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Abstract: The cannabinoid receptor type 1 (CB1R), a G protein-coupled receptor (GPCR), plays an
essential role in the control of many physiological processes such as hunger, memory loss,
gastrointestinal activity, catalepsy, fear, depression, and chronic pain. Therefore, it is an attractive
target for drug discovery to manage pain, neurodegenerative disorders, obesity, and substance abuse.
However, the psychoactive adverse effects, generated by CB1R activation in the brain, limit the use of
the orthosteric CB1R ligands as drugs. The discovery of CB1R allosteric modulators during the last
decade provided new tools to target the CB1R. Moreover, application of the site-directed mutagenesis
in combination with advanced physical methods, especially X-ray crystallography and computational
modeling, has opened new horizons for understanding the complexity of the structure, function,
and activity of cannabinoid receptors. In this paper, we present the latest advances in research on the
CBIR, its allosteric modulation and allosteric ligands, and their translational potential. We focused
on structural essentials of the cannabinoid 1 receptor- ligand (drug) interactions, as well as modes of
CBIR signaling regulation.

Keywords: cannabinoid receptor type 1; CBIR; CB 1 receptor; GPCR; allosteric modulation; functional
selectivity; biased signaling; drug development

1. Introduction

G protein-coupled receptors (GPCRs) are integral membrane glycoproteins representing the largest
family of cell-surface receptors, characterized by a presence of the seven-u-helical- transmembrane
spanning (7TM) structural motif. More than 1200 GPCRs mediate responses to peptides, proteins,
hormones, neurotransmitters, metabolites, ions, photons, fatty acids, pathogens, and also physical
stimuli such as a sense of vision, olfaction, and taste in the human body [1-5]. Moreover, they play an
essential role in cell activation, differentiation, proliferation, and directed migration, including immune
and inflammatory response processes [6]. These receptors can mediate transduction of extracellular
signals to control various physiological functions via G protein dependent or G protein-independent
heterotrimeric pathways. Incorrect GPCR signaling, which may have grounds in genetic variability,
acquired or inherited receptor mutations, changes in the ligand binding specificity and impaired
regulation of receptor function lead to disorders in most tissues and organs of the human body [7,8].
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Cannabinoid receptor type 1 (CBIR) is the most abundant GPCR, of the class A receptor,
expressed mainly in neurons in the central nervous system [9-11]. It is one of the two best-known
receptors of the cannabinoids and is an integral part of the endocannabinoid (ECS) system. The entire
endocannabinoid system is comprised of (1) the endogenous cannabinoids (endo-cannabinoids),
anandamide (N-arachidonoylethanolamide, AEA) and 2-arachidonoylglycerol (2-AG), which are
physiological ligands for cannabinoid receptors; (2) the cannabinoid receptors (CB1R and CB2R);
and (3) the enzymes responsible for synthesis and degradation of the endocannabinoids (fatty acid
amide hydrolase, FAAH, or monoacylglycerol lipase, MGL). ECS plays an essential role in the proper
functioning of the central and autonomic nervous system. It controls the modeling of neural connections
and synaptic signaling. ECS is also involved in the regulation of emotional states, motor movement,
hormonal, immune, and digestive systems [12,13]. CB1R mediates processes such as hunger, memory
loss, digestive tract activity, catalepsy, fear, depression, and chronic pain [14-16]. Since the CBIR is
involved in many physiological and pathophysiological processes, it is an attractive target for drug
discovery to manage pain, neurodegenerative disorders, obesity, and substance abuse.

Over the last decade, the number of reports on the structure and function of the CBIR,
its allosteric ligands, and their translational potential has increased enormously. Application of
the site-directed mutagenesis together with advanced physical methods (NMR, EPR, MS, FRET,
and X-ray crystallography) and computational modeling opened new horizons for understanding
the complexity of the structure, function, and activity of cannabinoid receptors [17-21]. This review
organizes the current research on CBI1R allosteric modulation. We aimed to emphasize the important
role of the extracellular loop ECL2 as one of the critical elements of the puzzle consisting of the
cannabinoid receptor 1-ligand (drug) interactions, as well as modes of CB1R signaling regulation.

2. Allosteric Modulation of GPCRs

Allosteric regulation has long been recognized as a general and widespread mechanism for the
control of proteins functioning as enzymes or receptors. The use of new methods and modern physical
technologies in the field of receptor studies has helped to better understand this phenomenon in
pharmacology and has created new directions for the development of new drugs [22]. According to
Kenakin [23], GPCRs (Seven-Transmembrane Receptors—7TMRs) are Nature’s prototypical allosteric
proteins and they are designed to bind multiple ligands and change their conformation accordingly to
bind multiple intracellular bodies (e.g., signaling proteins) to transmit signals from the extracellular to
the intracellular space.

Small molecules or proteins acting as allosteric modulators can bind to regulatory sites distinct
from the active site on the protein, leading to conformational changes that may affect the function and/or
activity of the protein. The International Union of Basic and Clinical Pharmacology (IUPHAR) defines
an allosteric site as a “binding site on a receptor macromolecule that is nonoverlapping and spatially distinct
from but conformationally linked to, the orthosteric binding site” [24]. The binding sites of endogenous
ligands at GPCRs have been referred to as orthosteric, whereas binding sites that modulate orthosteric
ligand activity have been called allosteric. Some basic definitions and concepts concerning receptors
and ligands are presented in Figure 1.
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Figure 1. Basic definitions and concepts concerning a receptor and its ligand in pharmacology. A ligand
that binds and activates the receptor is called an agonist. Full agonism means a maximum receptor
activation, resulting in maximum system response. Partial agonist produces submaximal receptor
activation, leading to the production of submaximal system response and possible blockade of full
agonist activation. A ligand that binds to a receptor, but does not activate it, or inactivate it, is called
an antagonist. Antagonists produce their effects by preventing agonists from binding to the receptor.
Antagonists produce no physiological response but rather block the response to endogenous or
exogenous agonists. Inverse agonism can be seen when a receptor has high basal activity in the absence
of agonist (constitutive activity). Ligand that binds to a receptor and inactivates it, resulting in decreased
signaling, is called an inverse agonist. Inverse agonist functions as an antagonist in non-constitutively
active systems, but has the added property of actively reducing receptor-mediated constitutive activity
of GPCR systems (response not resulting from agonist activation but originated from the system itself).
We can also distinguish allosteric agonist, which activates the receptor via interaction at a different
site than the endogenous agonist; an allosteric modulator antagonist, which blocks the function of the
receptor or interferes with the ligand-receptor interaction; and an allosteric enhancer that enhances the
action of agonists [5,25]. Three parameters describe allosteric modulators more quantitatively: Affinity
is a parameter describing how strongly a ligand binds to its target; Efficacy describes the degree of
effect or response achieved by a specific ligand upon binding to its target; Potency is a parameter
describing the activity of a drug by defining how much ligand (concentration) is needed to produce a
half-maximal effect.

Allosteric modulators bind to the receptor, leading to its distinct conformational change [25].
Such change may enhance or inhibit the activity of the receptor in the absence of an orthosteric
ligand, now termed allo-agonism or allo-antagonism. The binding of the allosteric ligands may also
modulate the binding affinity of orthosteric ligands, the signaling efficiency of orthosteric ligands, or
may perturb signaling even in the absence of orthosteric ligands [26]. Positive allosteric modulators
(PAMSs) enhance receptor signaling. There are several scenarios of (PAMs) action: the receptor may
have increased affinity to the orthosteric ligand or the orthosteric ligand may dissociate less efficiently.
Also, the increased potency or increased efficacy of the orthosteric ligand and some combination of the
above may contribute to enhanced signaling.

In contrast, negative allosteric modulators (NAMs) weaken the impact of orthosteric ligands, while
neutral allosteric ligands (NALs) are compounds that bind to allosteric sites but have no functional
effect on the receptor [27,28]. Schematic images of potential effect of different allosteric modulators in
cooperation with orthosteric ligand on GPCR function are presented in Figure 2. Allosteric modulators
have three main features that make them potentially more effective than the orthosteric ligands: a high
specificity, target selectivity and saturability [29-33]. The most important is the enhanced specificity due to
a higher level of the sequence variability in allosteric binding sites compared to conservative orthosteric
domains, enabling a specific action on a given receptor subtype. The second important feature is the
selectivity of the target action. The endogenous orthosteric ligands affect the signal pathways of the
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receptor in all areas where it occurs, while allosteric modulation allows for control of the receptor
response only in those tissues that contain endogenous orthosteric ligand. The tissue-specific action
of allosteric ligands seems to be very important for potential therapy, especially in the light of the
“synthesis on-demand” nature of the production of endogenous ligands in the body [10]. One of the
key properties is insurmountability, i.e., the ability of allosteric ligands to cause a decrease in the
potency and/or efficacy of the endogenous agonist, even when the endogenous ligand is present at
high concentrations.
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Figure 2. Schematic presentation of the effect of different GPCR allosteric modulators on the orthosteric
ligand function. Orthosteric agonist (OA) binds to GPCR leading to a conformation change that
activates a signal cascade. In the presence of (OA) upon binding of (PAM) to the allosteric site of GPCR,
a change in receptor conformation leads to enhanced receptor signaling through increased potency,
affinity and/or efficacy of the orthosteric agonist. (NAM) works opposite to PAM, i.e., it reduces the
affinity and/or efficacy of the orthosteric agonist at the receptor and leads to a decrease in receptor
signaling. In the case of (NAL), no change in signaling is observed.

