TMH2 aspartic acid residue D2.63(176); and
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hindering TMH6 movements important to CB1R activation and interaction with G proteins
(Figure 2). The latter feature is congruent with the hypothesis [34] that Org27569 promotes
establishment of a CB1R conformation intermediate between inactive and inactive states
favoring receptors that preferentially bind orthosteric agonist, but are incapable of signaling
through G-protein-mediated pathways.

Other studies have identified amino acids critical to CB1R allosteric ligand engagement and
bioactivity through the use of pharmacologically active small molecules as covalent probes.
Typical probe generation entails chemically modifying a noncovalent GPCR allosteric
ligand with a warhead capable of reacting with defined amino acid residue(s) within (or very
near) the target receptor’s ligand-binding domain. In this way, the probe serves as a chemical
reporter of the target protein’s ligand-binding motif. This approach has met with
conspicuous success for mapping orthosteric binding sites in (patho)physiologically
important GPCR drug targets [120-123], including hCB1R [124]. In perhaps the most well-
developed experimental paradigm along this line, designer orthosteric covalent probes have
been integrated with mutational studies and peptide-level liquid chromatography-tandem
mass spectrometry (LC/MS-MS) analysis of the covalently modified GPCR into a
multidisciplinary, proteomics-based experimental paradigm termed ‘ligand-assisted protein
structure’” (LAPS) to define interaction sites between CB1R or CB2R and orthosteric ligands
[125,126].

The first report to apply a probe for interrogating CB1R allosteric sites utilized an Org27569
derivative, Org27569alk3 (Figure 5), that features a reactive alkyne warhead capable of
forming covalent adducts with amino acid nucleophiles containing either sulfhydryl (e.g.
cysteine) or hydroxyl (e.g. serine, threonine, and tyrosine) groups [35]. Although
0rg27569alk3 was not characterized as to its CB1R binding affinity or (on-target) biological
activity, the compound appeared sufficiently nontoxic to be tolerated by human embryonic
kidney (HEK293) cells expressing recombinant green fluorescent protein (GFP)-labeled
CBI1R. Peptide-level LC-MS/MS analysis of CB1R-GFP from cells incubated with
0Org27569alk3 indicated that the probe covalently reacted with Ser2.45 and/or Ser3.42 in
TMH2 and TMH3, respectively. Computational data along with mutational effects on
0rg27569 binding and activity analyzed with a fluorescent rimonabant (SR141716A)
derivative indicated that the Org27569 binding pocket includes key Cys1.55, His2.41, and
Phe4.46 residues of TMHSs 1, 2, and 4, respectively (Figure 2). Intriguingly, homology
analysis of CB1R with other class-A GPCRs suggested that the Org27569 binding site
corresponds to a regulatory cholesterol consensus motif controlling CB1R’s regional
disposition in the neuronal plasma membrane and ligand affinity: augmenting intracellular
cholesterol shuttled CB1R to the axon while increasing orthosteric antagonist/inverse
agonist binding, whereas reducing intracellular cholesterol enriched CB1R in neuron cell
body (soma) membranes while decreasing Org27569 binding. /n silico MD simulations and
analyses of binding-mode stability analyses with rat brain membranes rich in CB1R
suggested that Org27569 engagement elicits a displacement of TMH3, whose Leu3.29 and
Ala3.34 residues are essential to Org27569’s allosteric effect on CP55,940 binding affinity,
and a rearrangement of intracellular loop 1 (ICL1)-H8 that abrogates CB1R-G-protein
coupling (Figure 2). This latter conformational response offers an alternative mechanistic
rationalization to that proposed by Fay and Farrens [34,127] regarding the seemingly
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paradoxical effects of Org27569’s as both a CB1R-positive allosteric modulator and an
antagonist of CB1R-G-protein coupling [32,64,67].

The first-reported library of small-molecule covalent probes purpose-designed to bind
irreversibly to discrete amino acids within (or very near) the hCB1R allosteric site(s) for the
prototypic CB1R NAMs, Org27569 and PSNCBAM-1, has recently been reported [36,128].
Probe design strategy involved substituting strategic positions on Org27569 and
PSNCBAM-1 with either a photoactivatable azide (-N3) or benzophenone [-(CgH5)2CO] or
an electrophilic isothiocyanate (-NCS) warhead. Among the resulting novel compounds, the
0rg27569 isothiocyanate analog, GAT100 (Figure 5), was identified as a PAM of CP55,940
binding to rat-brain CB1R and recombinant hCB1R and an exceptionally potent NAM
across cell-based assays of CP55,940-, 2-AG-, and anandamide-dependent B-arrestin
recruitment, GTP-y-3°S binding, and cAMP formation. Results from competitive kinetic and
saturation-labeling experiments indicated that GAT100 irreversibly labeled hCB1R by virtue
of its reactive isothiocyanate moiety. Extensive computational modeling and MD simulation
studies identified TMH7 cysteine C7.38(382) as the hCB1R residue most likely to react with
GAT100 (Figure 2) [36]. Identification of C7.38(382) as a key feature of GAT100’s binding
motif is supported by the observation that, under the physiological incubation/reaction
conditions (aqueous milieu, pH 7.4) used in the study, their thiol moiety renders protein
cysteine residues the most reactive amino acid nucleophile toward isothiocyanate
electrophiles [129-131]. From a therapeutic standpoint, the finding that GAT100 lacked the
inverse agonism associated with Org27569 and PSNCBAM-1 is quite compelling [36,128],
since the inverse agonist property of orthosteric CB1R antagonists/inverse agonists has been
associated with undesirable on-target somatic and psychobehavioral adverse events that have
severely undercut the clinical potential of this class of CB1R modulators [8,63]. Additional
analogs of Org27569 bearing reactive photophore functionalities and that share the parent
compound’s activity as CB1R NAMs of CP55,940-induced G-protein coupling may find
utility as CB1R allosteric covalent probes, once validated and profiled for their biological
activity [132].

Other, more mechanistic studies have focused on the conformational consequences of CB1R
allosteric ligand engagement as related to the modulator’s functional pharmacology. By
using wild-type CB1R and CB1R threonine mutants T210A and T210I that are, respectively,
constitutively inactive and constituently active, Ahn et al. provided evidence suggesting that
0rg27569 promotes a conformational change in CB1R that generates a high-affinity agonist
binding state biased toward downstream ERK phosphorylation [67]. In an attempt to link
allosteric CB1R modulation to structural features of the {CP55,940-CB1 R-Org27569}
conformational ensemble, Fay and Farrens constructed and purified two CB1R variants, a
‘minimal-cysteine” mutant containing only the two cysteines required for CB1R function
(Cys257 and Cys264) and another that introduced into that minimal-cysteine CB1R variant a
cysteine residue at TMHG site 6.34 [34]. The latter mutant enabled labeling of the
cytoplasmic face of CB1R Cys6.34 with a site-directed fluorophore, a modification that did
not alter the receptor’s functional affinity and efficacy for orthosteric (ant)agonists.
Molecular modeling and fluorescence spectroscopy revealed that Org27569 is not a
competitive inhibitor for the CB1R orthosteric site, but rather acts directly on CB1R by
engaging a ‘nontraditional’ (allosteric) site to form a ternary complex with CP55,940 agonist
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and exert positive cooperativity, i.e. stimulate CP55,940 binding. Structurally, Org27569
blocked a key conformational change at the cytoplasmic end of TMH6 associated with
agonist (but not antagonist) binding to CB1R (and to several other class-A GPCRS) so as to
inhibit formation of a fully active CB1R structure. The authors suggest a structure—function
correlate whereby Org27569 traps CB1R in a discrete conformational state that stimulates
orthosteric agonist (i.e. CP55,940) binding to the receptor independent of the degree to
which the receptor is coupled to G-protein for intracellular signaling, thus providing a
structure-based rationale for Org27569’s paradoxical ability to enhance CP55,940 affinity
and decrease its efficacy [32,64,66,67]. Suggestion was also made that this particular
{CP55,940-CB1R-0rg27569} ensemble constitutes a stabilized intermediate along a
conformation and activity continuum from orthosteric agonist engagement to maximally
active receptor [34].

A site-directed fluorescence study involving the minimal-cysteine (and other) CB1R mutants
linked movements of CB1R TMHG6 to G-protein activation for establishing a unique,
inactive-like CB1R state stabilized by Org27569 and distinct from the orthosteric antagonist-
bound, inactive state [127]. Org27569 allostery was further proposed to involve transitioning
among CB1R activation states made possible by TMH5, TMH6, TMH7, and H8
rearrangements reflecting altered, water-mediated interhelical interactions. Conformational
equilibrium in a TMH6-TMH7/H8 microdomain was suggested to be a decisive determinant
of CB1R biased signaling between G-protein-independent (e.g. p-arrestin-mediated) and G-
protein-dependent (e.g. adenylyl cyclase/cAMP-mediated) networks.