Other advantages of the allosteric modulators are the saturability or ceiling effect (no further
modulation is observed beyond a certain concentration of the allosteric ligand, protecting from
overdosing) as well as probe dependence (the same allosteric ligand may have different effects on
different orthosteric ligands) [34]. Allosteric modulators regulate the potency and efficacy of the
orthosteric ligands action in a non-competitive manner [35].

A comprehensive review of allosterism concerning receptor families, including a description of
methods for detection and validation of allosteric interactions, as well as recommendations for the
nomenclature of allosteric ligands, was published by IUPHAR in 2014 [36].

3. CB1R and Its Ligands

Cannabinoid receptor type 1 (CB1R) is the most common neural receptor of the G protein-coupled
receptors family [37,38]. CB1R is a product of the CNR1 gene encoding a 53 kDa protein composed of 472
amino acids [39,40]. CB1R protein consists of seven transmembrane o-helices (TMH1-7), amphipathic
helix 8, three extracellular loops (ECL1-3), and three intracellular loops (ICL1-3). The ligands
interacting with CB1R can be classified according to their origin (endocannabinoids, phytocannabinoids,
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or synthetic cannabimimetics), chemical structure (e.g., indole, urea, or tropane derivatives) and
psychoactive (psychotropic and non-psychotropic) effect [41]. Hence, CBIR can be activated by an
endocannabinoid agonist such as anandamide (AEA) and 2-arachidonoylglycerol (2-AG), synthetic
cannabimimetics (e.g., CP 55,940 and HU-210), or exogenous agonists like A-9-tetrahydrocannabinol
(THC), a phytocannabinoid responsible for a psychoactive action of marihuana; synthetic inverse
agonist/antagonists (e.g., SR-141716A and AM251), and neutral antagonist (e.g., AM6545) [11,15]. All of
these aforementioned ligands are orthosteric ligands. Selected synthetic cannabinoids are listed in
Table 1. CB1R orthosteric inverse agonists bind to the receptor at the same site as the orthosteric agonist
but induce an opposite response to the agonist. In contrast, the neutral CB1R antagonist binds to the
receptor at the orthosteric site but only antagonizes the endogenously released endocannabinoids [42].

Table 1. Selected synthetic cannabinoids.

Compound IUPAC Nomenclature
CP 55,940 [2-((1R,2R,5R)-5-Hydroxy-2-(3-hydroxypropyl) cyclohexyl)-5-(2-methyloctan-2-yl)phenol]

[(6aR,10aR)-9-(Hydroxymethyl)-6,6-dimethyl-3-(2-methyloctan-2-yl)-6a,7,10,10a-
tetrahydro-6H-benzo [c]chromen-1-ol]

[(R)-(5-Methyl-3-(morpholinomethyl)-2,3-dihydro-[1,4]oxazino
[2,3,4-hi]indol-6-yl)(naphthalen-1-yl)methanone]

JWH-018 [Naphthalen-1-yl-(1-pentylindol-3-yl)methanone]

[5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-N-(1-piperidinyl)-1H-pyrazole-
3-carboxamide]

HU-210

WIN 55212-2

SR-141716A (rimonabant)

[1-(2,4-Dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-(1-piperidinyl)-1H-pyrazole-

AM251 3-carboxamide]

For along time, the orthosteric ligands of the CB1R were considered to be potential pharmaceuticals
in the treatment of disorders such as drug addiction, obesity, and pain. However, as a result
of cannabinoid receptor activation, some of those ligands caused side effects, especially adverse
psychoactive effects (including depression and suicidal thoughts), which excluded them from clinical
use [43]. The cannabis-based medications include Dronabinol®, Cesamet®, and Sativex® [10].
Dronabinol® and Cesamet® are the only orthosteric modulators used in the treatment of
chemotherapy-induced nausea and in AIDS patients. Because of accompanying unwanted effects,
these drugs are approved by the FDA only for restricted use. Sativex® is approved in some European
countries for the treatment of spasticity from multiple sclerosis. Other examples of the limited
therapeutic potential of CB1R synthetic orthosteric modulators are rimonabant and taranabant.
Previously recommended as drugs for obesity, these compounds caused adverse effects, including
depression and anxiety [14].

4. CB1R Activation and Signaling

Typical activation of the CB1R is based on coupling to Gi/o protein heterotrimers (i.e., o« and
By subunits), which starts a series of downstream signaling cascades that reduce intracellular cAMP
concentration in most tissues and cells by inhibiting adenylyl cyclase and protein kinase A (PKA)
activity [16,44,45]. Subsequently, the down-regulated PKA suppresses PKA-mediated signaling events.
The dissociated 3y subunits stimulate the pathways of phosphatidylinositide 3-kinase (PI3K) and
protein kinase B (PKB), which induce the phosphorylation of mitogen-activated protein kinases
(MAPKSs). Under certain circumstances, the CB1R can switch the G protein coupling from Gi/o to Gs or
Gq. Several mitogen-activated protein kinases (MAPKSs), including ERK1/2, p38, and JNK, are activated
by the CB1R. The phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) pathway is activated by
CB1R as well [13,44,45].

CBIR can also transduce signaling by non-G proteins pathways including the p-arrestins,
the adaptor protein AP-3, GPCR-associated sorting proteins (GASP), the factor associated with neutral
sphingomyelinase (FAN), and the cannabinoid receptor-interacting protein 1a (CRIP1a). These partners
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regulate downstream effectors including MAPKs, multiple receptor tyrosine kinases and extracellular
signal-regulated kinases (ERK). Signal transmission by neurotransmitters can also be regulated
by modulation of calcium and potassium channels. The CBIR can suppress calcium influx via
voltage-gated calcium channels (VGCC), activate A-type VGCC, and G protein-coupled inwardly
rectifying potassium channels (GIRK) [13,44].

5. CB1R Biased Signaling

The concept of biased agonism of GPCR was introduced by Kenakin in 1995 [46]. Historically,
it was believed that GPCR signaling was mainly transmitted through the coupling of multiple G «
proteins. This view was revised after 3-arrestin was detected and confirmed to be able to independently
mediate diverse GPCR signaling. The molecular mechanism of (3-arrestin-biased agonism was reviewed
in detail by Reiter et al. [47]. Upon activation by an agonist, the 7TMR (GPCR) can selectively activate
either the G protein or (3-arrestin pathway, which is called “biased signaling”, “ligand bias”, “biased
agonism” or “functional selectivity”. The term “biased agonism” means that GPCRs may be biased
toward, either G protein-dependent pathway or f3-arrestin-dependent pathway, and ligands that
selectively activate either G protein or (3-arrestin-dependent pathways are referred to as “biased
ligands”. However, most of the endogenous ligands of GPCRs are capable of activating both of these
pathways. Simplified scheme of classical and biased signaling is presented in Figure 3.

Unbiased agonist G-protein B-arrestin
Classical activation biased agonist biased agonlst

=, = s
Extracellular Extracellular Extracellular
Cell membrane Cell membrane Cell membrane
Intracellular Intracellular Intracellular
\
\ ] I _—
» X
\ 1
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|

Q Unbiased agonist can activate both G protein and GRK/ B-arrestin-dependent signaling pathways
g G protein biased agonist activates G protein — dependent signaling pathway

Q [-arrestin biased agonist activates GRK/ B-arrestin-dependent signaling pathway

Figure 3. Simplified scheme representing classical and biased GPCR signaling. In classical (unbiased)
GPCR activation, a G protein-dependent as well as (3-arrestin-dependent pathways can be activated.
In case of binding of biased agonist, the signaling can be biased either toward G protein-dependent
signaling pathway or (3-arrestin-dependent signaling pathway:.

Biased agonism also can be described as a phenomenon whereby a ligand can be an agonist
for one pathway downstream of the receptor and at the same time is either a neutral antagonist
or an inverse agonist for another downstream signaling pathway(s) [48]. An example is the CBIR
allosteric modulator Org27569, which is a positive allosteric modulator of CP 55,940 (orthosteric agonist)
affinity but a negative allosteric modulator of CP 55,940 efficacy for mediating CB1R-dependent cAMP
inhibition [49].

According to Reiter et al. [47], there are several important consequences of this phenomenon
such as pluridimensional nature of pharmacological efficacy, and the possibility of creating multiple
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ligand-specific conformations by activated 7TMRs. On the other hand, biased ligands are capable of
stabilizing only a subset of the receptor conformations triggered by a balanced ligand, which enables
selective activation of intracellular signaling pathways [47].

G protein or 3-arrestin ligands have been identified for a large number of 7TMRs (including CB1R)
and, therefore, may be considered general classes of pharmacological compounds [47]. Since “biased
ligands” can selectively activate either G protein-biased or (3-arrestin-biased signaling, they can
activate beneficial effects and block unwanted effects induced by GPCR activation, which constitutes a
substantial therapeutic potential [15].

Interestingly, there is also a possibility of CBIR signaling through both G proteins and 3-arrestin
pathways. Noguera-Ortiz and Yugowski [50] postulated that the activation of CB1R can change over
time and occurs in three different waves. The first wave is transient and involves heterotrimeric G
proteins (Go, 3, v). The second wave is mediated by (3-arrestins. Finally, the third wave takes place in
the intracellular compartments and can occur either by G proteins or 3-arrestins.

6. Other Novel Modes of CB1R Activation

There are four other novel modes of GPCR activation: oligomerization (homodimers of receptor or
heterodimers with other receptors), intracellular activation (activation inside the cell); transactivation,
and biphasic activation [27,51,52]. CB1Rs can form both homomeric and heteromeric complexes with
other GPCRs, which can be considered a form of allosteric modulation [29,53]. CB1Rs can dimerize
with adenosine A2A, dopamine D2, orexin, $-adrenergic, and p-, k- and §- opioid receptors [29].
Callen et al. [54] showed that CB1Rs and CB2Rs can form functional heteromers in the brain. These
CB1R-CB2R heteromers, expressed in a neuronal cell model, showed agonist co-activation of CB1Rs
and CB2Rs resulting in negative cross-talk in Akt phosphorylation and a bidirectional cross-antagonism
phenomenon. Sierra et al. [55] detected CB1R and delta-opioid receptor heteromers, in both a mouse
model and postmortem tissues of patients with the chemotherapy-induced peripheral neuropathy,
which could serve as a potential target for neuropathic pain treatment.

Although most GPCRs have ligand binding sites in the extracellular domain, the existence of
intracellular ligand binding sites has been suggested for chemokine receptors (CCRs). The recent
X-ray structures of CCR2, CCRY, and 3-2AR in complex with an orthosteric antagonist and inhibitor
have revealed a highly-conserved intracellular pocket for small molecules, suggesting its presence
in most CCRs and other members of class A GPCRs [56]. Intracellular activation of CB1R was
detected in lysosomes and mitochondria [52,57]. CB1R was localized in the outer membrane of
neuronal mitochondria and found to regulate neuronal energy metabolism [57]. Further studies in
mice demonstrated that upon activation by exogenous cannabinoids and in situ endocannabinoids,
mitochondrial cannabinoid receptor (“mtCB1”) induced an intra-mitochondrial signaling pathway
involving G proteins, soluble adenylyl cyclase (sAC), and PKA, leading to reduction of complex
I enzymatic activity and respiration in neuronal mitochondria [58]. Hebert-Chatelain et al. [58]
showed that the G protein-coupled mtCB1 receptors regulate memory processes via the modulation
of mitochondrial energy metabolism, which means that bioenergetic processes are primary acute
regulators of cognitive functions. These new CBIR modes of activation point to the complexity of
regulating those receptors that control so many physiological and pathophysiological processes, while
providing new tools for the development of new drugs.

7. A Glimpse into CB1R Structure: The Second Extracellular Loop (ECL2) as a Significant Region
of the CB1 Receptor

The GPCR extracellular (EC) region is one of the most active segments during receptor biogenesis.
The extracellular loops (ECL) can control ligand trafficking into TM (transmembrane) bundles, change
the shape of the binding pocket or bind directly to orthosteric or allosteric ligands, and play a critical
role in GPCRs functioning [59]. GPCR crystal structures and functional studies have shown that
ECL2 (connecting TMH4 and TMHS5) is notably important [60]. Significance of the ECL2 as a key
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receptor region has been shown for: Vj, vasopressin receptor [61], rhodopsin [62], M; acetylcholine
receptor [63], muscarinic receptor [64], adenosine Al receptor [65], 3-1 adrenergic or 3-2 adrenergic
receptor [64,66], and cannabinoid receptor 1 [67,68].

The second extracellular loop (ECL2) in the class A GPCRs is the largest and most divergent
of all three ECLs. It can differ (even within subfamilies) in length and sequence [64]. Based on two
large phylogenetic studies [69,70], GPCRs were divided into 19 subgroups (A1-A19) or five main
families including rhodopsin (x-, 3-, y-, 6-groups). CB1R was assigned to subgroup A13 next to
subgroup A17 with AAysR and BARs and these receptors altogether belonged to a larger cluster
different from subgroup A16 (rhodopsin) [69]. In the second study, CB1R was assigned to MECA
cluster (melanocortin, endothelial differentiation, cannabinoid, and adenosine binding) and revealed
that the closest receptors to cannabinoid receptors are the melanocortin receptors [70].

The second extracellular loop in CB1R, which covers an amino acid sequence of 21 residues
from tryptophan W255 to isoleucine 1271, stabilizes the receptor structure by linking transmembrane
domains TMH4 and TMHS5. It also plays a significant role in ligand binding and receptor activation.
ECL2 in CB1R is shorter than, belonging to the same class A, rhodopsin, and does not have a conserved
disulfide bridge between the cysteines in ECI2 and C3.25 in TMHS3 (of rhodopsin), that occurs in a
majority of class A GPCRs and is very important for the stability of receptor structure. This is due to
the lack of cysteine at the N-terminal end of TMH3 in CBIR [71]. However, in ECL2 of the CBIR, there
is an intra-loop disulfide bond between Cys257 and Cys264 that is critical for receptor stability [71,72].
It was shown that mutation of these two ECL2 Cys residues to alanine abolished the binding activity
of SR141716A most likely due to the breaking of the disulfide bond, significant conformational change,
and modification of the ligand binding pocket [71].

ECL2 is a major initiator of allosteric communication in the ligand-based community network
in CB1R. Previous studies have shown that the four residues (F268, P269, H270 and 1271) are crucial
for receptor biogenesis, allosteric communication, and mediating interactions with certain classes of
ligands, as well as two cysteines (Cys257 and Cys264), which are required for high-level expression
and receptor function [67,71,73]. It is well known that CBIR extracellular domains play an important
role in ligand binding, however, Ahn et al. [67] showed that the C-terminal region of the ECL2 loop
distinguishes agonist binding from inverse agonist/antagonist binding. Moreover, molecular modeling
of the receptor suggests that four crucial residues (268-271), mentioned earlier, of ECI2 can project into
ligand binding pocket and are especially important for accommodating both the bicyclic or tricyclic
core and the alkyl side chain of cannabinoids. Furthermore, the mutation (substitutions) of F268W and
1271A show greater affinity for ligand binding including some inverse agonists/antagonists, which
is consistent with the fact that both of these residues are located deep in the core and form part
of the ligand binding pocket [67,73]. In Figure 4, the snake diagram of human CB1R is presented;
the conserved residues are highlighted in red circles.

Among all of the component loops, ECL2 is the biggest and most structurally differentiated region
within the various GPCRs subfamilies, suggesting its functional importance [60]. The low level of
interspecies variability of this region may also indicate its functional significance. Comparison of the
human CNRI nucleotide gene sequence with phylogenetically distant species, Xenopus tropicalis and
Danio rerio, show a significant percentage of highly conserved sequences within ECL2, despite low
coverage of the whole gene sequence (Table 2).
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Figure 4. Snake diagram of the human CBIR. CBIR structure is typical for GPCR and contains
three extracellular loops (ECL1-3), three intracellular loops (ICL1-3), seven transmembrane domains
(TMH1-7), and a C-terminus. The amino acid sequence of the (TMH1-7), C-terminus and the (ECL2)
(zoomed) domains are shown. The amino acids involved in the receptor-ligand interactions are marked
in bold red font. Red circle labels indicate amino acids involved in interactions of the allosteric ligand
Org27569 with the (ECL2) region, specifically phenylalanine F268 and lysine K192 (TMH3) and also
with aspartic acid D176 (TMH2) and lysine K373 (TMH?). Phenylalanine F268 and proline P269 (ECL2)
are also essential for binding an allosteric ligand GAT100. (Generated by tools from gpcrdb.org).