Predicated upon prior demonstration that most of CB1R’s extensive N-terminus is not
necessary for orthosteric ligand binding, whereas mutations within the conserved N-terminal
region proximal to the intracellular aspect of the plasma membrane impair that binding
[133], the potential involvement of CB1R’s extensive N-terminal domain as contributor to
the activity of CB1R allosteric ligands Org27569 and PSNCBAM-1 was investigated [134].
The findings indicate that a CB1R orthosteric binding pocket couples with the receptor’s N-
terminal membrane-proximal region by virtue of the latter’s redox-sensitive, solvent-
accessible, intramolecular disulfide bridge between Cys98 and Cys107 within the receptor’s
extracellular N-terminus (Figure 2). Interplay among the binding domains of the orthosteric
agonist CP55,940, the allosteric ligands Org27569 and PSNCBAM-1, and these two CB1R
N-terminal cysteine residues was hypothesized to modulate allosterically the receptor’s
affinity for (ant)agonists and regulate CB1R allosteric coupling by controlling ligand access
to (an) allosteric binding pocket(s) at/near the receptor’s N-terminus.

4.2. CB1R CBD and pepcan-12 binding regions

As compared to Org27569 and PSNCBAM-1, information on CBD and pepcan binding sites
in CB1R is at present very limited. In cell overexpression systems, an analysis of CB1R
mutational variants [77] indicated that the negative, noncompetitive allosteric activity of
CBD in the presence of either 2-AG or A%-THC is independent of the receptor’s first 89 N-
terminal amino acids as well as the cysteine residues (Cys98 and Cys107) within the
receptor’s extracellular N-terminus, the latter suggested [134] to play a role in Org27569’s
and PSNCBAM-1’s allosterism by virtue of disulfide formation. In contrast, CBD’s
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allosteric activity at CB1R appeared to depend, at least in part, on the mere presence of polar
amino acid residues (e.g. cysteine or serine) at N-terminal positions 98 and 107, independent
of their ability to form a disulfide bridge [77].

Data from competitive displacement experiments with a fluorescent Pepcan-12 derivative as
reporter demonstrated that N-terminal derivatization of Pepcan-12 abolished its binding to
CBI1R, whereas C-terminal derivatization had much less effect, inviting the postulate that
allosteric pepcan binding occurs within the receptor’s N-terminal extracellular region and
does not involve the CB1R TMH bundle [79].

5. Conclusion

Allostery invites new medicinal chemistry approaches and pharmacotherapeutic avenues for
GPCR-targeted drugs with the promise of enhanced selectivity, increased signaling diversity,
improved safety margins, and wider clinical application as compared to conventional
orthosteric GPCR ligands. Therapeutic modulation of GPCR allosteric sites has particular
importance to CB1R, a predominant CNS GPCR whose translational impact has been
compromised by adverse effects associated with conventional orthosteric CB1R agonists and
antagonists/inverse agonists. Accumulating data shed light on the relationship between the
cell signaling effects of an increasing diversity of CB1R allosteric ligands and the receptor’s
conformational and functional allosteric repertoires. While this information has helped
inform the molecular pharmacology of CB1R allostery, further understanding of the
structure—function correlates of CB1R allosteric modulation in living systems and how they
relate to disease processes is required near-term to help extend CB1R’s potential as a
druggable target. To this intent, purpose-designed covalent probes are emerging as important
tools for interrogating CB1R allosteric binding sites and defining therapeutically relevant
CBI1R allosteric structural motifs.

6. Expert opinion

The dominance of GPCRs as the principal class of biomolecules targeted in drug discovery
shows no sign of abating [135,136]. Most GPCR-based discovery pharmacology and drugs
resulting therefrom have involved ligands whose medicinal effects reflect their activity at the
orthosteric ligand-binding site of a therapeutically relevant GPCR [4,5]. Nonetheless,
GPCR-related discovery initiatives are increasingly embracing the concept of allostery for
designing and developing new chemical entities as proprietary drugs with the principal aim
of leveraging the enhanced safety, selectivity, and pharmacological versatility that GPCR
allosteric modulators may bring over orthosteric ligands [11,137,138]. The authors opine
that discovery interest in GPCR allosteric ligands will increase, particularly in those
instances where conventional orthosteric modulation of a GPCR disease target elicits
preclinical liabilities that work against the target’s therapeutic exploitation and/or where
clinically efficacious orthosteric modulators have elicited adverse events restricting or
curtailing their medicinal use. Although CB1R has been implicated in a variety of disease
processes as one of the most prominent CNS GPCRs [47-51], typical CB1R orthosteric
ligands carry both these limitations [8,39,54,58,59,61]. Consequently, despite intensive
medicinal chemistry efforts over the past two decades focused on CB1R orthosteric
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modulators and the public and private sector funds invested in the associated research, few
new CB1R-modulator drugs have emerged [52,54,56]. Allosteric modulation may thus be
considered a front-line molecular pharmacology approach for expanding the druggable
CBI1R landscape and generating new opportunities to modulate CB1R for health benefit with
‘smarter’ molecules. This proposition is particularly germane to the discovery and
development of clinically useful CB1R PAMs, since most therapeutic applications of CB1R
modulator cannabinergic agents involve this receptor’s pharmacological activation, which is
associated with myriad unwanted psychobehavioral effects [39,54].