Table 2. Comparison of the human CNRI nucleotide gene sequence and extracellular loop 2 (ECL2)
(Generated by Blast and M7 alignment explorer).

Human CNR1 Gene ECL2 Region
Homo Sapiens (NC_000006.12) vs

Coverage Identity = Identity

Pan troglgg;l’:;}s)?rlifzé-e006473.4) 9% 99% 99%
Sus scrofa (13;1%3_010443.5) 56% 85% 88%

Mus muI;Ic(:lllllsles r(rli?gfgooom.é) 29% 83% 92%
Rattus nor\i(;zfs}zli%_o%lw.él) 28% 83% 92%
Canis lupus fam]i?i(;%is(NC_O?)%Sl.l) 50% 84% 92%
XenopEzotf(i);ailc;}ias“&e\ldCf_rg’Dg0681.1) 4% 76% 78%
Zebrafish 3% 76% 729,

Danio rerio (NC_007131.7)
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A comparison of the ECL2 amino acid sequence in different species also showed a high percentage
of conserved sequences within this region (Figure 5, Table 2). The first two amino acids of the ECL2
domain (W255 and N256) might have a crucial effect on the CBI1R protein transport from the Golgi
apparatus, its location in a membrane and regular activity, whereas two cysteine molecules (C257 and
C264) create a disulfide bond within the ECL2 domain a and are essential for high-level expression and
interaction with ligands [71,72].

Human CB1 receptor
Chimpanzee CB1 receptor
Pig CB1 receptor

House mouse CB1 receptor
Norway rat CB1 receptor

Dog CB1 receptor
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Figure 5. Sequence alignment of the ECL2 region of CBIR in 8 different species (Generated by tools from
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gpcrdb.org). The ECL2 sequences presented cover 17 amino acids from tryptophan W255 to isoleucine
1271. The arrows point to the most important conserved residues: tryptophan W255; two cysteines
C257 and C264 forming disulfide bridge; phenylalanine F268 involved in ligand interaction.

The CB1R N-terminus involved in the biosynthesis and orientation of the receptor is relatively
long and has in its structure a highly conserved membrane-proximal region (MPR), which affects the
receptors’ ability to bind ligands through two cysteine residues (C98 and C107), forming a disulfide
bond within this domain. It was suggested that the ECL2 domain and the N-terminus MPR act
concomitantly, influencing the binding site of the orthosteric ligand. It was also hypothesized that it
may also be the region of action of the allosteric modulators [74].

There are some other structural properties unique to CB1R. Most of the class A GPCRs are
characterized by a presence of CWxP structural motif (including residue W6.48) located in their binding
pocket that works as a “toggle switch” for receptor activation upon agonist binding. However, the crucial
aromatic residue at 6.52 position located in TMHS6 is missing both in CB1R and CB2R. In mutation
studies, it was shown that the W258 (6.48) could pair with the F117 (3.36) residue to form a “toggle
switch” in the CBI1R, with consequent loss of aromatic stacking, leading to receptor activation [72].
Similarly to other GPCRs, CBIR features the highly conserved aspartic acid-arginine-tyrosine (“DRY”)
motif, which plays an essential role in regulating both GPCR conformation and activity. Double
mutations (D213 (3.49) and R214 (3.50)) in “DRY” motif caused CB1R to bias towards (-arrestin
signaling and away from G protein activation, like in other GPCRs, without significant loss in binding
affinity of cannabinoid agonists [75]. Gyombolai et al. [75] also showed that C3556.47 of the CWxP
motifis essential for the binding of CP 55,940 and other classical cannabinoids known to induce receptor
internalization through (3-arrestin-mediated pathways.

In 2016 the first CB1R X-ray crystallography structures were generated when two research groups
independently elucidated the first crystal structure of the CB1R. Hua et al. [18] determined a crystal
structure of human CBI1R in complex with the designed antagonist, AM6538, whereas Shao et al. [17]
generated crystal structure of CB1R by binding the anti-obesity drug taranabant (Table 1). Despite
some discrepancies and differences in resolution, both groups discovered a binding pocket that allows
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lipophilic cannabinoid molecules to interact with the receptor. Crystallographic studies confirmed
the role of the ECL2 region in the process of ligand binding, and in effect, activation of the CB1R
in cooperation with N-terminus and contribution of transmembrane domains [17-19]. Common
structural features between the GPCRs classes were also observed. Structural similarities define
common mechanisms of the ligand-binding, and sequence variability ensures the specificity of these
bonds. In structural studies using the cryo-EM method, CBIR bound to Gi protein (as CB1R-Gi
signaling complex) and synthetic highly potent agonist, MDMB-Fubinaca, was analyzed by Kumar et
al. [21]. It was found that Fubinaca pocket is buried in the TMH region and is capped by ECL2, which
folds into the pocket with F268, which have direct hydrophobic contact with the ligand. Analysis
of these results suggests that ECL2 may simplify a passage of ligand to the TMH core or ECL2 may
directly act as a surface of the ligand-binding pocket [21].

8. Allosteric Modulators of CB1R

According to structural features, the allosteric modulators of CB1R described so far, can be classified
as: indole derivatives (e.g., Org27569, Org29647, and Org27759), urea derivatives (e.g., PSNCBAM-1),
endogenous ligands (lipoxin A4 and pregnenolone), and other compounds like synthetic cannabinoids
(e.g., JHWOO07; a synthetic cannabidiol (CBD) or RTI-371, a tropane derivative) [43].

The first report concerning the identification of the allosteric site of CBIR was published in 2005 by
Price et al. [49]. Scientists from Organon International characterized three allosteric modulators of CB1R:
Org27569, Org29647, and Org27759, all the indole derivatives. In the beginning, the best characterized
indole, Org27569, was considered a positive allosteric modulator that enhances the binding of the
agonist. However, further studies showed that Org27569 acts as a negative allosteric modulator that
impairs agonist binding. These controversial results helped to develop advanced pharmacological
assays that showed a much more complex process of Org27569 action than was initially assumed:
the allosteric action of this ligand on CB1R is time- and cell signaling pathway-dependent [76].

So far, Org27569 remains the best characterized allosteric modulator of CB1R. Further studies,
focused on the functional relationship “structure-activity” (SAR) of the Org27569 modulator,
are warranted. Ahn et al. [67] showed that interaction of the allosteric ligand Org27569 with the
ECL2 region, specifically phenylalanine F268 (Figure 1), impairs the action of synthetic cannabinoids.
Then, Marcu et al. [77] demonstrated that interaction between the TMH3 and TMH6 domains in the
TMH3-4-5-6 microdomain of the murine CB1R was important in the stabilization of its inactive status.
Disruption of the TMH3-6 interaction causes, in effect, a specific “start” of the receptor and signal
transduction in effect. Org27569, as an inverse agonist, promotes intermediate conformation of CBIR,
proving its ability to enhance the binding equilibrium of the orthosteric ligand, CP 55,940 (synthetic
cannabinoid, similar in action to THC). Org27569 enhances the affinity of CP 55,940 and reduces its
efficacy at the same time [77]; it may also control the CP 55,940 activity by blocking the movement of
the ECL2 loop and arresting the TMH6 domain, which is important for receptor activation. Org27569
may also suppress an essential electrostatic interaction between residues of the aspartic acid D176 and
lysine K373, which intensifies the G protein—directed signal transmission. As a result of the blocking
interaction of Org27569, signal transduction is reduced [78].

In 2007, Horswill et al. reported PSNCBAM-1, a urea derivative chemical compound, as a potential
allosteric modulator of CB1R [79]. They found that this compound had a pharmacological profile
similar to that of Org27569. Both compounds increase the binding of CB1R agonists, and simultaneously
inhibit their functional response. The in vivo studies in rats have shown that PSNCBAM-1 reduces
food intake and body weight, suggesting the contribution of this allosteric ligand to CB1R activity
control. This was the first report concerning the pharmacologically active allosteric modulator of
CBI1R, which in the future, may be beneficial in development of the obesity pharmacotherapy. Recently,
PSNCBAM-1 and its analogs have been the subject of intensive research. SAR studies have shown that
specific substitutions in the compound’s structure may modify the activity and efficacy of modulators
of CB1Rs [80-82].
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The compounds of endogenous origin, displaying allosteric features toward the CB1R receptor
became a subject of interest, too. One of the endogenous molecules characterized by such activity
is lipoxin 4 (LXA4; an oxygenated derivative of arachidonic acid) [83]. Lipoxin 4 acts as an
anti-inflammatory agent (mediator) and is involved in the regulation of the immune system, but its
activity concerning the central nervous system is yet to be elucidated. It is considered that lipoxin
acts as a PAM of CB1R by strengthening the binding and activity of anandamide and [3H]-CP 55,940
(a synthetic cannabinoid). Therapeutic application of LXA4 as an allosteric enhancer of CB1R activity
in an in vivo model of the 3-amyloid-induced spatial memory disorder was confirmed. Other research
groups presented activity study results demonstrating that LXA4 is a negative allosteric modulator
(NAM) [43,84].

Other compounds that can be used as allosteric modulation include CBD, JHW007, and RTI-371.
It was shown, that in the presence of A9-THC and 2-AG, CBD acts as a non-competitive negative
allosteric modulator of CB1R. Establishing CBD as a negative allosteric modulator of CB1R may be
useful in an elaboration of the selective modulatory substances of the CBIR or in combination with
drugs [43,85]. Navarro et al. [86] showed that RTI-371 and selective inhibitors of DAT (dopamine active
transporter), which have similar pharmacological profiles in in vivo and in vitro studies, are positive
allosteric modulators of the human CBIR. It was also found that ligands RTI-370, RTI-371, and JHW007
have positive allosteric characteristics, especially in the presence of CP 55,940, the orthosteric CB1R
ligand [86,87]. One of the most promising CB1R allosteric modulators was recently developed GAT100,
a negative allosteric modulator that functions in the presence of the orthosteric agonist, CP 55,940, and
the endocannabinoids, 2-AG, and AEA, for f-AR1 recruitment. The results suggest that GAT100 is
stronger and more effective than Org27569 or PSNCBAM-1. The amino acids involved in binding of
GAT100 are F268, P269 (both in ECL2 domain) and of crucial importance in the ligand-binding motif
is the cysteine C382 [15]. An important role is also attributed to GAT211, in contrast to a PAM, that
binds to an allosteric site and increases the affinity of the endogenous ligand for the orthosteric binding
site [88]. What’s more interesting, the pharmacological profiling revealed that the GAT211 exhibited a
strong CB1R PAM activity, which was attributable to the 5-(-)-enantiomer (GAT229), and CB1R partial
agonist activity, which was attributable to the R-(+)-enantiomer (GAT228), which suggests broad
therapeutic potential [89].

9. Challenges and Perspectives for Translational Use of CB1R Allosteric Modulators

Cannabinoid receptor type 1 (CB1R) is considered as a key drug target for many diseases due to
its major role in the control of both physiological and pathological processes related to metabolism,
cognitive function, or pain sensation. Since the psychoactive side effects generated by activation
of CB1Rs on-target in the brain limit the use of orthosteric CBIR ligands as drugs, generation
of the first allosteric modulators of CB1R in 2005 has started a new era in the pharmacology of
cannabinoid receptors.

The phenomena of allosteric modulation, bias signaling, and oligomerization of GPCRs provide
powerful potential for the development of novel specific drugs to target CB1R. Allosteric modulators do
not have intrinsic efficacy, but instead enhance or decrease the receptor’s response to orthosteric ligands,
therefore, they allow for the modulation of cannabinoid receptor signaling without the desensitization,
tolerance, and dependence [31,43]. Allosteric ligands have numerous advantages over orthosteric
ligands such as higher receptor type selectivity, probe dependence, and no alteration of functional
activity of endogenous cannabinoids. Bias signaling or functional selectivity allows for activation
of selective signaling pathways and downstream responses by allosteric modulators, resulting in
generation of unique and therapeutically beneficial patterns of signal transduction pathways [90,91].
Traditionally, biased signaling and allosteric modulation of GPCRs by ligands were considered to be
separate phenomena, but both are due to ligand-specific conformational changes in the GPCR that
involve a change in the “shape” of the receptor [27]. Analysis of the vast amount of data based on
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numerous structure-function and pharmacological studies has led to the conclusion that GPCRs work
as allosteric microprocessors rather than as binary “switches” [92].

Oligomerization has great potential and is a challenge since this feature affects the affinity and
specificity of ligand binding, the pattern of signaling, and internalization [27]. Ligand bias can be
conditioned by receptor oligomerization in specific cells or tissues as CB1R-dependent Gog signaling
was shown to occur through CB1R-D2R (dopamine receptor type 2) dimerization [93].

The promising perspective is the development of drugs designed to accurately modulate the ECS.
The ligands that have opposing functional profiles (CB2R antagonist and CBIR agonist) support the
thesis of the yin-yang functional relationship of these two receptors and the possibility of elimination
of neuropsychiatric side effects [20,94].

Allosteric modulation is a very complex process and became even more complicated with the
introduction of bivalent and multifunctional ligands that can serve as advanced pharmacological
tools to characterize homo- and hetero-dimerization of GPCRs and physiological interactions between
receptor systems [95]. Multifunctional (or multi-target directed) ligands (MTDLs) targeting cannabinoid
and other receptors, ion channels, or enzymes with multiple pharmacological activities might display
therapeutic advantages in the treatment of multifactorial disorders or diseases.

Despite extensive studies on the two best known allosteric modulators, Org27569 and PSNCBAM-1,
they are not fully profiled in vivo and a major limitation related to them is that they exhibit CB1R
inverse agonism in addition to NAM activity [96]. Therefore, efforts should be directed towards
identifying of potent and efficacious CBIR NAMs, which are free of inverse agonism, as well as those
exhibiting functional selectivity with drug-like physicochemical properties, which would resolve
the beneficial versus deleterious effects of CBIR activation, thereby reducing the side effects of
modulating/attenuating CB1R signaling [96].

One of the major challenges is translating in vitro data to in vivo effects. The differences are due
to interspecies variation, e.g., compounds that are identified as promising based on the screens in
human cell lines do not produce the desired effect when tested in an appropriate animal model [27].
Cell type differences also relate to differences when recombinant versus a natural cell system is used or
when different recombinant systems, utilizing different host cells, are compared [23].

The greatest challenge and goal of studying bias signaling for therapy is the ability to predict,
identify, and correlate a specific signaling cascade and associated effector proteins with behavioral
and/or pathophysiological outcomes in vivo [76,97].

The strategies to overcome this challenge should be intensified in several directions: further
structural studies to characterize receptor in complex with ligand in active and inactive states;
development of more pharmacological tools/assays to better quantitate kinetics of ligand binding and
bias signaling; and more accurate characterization of ligand binding sites through radioligand binding,
mutagenesis, and modeling studies.

10. Conclusions

Allostery with biased signaling and dimerization is very complex and researchers are at the
beginning stages of their understanding of this signaling interaction; but with much effort, and insight,
the nuisances of allostery can be elucidated, which will be fruitful in the development of novel, safe,
and efficacious drugs with no neuropsychiatric side effects.
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AEA
2-AG
CB2R
FAAH
MGL
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EPR
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IUPHAR
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TMH
ICL
A-9-THC
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HU-210

WIN 55212-2
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SR-141716A (rimonabant)

AM251
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PKB
MAPKs
ERK
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PI3K
AP-3
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FAN
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GIRK
A2A
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CCR9
B-2AR

Cannabinoid receptor type 1

G protein-coupled receptor

Extracellular loop 2

Endocannabinoid system

Anandamide

2-Arachidonoylglycerol

Cannabinoid receptor type 2

Fatty acid amide hydrolase

Monoacylglycerol lipase

Nuclear magnetic resonance

Electron paramagnetic resonance

Mass spectrometry

Fluorescence resonance energy transfer

X-ray crystallography

The International Union of Basic and Clinical Pharmacology
Seven-Transmembrane Receptors

Neutral allosteric ligands

Cannabinoid receptor 1 gene

Kilo Dalton

Transmembrane-helix

Intracellular loop

Delta 9 tetrahydrocannabinol
[2-((1R,2R,5R)-5-hydroxy-2-(3-hydroxypropyl)cyclohexyl)-5-
(2-methyloctan-2-yl)phenol]
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pyrazole-3-carboxamide]

Acquired immunodeficiency syndrome

Food and Drug Administration

Cyclic adenosine monophosphate

Protein kinase A

Protein kinase B

Mitogen-activated protein kinases

Extracellular signal-regulated protein kinase

C-JUN N-terminal kinase

Phosphoinositide 3-kinases

Adaptor protein 3

GPCR-associated sorting proteins

Factor associated with neutral sphingomyelinase activation
Cannabinoid receptor-interacting protein la