Given the association between direct CB1R activation by orthosteric agonists and on-target
adverse events, the intrinsic agonist activity of ago-PAMs might appear a priori to obviate
their candidacy as CB1R modulator drugs. Many factors, however, can alter the balance
between the direct-agonist and PAM activities of an ago-PAM, including expression level of
the target GPCR, distinctive signaling characteristics (bias, kinetics) between an orthosteric
agonist alone and the ago-PAM, and differences among ‘active-state’ conformations
stabilized by an orthosteric agonist versus an ago-PAM [26,139,140]. These and other
factors are believed to contribute to contrasting observations that convulsions and seizures
elicited in rodents by a metabotropic glutamate receptor subtype 5 (mGlus) ago-PAM (and
by a ‘pure’ mGlug PAM [141]) reflect pathological mGlus overstimulation by the ago-PAM
[142]. In contrast, other agents characterized as ‘strong” mGlus ago-PAMSs in vitro
evidenced similar preclinical therapeutic effects as antipsychotics /7 vivoto structurally
related ‘pure’ PAMs, but induced no adverse events [140]. These considerations may also
help account for the finding that an ago-PAM of the a7 nicotinic acetylcholine receptor (a7
nAchR) acts /n vivo more effectively than ‘pure’ PAMSs to reduce pain [26,143]. Thus, given
the many contextual factors that could potentially influence the pharmacological profile of a
CB1R ago-PAM, the molecular pharmacology of a CB1R ago-PAM as determined in
recombinant cell lines or primary cells /n vitro need not always predict its salutary and
adverse activities /n vivo, for at the systems level the relative proportion of direct-agonist
versus PAM activity may vary.

Maturation of the field of CB1R allosteric modulators requires additional information on
several fronts. At the (sub) molecular level, deeper exploration of the CB1R allosteric ligand
chemical space, delineation of the precise location and structure of CB1R allosteric binding
domains, and definition of preferred binding motifs for chemically and functionally distinct
allosteric ligands are needed. For these purposes, pharmacologically well-characterized
covalent probes should be of immense help in defining CB1R allosteric site location and
topology and identifying specific amino acid residues involved in the recognition,
engagement, and activity of CB1R allosteric ligands, particularly with respect to their
structure— function correlates across distinct allosteric phenotypes (e.g. NAMs vs. PAMs)
and/or pharmacological characteristics (probe dependence, binding-site selectivity, and
signaling bias) and how these properties relate to CB1R’s conformational repertoire.
Validated CB1R covalent allosteric probes could also be used to derive and refine
mechanistic receptor homology models and help formulate novel (virtual) screening
paradigms for new CB1R-targeted dugs that capture CB1R conformations in therapeutically
attractive activation states. As exemplified by the LAPS paradigm for orthosteric CB2R
(ant)agonists [125,126], purpose-designed covalent allosteric ligands with defined
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pharmacological and signaling activities are finding ready utility as probes for direct
experimental interrogation of CB1R allosteric binding pockets and could be used as
chemical reporters in peptide-level LC-MS/MS analysis of the covalent adducts formed. The
resulting structural information is anticipated to help specify design criteria for drug-like
CBI1R allosteric modulators and identify privileged motifs for new drug templates and/or
chemotype scaffolds toward hit and lead development in a rational discovery program to
deliver allosteric modulators as CB1R-targeted drugs. To complement these conventional
discovery approaches, the allosteric probes could themselves be used as leads for structure-
guided drug design and as tools for identifying ‘orphan’ CB1R allosteric sites yet to be
annotated. Covalent allosteric CB1R probes could prove therapeutically useful, especially if
they combine the unique pharmacological merits of allosteric modulators (cooperative
functionality, higher specificity, less adverse-event risk) at the potentially lower dosages
afforded by a covalent drug, thereby helping ameliorate a perceived drawback of covalent
drugs, off-target toxicity [144-146]. Pending further data regarding the utility of covalent
GPCR modification with targeted allosteric ligands for eliciting salutary receptor responses,
therapeutic application of CB1R covalent ligands remains theoretical.