Voltage-gated calcium channel

G-protein-coupled inwardly rectifying potassium channels
Adenosine receptor dopamine D2

Dopamine receptor

Chemokine (C-C motif) receptor type 2

Chemokine (C-C motif) receptor type 9

Beta-2 adrenergic receptor
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mtCB1 Mitochondprial cannabinoid receptor

sAC Soluble adenylyl cyclase

MECA Melanocortin, endothelial differentiation, cannabinoid, adenosine cluster
AA AR adenosine A2A receptor

CWxP Cys-Trp-Xaa-Pro motif

EC Extracellular

Cys Cysteine

MPR Membrane proximal region

Org Organon

PAM Positive allosteric modulator

NAM Negative allosteric modulator

SAR Structure-activity relationship

MDMB-Fubinaca Indazole-based synthetic cannabinoid

LXA4 Lipoxin 4

CBD Cannabidiol

DAT Dopamine active transporter

RTI-371 33-(4-Methylphenyl)-23-[3-(4-chlorophenyl)isoxazol-5-yl]tropane

7TMR Seven-Transmembrane Receptors

References

1. Pierce, K.L.; Premont, R.T.; Lefkowitz, R.]. Seven-Transmembrane receptors. Nat. Rev. Mol. Cell Biol. 2002, 3,

639-650. [CrossRef]

2. Kenakin, T. Allosteric theory: Taking therapeutic advantage of the malleable nature of GPCRs.
Curr. Neuropharmacol. 2007, 5, 149-156. [CrossRef]

3. Rosenbaum, D.M.; Rasmussen, S.G.; Kobilka, B.K. The structure and function of G-protein-coupled receptors.
Nature 2009, 459, 356-363. [CrossRef]

4. Changeux, ].P; Christopoulos, A. Allosteric modulation as a unifying mechanism for receptor function and
regulation. Diabetes Obes. Metab. 2017, 1, 4-21. [CrossRef]

5. Wacker, D.; Stevens, R.C.; Roth, B.L. How ligands illuminate GPCR molecular pharmacology. Cell 2017, 170,
414-427. [CrossRef] [PubMed]

6.  Packiriswamy, N.; Parameswaran, N. G-Protein-Coupled receptor kinases in inflammation and disease.
Genes Immun. 2015, 16, 367-377. [CrossRef] [PubMed]

7. Insel, P.A.; Tang, C.M.; Hahntow, I.; Michel, M.C. Impact of GPCRs in clinical medicine: Monogenic diseases,
genetic variants and drug targets. Biochim. Biophys. Acta 2007, 1768, 994-1005. [CrossRef] [PubMed]

8. Unal, H; Karnik, S.S. Domain coupling in GPCRs: The engine for induced conformational changes. Trends
Pharm. Sci. 2012, 33, 79-88. [CrossRef] [PubMed]

9. Lu, H.C.; Mackie, K. An introduction to the endogenous cannabinoid system. Biol. Psychiatry 2016, 79,
516-525. [CrossRef]

10. Lu, D,; Potter, D.E. Cannabinoids and the cannabinoid receptors: An overview. In Handbook of Cannabisand
Related Pathologies Biology, Pharmacology, Diagnosis, and Treatment; Preedy, V.R., Ed.; Academic Press:
Cambridge, MA, USA, 2017; pp. 553-563. ISBN 10: 0128007567. ISBN 13: 9780128007563.

11. Lu, D,; Immadi, S.S.; Wu, Z.; Kendall, D.A. Translational potential of allosteric modulators targeting the
cannabinoid CBj receptor. Acta Pharmacol. Sin. 2019, 40, 324-335. [CrossRef]

12.  Pertwee, R.G. Endocannabinoids and their pharmacological actions. Handb. Exp. Pharm. 2015, 231, 1-37.

13.  Zou, S.; Kumar, U. Cannabinoid receptors and the endocannabinoid system: Signaling and function in the
central nervous system. Int. J. Mol. Sci. 2018, 19, E833.

14. Pertwee, R.G. Targeting the endocannabinoid system with cannabinoid receptor agonists: Pharmacological
strategies and therapeutic possibilities. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2012, 367, 3353-3363.
[CrossRef] [PubMed]

15. Laprairie, R.; Kulkarni, A.; Kulkarni, P.; Hurst, D.; Lynch, D.; Reggio, PH.; Janero, D.R.; Pertwee, R.G.;

Stevenson, L.A.; Kelly, M.E.; et al. Mapping cannabinoid 1 receptor allosteric site(s): Critical molecular
determinant and signaling profile of GAT100, a novel, potent, and irreversibly binding probe. ACS Chem.
Neurosci. 2016, 7, 776-798. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrm908
http://dx.doi.org/10.2174/157015907781695973
http://dx.doi.org/10.1038/nature08144
http://dx.doi.org/10.1111/dom.12959
http://dx.doi.org/10.1016/j.cell.2017.07.009
http://www.ncbi.nlm.nih.gov/pubmed/28753422
http://dx.doi.org/10.1038/gene.2015.26
http://www.ncbi.nlm.nih.gov/pubmed/26226012
http://dx.doi.org/10.1016/j.bbamem.2006.09.029
http://www.ncbi.nlm.nih.gov/pubmed/17081496
http://dx.doi.org/10.1016/j.tips.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/22037017
http://dx.doi.org/10.1016/j.biopsych.2015.07.028
http://dx.doi.org/10.1038/s41401-018-0164-x
http://dx.doi.org/10.1098/rstb.2011.0381
http://www.ncbi.nlm.nih.gov/pubmed/23108552
http://dx.doi.org/10.1021/acschemneuro.6b00041
http://www.ncbi.nlm.nih.gov/pubmed/27046127

Int. ]. Mol. Sci. 2019, 20, 5874 16 of 19

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hunter, M.R; Finlay, D.B.; Glass, M. Signaling and regulation of the cannabinoid CB1 receptor. In Handbook of
Cannabis and Related Pathologies Biology, Pharmacology, Diagnosis, and Treatment; Academic Press: Cambridge,
MA, USA, 2017; pp. 564-572. ISBN 10: 0128007567. ISBN 13: 9780128007563.

Shao, Z.; Yin, J.; Chapman, K.; Grzemska, M.C.; Wang, J.; Rosenbaum, D.M. High-Resolution crystal structure
of the human CB1 cannabinoid receptor. Nature 2016, 540, 602-606. [CrossRef]

Hua, T.; Vemuri, K.; Pu, M.; Qu, L.; Han, G.W.,; Wu, Y.; Zhao, S.; Shui, W.; Li, S.; Korde, A_; et al. Crystal
structure of the human cannabinoid receptor CB;. Cell 2016, 167, 750-762. [CrossRef] [PubMed]

Hua, T,; Vemuri, K.; Nikas, S.P; Laprairie, R.B.; Wu, Y,; Qu, L.; Pu, M,; Korde, A.; Jiang, S.; Ho, ]. H.; et al.
Crystal structures of agonist-bound human cannabinoid receptor CBy. Nature 2017, 547, 468—-471. [CrossRef]
Li, X,; Hua, T.; Vemuri, K.; Ho, ] H.; Wu, Y.; Wu, L.; Popov, P.; Benchama, O.; Zvonok, N.; Locke, K,; et al.
Crystal structure of the human cannabinoid receptor CB,. Cell 2019, 176, 459-467. [CrossRef]

Kumar, K.K,; Shalev-Benami, M.; Robertson, M.J.; Hu, H.; Banister, S.D.; Hollingsworth, S.A ; Latorraca, N.R.;
Kato, H.E.; Hilger, D.; Maeda, S.; et al. Structure of a signaling cannabinoid receptor 1-G protein complex.
Cell 2019, 176, 448-458. [CrossRef]

Changeux, J.P. The concept of allosteric modulation: An overview. Drug Discov. Today Technol. 2013, 10,
223-228. [CrossRef]

Kenakin, T. Biased receptor signaling in drug discovery. Pharm. Rev. 2019, 71, 267-315. [CrossRef] [PubMed]
Neubig, R.R.; Spedding, M.; Kenakin, T.; Christopoulos, A. International union pharmacology committee
on receptor nomenclature and drug classification. XXXVIIL. Update on terms and symbols in quantitative
pharmacology. Pharm. Rev. 2003, 55, 597-606. [CrossRef] [PubMed]

Kenakin, T. Inverse, protean, and ligand-selective agonism: Matters of receptor conformation. FASEB |. 2001,
15,598-611. [CrossRef] [PubMed]

May, L.T; Leach, K.; Sexton, PM.; Christopoulos, A. Allosteric modulation of G protein-coupled receptors.
Ann. Rev. Pharm. Toxicol. 2007, 47, 1-51. [CrossRef]

Wootten, D.; Christopoulos, A.; Sexton, PM. Emerging paradigms in GPCR allostery: Implications for drug
discovery. Nat. Rev. Drug Discov. 2013, 12, 630-644. [CrossRef]

Alaverdashvili, M.; Laprairie, R.B. The future of type 1 cannabinoid receptor allosteric ligands. Drug Metab.
Rev. 2018, 50, 14-25. [CrossRef]

Cawston, E.E.; Hunter, M.R.; Glass, M. Allosteric modulation of the cannabinoid CB1 receptor. In Handbook
of Cannabis and Related Pathologies Biology, Pharmacology, Diagnosis, and Treatment; Preedy, V.R., Ed.; Academic
Press: Cambridge, MA, USA, 2017; pp. 573-583. ISBN 10: 0128007567. ISBN 13: 9780128007563.

Dopart, R.; Lu, D.; Lichtman, A.H.; Kendall, D.A. Allosteric modulators of cannabinoid receptor 1: Developing
compounds for improved specificity. Drug Metab. Rev. 2018, 50, 3-13. [CrossRef]

Janero, D.R.; Thakur, G.A. Leveraging allostery to improve G protein-coupled receptor (GPCR)-directed
therapeutics: Cannabinoid receptor 1 as discovery target. Expert Opin. Drug Discov. 2016, 11, 1223-1237.
[CrossRef]

Khurana, L.; Mackie, K.; Piomelli, D.; Kendall, D.A. Modulation of CB1 cannabinoid receptor by allosteric
ligands: Pharmacology and therapeutic opportunities. Neuropharmacology 2017, 124, 3-12. [CrossRef]
Nguyen, T.; Li, ].X.; Thomas, B.F,; Wiley, ].L.; Kenakin, T.P.; Zhang, Y. Allosteric modulation: An alternate
approach targeting the cannabinoid CB; receptor. Med. Res. Rev. 2017, 37, 441-474. [CrossRef]

Roth, B.L.; Irwin, ].J.; Shoichet, B.K. Discovery of new GPCR ligands to illuminate new biology. Nat. Chem.
Biol. 2017, 13, 1143-1151. [CrossRef] [PubMed]

Scott, C.; Kendall, D. Assessing allosteric modulation of CB; at the receptor and cellular levels. Methods
Enzymol. 2017, 593, 317-342. [PubMed]

Christopoulos, A.; Changeux, J.P,; Catterall, W.A.; Fabbro, D.; Burris, T.P.; Cidlowski, J.A.; Olsen, RW.;
Peters, J.A.; Neubig, R.R.; Pin, J.P; et al. International Union of Basic and Clinical Pharmacology. XC:
Multisite pharmacology: Recommendations for the nomenclature of receptor allosterism and allosteric
ligands. Pharm. Rev. 2014, 66, 918-947. [CrossRef] [PubMed]

Herkenham, M.; Lynn, A.B.; Little, M.D.; Johnson, M.R.; Melvin, L.S.; de Costa, B.R.; Rice, K.C. Cannabinoid
receptor localization in brain. Proc. Natl. Acad. Sci. USA 1990, 87, 1932-1936. [CrossRef] [PubMed]
Safiudo-Pefia, M.C.; Strangman, N.M.; Mackie, K.; Walker, ].M.; Tsou, K. CB; receptor localization in rat
spinal cord and roots, dorsal root ganglion, and peripheral nerve. Zhongguo Yao Li Xue Bao Acta Pharmacol.
Sin. 1999, 20, 1115-1120.


http://dx.doi.org/10.1038/nature20613
http://dx.doi.org/10.1016/j.cell.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27768894
http://dx.doi.org/10.1038/nature23272
http://dx.doi.org/10.1016/j.cell.2018.12.011
http://dx.doi.org/10.1016/j.cell.2018.11.040
http://dx.doi.org/10.1016/j.ddtec.2012.07.007
http://dx.doi.org/10.1124/pr.118.016790
http://www.ncbi.nlm.nih.gov/pubmed/30914442
http://dx.doi.org/10.1124/pr.55.4.4
http://www.ncbi.nlm.nih.gov/pubmed/14657418
http://dx.doi.org/10.1096/fj.00-0438rev
http://www.ncbi.nlm.nih.gov/pubmed/11259378
http://dx.doi.org/10.1146/annurev.pharmtox.47.120505.105159
http://dx.doi.org/10.1038/nrd4052
http://dx.doi.org/10.1080/03602532.2018.1428341
http://dx.doi.org/10.1080/03602532.2018.1428342
http://dx.doi.org/10.1080/17460441.2016.1245289
http://dx.doi.org/10.1016/j.neuropharm.2017.05.018
http://dx.doi.org/10.1002/med.21418
http://dx.doi.org/10.1038/nchembio.2490
http://www.ncbi.nlm.nih.gov/pubmed/29045379
http://www.ncbi.nlm.nih.gov/pubmed/28750809
http://dx.doi.org/10.1124/pr.114.008862
http://www.ncbi.nlm.nih.gov/pubmed/25026896
http://dx.doi.org/10.1073/pnas.87.5.1932
http://www.ncbi.nlm.nih.gov/pubmed/2308954

Int. ]. Mol. Sci. 2019, 20, 5874 17 of 19

39.
40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Abood, M.E. Molecular biology of canabinoid receptors. Handb. Exp. Pharm. 2005, 168, 81-115.
Console-Bram, L.; Marcu, J.; Abood, M.E. Cannabinoid receptors: Nomenclature and pharmacological
principles. Progress Neuro Psychopharmacol. Biol. Psychiatry 2012, 38, 4-15. [CrossRef]

Aghazadeh Tabrizi, M.; Baraldi, P.G. Chemistry of cannabinoid receptor agonists. In Handbook of Cannabis
and Related Pathologies Biology, Pharmacology, Diagnosis, and Treatment; Academic Press: Cambridge, MA, USA,
2017; pp. 592-605. ISBN 10: 0128007567. ISBN 13: 9780128007563.

Pertwee, R.G. Inverse agonism and neutral antagonism at cannabinoid CB; receptors. Life Sci. 2005, 76,
1307-1324. [CrossRef]

Morales, P.; Goya, P.; Jagerovic, N.; Hernandez-Folgado, L. Allosteric modulators of the CB; cannabinoid
receptor: A structural update review. Cannabis Cannabinoid Res. 2016, 1, 22-30. [CrossRef]

Howlett, A.C. Cannabinoid receptor signaling. Handb. Exp. Pharm. 2005, 168, 53-79.

Turu, G.; Hunyady, L. Signal transduction of the CB; cannabinoid receptor. J. Mol. Endocrinol. 2010, 44,
75-85. [CrossRef] [PubMed]

Kenakin, T. Agonist-Receptor efficacy. II. Agonist trafficking of receptor signals. Trends Pharm. Sci. 1995, 16,
232-238. [CrossRef]

Reiter, E.; Ahn, S.; Shukla, A K.; Lefkowitz, R.J. Molecular mechanism of (-arrestin-biased agonism at
seven-transmembrane receptors. Annu. Rev. Pharm. Toxicol. 2012, 52, 179-197. [CrossRef]

Shukla, A K.; Singh, G.; Ghosh, E. Emerging structural insights into biased GPCR signaling. Trends Biochem.
Sci. 2014, 39, 594-602. [CrossRef] [PubMed]

Price, M.R.; Baillie, G.L.; Thomas, A.; Stevenson, L.A.; Easson, M.; Goodwin, R.; McLean, A.; McIntosh, L.;
Goodwin, G.; Walker, G.; et al. Allosteric modulation of the cannabinoid CB; receptor. Mol. Pharm. 2005, 68,
1484-1495. [CrossRef] [PubMed]

Nogueras-Ortiz, C.; Yudowski, G.A. The multiple waves of cannabinoid 1 receptor signaling. Mol. Pharm.
2016, 90, 620-626. [CrossRef] [PubMed]

Vecchio, E.A.; Baltos, J.A.; Nguyen, A.T.N.; Christopoulos, A.; White, P.J.; May, L.T. New paradigms in
adenosine receptor pharmacology: Allostery, oligomerization and biased agonism. Br. . Pharm. 2018, 175,
4036-4046. [CrossRef]