An atomic level structure of CB1R in native form has remained elusive. Orthosteric ligands
have aided the crystallization of several ‘druggable’ GPCRs for X-ray structural analysis
[97]. However, the static nature of the resulting crystals obviates direct insight into the
myriad functional distinctions among allosteric ligands that engage the same or similar
CBI1R site(s), but display distinct allosteric characters (e.g. with or without probe
dependence). Although single-particle cryo-EM has been successfully used to identify
conformational changes induced by the binding of a small-molecule allosteric inhibitor to a
93-kDa enzyme drug target [89], the molecular mass of hCB1R (~52.8 kDa) [37] is below
the current limit of this technique. Despite the technical hurdles, the authors forecast that
allosteric ligands will be used to facilitate CB1R crystallization and, as the technology
develops, cryo-EM analysis of GPCR/CB1R conformations biased for a particular salutary
allosteric phenotype.

Fundamental identification of a GPCR/CB1R ligand as an allosteric modulator is routinely
made at the molecular level jn vitro by establishing its cooperative effect on orthosteric
ligand binding affinity and/or efficacy in a biochemical or cellular preparation enriched for
the GPCR target of interest [82,147]. This principle notwithstanding, the influence of
contextual factors on the phenotype and pharmacological effects of CB1R allosteric
modulators and their cooperative nature (vide suprd) demands multiparametric
characterization of any such putative ligand in living systems, especially in those cases
where the resulting data are being used to inform drug discovery. It is suggested that any
CBI1R ligand identified as an allosteric agent by the fundamental biochemical criterion of
cooperative orthosteric ligand affinity/efficacy modulation be profiled across G-protein-
dependent and G-protein-independent signaling pathways with both synthetic and
endogenous CB1R orthosteric ligands in cell lines overexpressing recombinant hCB1R as
well as in primary cells/tissue explants expressing native receptor. Use of such multiple /n
vitro cell-based models expressing both recombinant and native (h)CB1R helps build a
reinforcing data set, allows unambiguous delineation of any influence of test system on
probe or signaling pathway dependence and signaling bias, and could afford insight as to
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whether biased CB1R allosteric modulation and/or endogenous allosteric endocannabinoid
tone affects the pharmacological profile/therapeutic potential of the test agent. For example,
pathway-biased CB1R PAMSs may offer a means to circumvent the undesired psychoactive
effects associated with conventional CB1R agonists, especially in those diseases (e.g.
substance use disorders, obesity, and nonalcoholic fatty liver) whose etiology has a
component of CB1R (hyper)activation by endocannabinoids. This type of information could
invite a more personalized approach for CB1R-targeted therapies, given that allosteric
modulators must work in cooperation with endogenous orthosteric agonists to exert their
pharmacological effects. To augment traditional ligand-binding and functional assays in
GPCR pharmacology, agnostic, phenotypic cell-based assays involving label-free electrical
impedance-based or optical-based biosensors to investigate the effects of CB1R allosteric
modulators on cell shape, and structure [148], chemical proteomics approaches such as
activity based protein profiling to interrogate the potential interaction of a CB1R allosteric
ligand with other members of the cellular proteome [149], or surface plasmon resonance for
direct measurement of CB1R-ligand interaction by [150] could offer a means to obtain a
more comprehensive picture of CB1R allosteric agents in disease-relevant systems.

More information is also required regarding the salutary effects of exogenous allosteric
CB1R modulators in laboratory disease models. As a potential therapeutic, any CB1R ligand
characterized biochemically as an allosteric modulator would need to be tested for its
preclinical therapeutic efficacy and mode of action in cell-based and laboratory animal
models for its ability to redress associated disease markers/pathology in ways that would be
attractive for further development as a candidate drug. This line of experimental inquiry
should shed light on the relationship among a CB1R allosteric ligand, its therapeutic
signaling, and the disease symptoms ameliorated. Furthermore, /n vivo mechanistic
information on CB1R allosteric modulators could open the door to developing drugs that
selectively fine-tune CB1R receptors in different cellular subpopulations/tissue types [151]
with distinct temporal (time-dependent) and spatial modulation of the effects of CB1R
orthosteric ligands [152].

Future research will demonstrate whether exploitation of GPCR allostery could extend the
accessible chemical space for drug-like CB1R ligands and thus revivify CB1R as a drug
target with agents having greater selectivity, efficacy, and safety than conventional
orthosteric CB1R (ant)agonists. It is hoped that this discourse stimulates further design and
profiling of GPCR/CBL1R allosteric modulators with an eye toward their eventual clinical
application so as to broaden the impact of protein allostery on contemporary medicine.
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Avrticle highlights

. An allosteric ligand binds to a G-protein coupled receptor (GPCR) site
structurally and topographically distinct from the classical orthosteric site that
engages endogenous ligands. Cooperative conformational and functional
coupling between allosteric and orthoseteric binding pockets enables an
allosteric ligand to modulate the affinity/efficacy of an orthosteric ligand and
the magnitude/direction of the GPCR’s signaling output.

. Allosteric GPCR modulators display several unique properties that, if
translatable into the clinic, could lead to improved, safer drugs.

. The cannabinoid receptor 1 (CB1R) is a metabotropic class-A GPCR involved
in diverse physiological activities and implicated in the pathology of several
disease states with major unmet medical needs.

. Despite the (pre)clinical therapeutic benefits associated with some novel
orthosteric CB1R ligands, these agents have met with little translational
success due to their on-target adverse events that might be circumvented with
CBI1R allosteric modulators.

. Improved understanding of CB1R allosteric binding pocket(s) and the
requirements for allosteric-ligand recognition, engagement, and activity is
critical to inform the rational design of CB1R allosteric modulators as
pharmacotherapeutics.

. Covalent ligands pharmacologically active as allosteric modulators have
recently been applied as designer probes to interrogate directly and
experimentally the structure-function correlates of CB1R allosteric ligand-
binding site(s).

. Information on the interaction profiles and molecular pharmacology of CB1R
allosteric ligands will continue to inform GPCR allostery as a therapeutic
modality and guide the design, targeting, and application of new-generation
CBI1R ligands as potential drugs.

This box summarizes key points contained in the article.
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Figure 1.
Schematic representation of common phenotypes of GPCR allosteric modulators acting

cooperatively with an orthosteric agonist. Diagramed are the potential effects of a positive
allosteric modulator (PAM), negative allosteric modulator (NAM), and neutral allosteric
ligand (NAL) on the signaling output of an orthosteric agonist. The comparison illustrates
that a PAM can potentiate the signaling output of the orthosteric agonist by engaging the
GPCR at a site distinct from the orthosteric site and enhancing the potency, affinity, and/or
efficacy of the orthosteric agonist at the receptor, whereas a NAM has the opposite effect. In
contrast, a NAL occupies the GPCR allosteric ligand-binding site without effect on the
information transmission. Not shown are allosteric agonists with intrinsic activity in addition
to their allosteric effects, endowing them, for example, with the capability of directly
activating the receptor (e.g., ago-PAMS).
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Figure 2.
Schematic representation of the human cannabinoid 1 receptor (hCB1R) structure. The

serpentine plot identifies the hCB1R transmembrane helices (TMHSs), intracellular loops
(ICLs), extracellular loops (ECLSs), and the membrane-juxtaposed loop (H8). The amino acid
identities and sequence were determined experimentally by proteomic analysis of tryptic
(grey circles) or chymotryptic (white circles) hCB1R digests. The 27 amino acid residues
not identified with high confidence are designated by ©. Symbols (+, *, #) highlight specific
CB1R amino acid residues implicated as constituents of the receptor’s allosteric binding
sites for and/or be involved in the allosteric action of Org27569 (+) [32-34], Org27569alk3
(*) [35], or GAT100 (#) [36]. The figure has been adapted with permission from [37]
Copyright 2010, the American Chemical Society.
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Figure 3.
Chemical structures of synthetic CB1R allosteric modulators discussed in the text.

Org27569, PSNCBAM-1, RTI-371, fenofibrate, LDK1256, LDK1258, ZCZ011
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Figure 4.
Chemical structures of small-molecule natural substances identified as CB1R allosteric

modulators discussed in the text.
Lipoxin A4, pregnenolone, cannabidiol (CBD)
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Figure 5.

Chemical probes for CB1 R allosteric sites discussed in the text.
Org27569alk3, GAT100
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