Wang, W.; Qiao, Y.; Li, Z. New insights into modes of GPCR activation. Trends Pharm. Sci. 2018, 39, 367-386.
[CrossRef]

Pertwee, R.G.; Howlett, A.C.; Abood, M.E.; Alexander, S.P.; Di Marzo, V.; Elphick, M.R.; Greasley, PJ.;
Hansen, H.S.; Kunos, G.; Mackie, K,; et al. International Union of Basic and Clinical Pharmacology. LXXIX.
Cannabinoid receptors and their ligands: Beyond CB; and CB,. Pharm. Rev. 2010, 62, 588-631. [CrossRef]
Callén, L.; Moreno, E.; Barroso-Chinea, P.; Moreno-Delgado, D.; Cortés, A.; Mallol, J.; Casadd, V.; Lanciego, J.L.;
Franco, R;; Lluis, C.; et al. Cannabinoid receptors CB; and CB, form functional heteromers in brain. J. Biol.
Chem. 2012, 287, 20851-20865. [CrossRef]

Sierra, S.; Gupta, A.; Gomes, L.; Fowkes, M.; Ram, A.; Bobeck, E.N.; Devi, L.A. Targeting cannabinoid 1 and
delta opioid receptor heteromers alleviates chemotherapy-induced neuropathic pain. ACS Pharm. Transl. Sci.
2019, 2, 219-229. [CrossRef] [PubMed]

Oswald, C.; Rappas, M.; Kean, J.; Doré, A.S.; Errey, ].C.; Bennett, K.; Deflorian, F.; Christopher, J.A.;
Jazayeri, A.; Mason, ].S.; et al. Intracellular allosteric antagonism of the CCR9 receptor. Nature 2016, 540,
462-465. [CrossRef] [PubMed]

Bénard, G.; Massa, F.,; Puente, N.; Lourenco, J.; Bellocchio, L.; Soria-Gémez, E.; Matias, I.; Delamarre, A.;
Metna-Laurent, M.; Cannich, A.; et al. Mitochondrial CB; receptors regulate neuronal energy metabolism.
Nat. Neurosci. 2012, 15, 558-564. [CrossRef] [PubMed]

Hebert-Chatelain, E.; Desprez, T.; Serrat, R.; Bellocchio, L.; Soria-Gomez, E.; Busquets-Garcia, A.; Pagano
Zottola, A.C.; Delamarre, A.; Cannich, A.; Vincent, P,; et al. A cannabinoid link between mitochondria and
memory. Nature 2016, 539, 555-559. [CrossRef] [PubMed]

Wheatley, M.; Wootten, D.; Conner, M.T,; Simms, J.; Kendrick, R.; Logan, R.T.; Poyner, D.R.; Barwell, J. Lifting
the lid on GPCRs: The role of extracellular loops. Br. J. Pharm. 2012, 165, 1688-1703. [CrossRef] [PubMed]
Woolley, M.; Conner, A. Understanding the common themes and diverse roles of the second extracellular
loop (ECL2) of the GPCR super-family. Mol. Cell Endocrinol. 2017, 449, 3-11. [CrossRef]


http://dx.doi.org/10.1016/j.pnpbp.2012.02.009
http://dx.doi.org/10.1016/j.lfs.2004.10.025
http://dx.doi.org/10.1089/can.2015.0005
http://dx.doi.org/10.1677/JME-08-0190
http://www.ncbi.nlm.nih.gov/pubmed/19620237
http://dx.doi.org/10.1016/S0165-6147(00)89032-X
http://dx.doi.org/10.1146/annurev.pharmtox.010909.105800
http://dx.doi.org/10.1016/j.tibs.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25458114
http://dx.doi.org/10.1124/mol.105.016162
http://www.ncbi.nlm.nih.gov/pubmed/16113085
http://dx.doi.org/10.1124/mol.116.104539
http://www.ncbi.nlm.nih.gov/pubmed/27338082
http://dx.doi.org/10.1111/bph.14337
http://dx.doi.org/10.1016/j.tips.2018.01.001
http://dx.doi.org/10.1124/pr.110.003004
http://dx.doi.org/10.1074/jbc.M111.335273
http://dx.doi.org/10.1021/acsptsci.9b00008
http://www.ncbi.nlm.nih.gov/pubmed/31565698
http://dx.doi.org/10.1038/nature20606
http://www.ncbi.nlm.nih.gov/pubmed/27926729
http://dx.doi.org/10.1038/nn.3053
http://www.ncbi.nlm.nih.gov/pubmed/22388959
http://dx.doi.org/10.1038/nature20127
http://www.ncbi.nlm.nih.gov/pubmed/27828947
http://dx.doi.org/10.1111/j.1476-5381.2011.01629.x
http://www.ncbi.nlm.nih.gov/pubmed/21864311
http://dx.doi.org/10.1016/j.mce.2016.11.023

Int. ]. Mol. Sci. 2019, 20, 5874 18 of 19

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Conner, M.; Hawtin, S.R.; Simms, J.; Wootten, D.; Lawson, Z.; Conner, A.C.; Parslow, R.A.; Wheatley, M.
Systematic analysis of the entire second extracellular loop of the V(1a) vasopressin receptor: Key residues,
conserved throughout a G-protein coupled receptor family, identified. J. Biol. Chem. 2007, 282, 17405-17412.
[CrossRef]

Ahuja, S.; Hornak, V.; Yan, E.C.; Syrett, N.; Goncalves, J.A.; Hirshfeld, A.; Ziliox, M.; Sakmar, T.P.; Sheves, M.;
Reeves, PJ.; et al. Helix movement is coupled to displacement of the second extracellular loop in rhodopsin
activation. Nat. Struct Mol. Biol. 2009, 16, 168-175. [CrossRef]

Avlani, V.A,; Gregory, K.J.; Morton, C.J.; Parker, M.W.; Sexton, PM.; Christopoulos, A. Critical role for the
second extracellular loop in the binding of both orthosteric and allosteric G protein-coupled receptor ligands.
J. Biol. Chem. 2007, 282, 25677-25686. [CrossRef]

Peeters, M.C.; van Westen, G.J.; Li, Q.; Ijzerman, A.P. Importance of the extracellular loops in G protein-coupled
receptors for ligand recognition and receptor activation. Trends Pharm. Sci. 2011, 32, 35-42. [CrossRef]
Nguyen, A.T.; Baltos, ].A.; Thomas, T.; Nguyen, T.D.; Mufioz, L.L.; Gregory, K.J.; White, PJ.; Sexton, PM.;
Christopoulos, A.; May, L.T. Extracellular loop 2 of the adenosine A1 receptor has a key role in orthosteric
ligand affinity and agonist efficacy. Mol. Pharm. 2016, 90, 703-714. [CrossRef] [PubMed]

Murakami, M.; Kouyama, T. Crystal structure of squid rhodopsin. Nature 2008, 453, 363-367. [CrossRef]
[PubMed]

Ahn, K ; Bertalovitz, A.; Mierke, D.; Kendall, D. Dual role of the second extracellular loop of the cannabinoid
receptor 1: Ligand binding and receptor localization. Mol. Pharm. 2009, 76, 833-842. [CrossRef] [PubMed]
Shim, J.Y. Understanding functional residues of the cannabinoid CB;. Curr Top. Med. Chem. 2010, 10, 779-798.
[CrossRef] [PubMed]

Joost, P.; Methner, A. Phylogenetic analysis of 277 human G-protein- coupled receptors as a tool for the
prediction of orphan receptor ligands. Genome Biol. 2002, 3, 0063.1-16. [CrossRef]

Fredriksson, R.; Lagerstrom, M.C.; Lundin, L.G.; Schitth, H.B. The G-protein-coupled receptors in the human
genome form five main families. Phylogenetic analysis, paralogon groups, and fingerprints. Mol. Pharmacol.
2003, 63, 1256-1272. [CrossRef]

Fay, J.; Dunham, T.; Farrens, D. Cysteine residues in the human cannabinoid receptor: Only C257 and
C264 are required for a functional receptor, and steric bulk at C386 impairs antagonist SR141716A binding.
Biochemistry 2005, 44, 8757-8769. [CrossRef]

McAllister, S.; Hurst, D.; Barnett-Norris, ].; Lynch, D.; Reggio, P.; Abood, M.E. Structural mimicry in class
A G protein-coupled receptor rotamer toggle switches: The importance of the F3.36/W6.48 interaction in
cannabinoid CB; receptor activation. J. Biol. Chem. 2004, 279, 48024—-48037. [CrossRef]

Bertalovitz, A.C.; Ahn, K.H.; Kendall, D.A. Ligand binding sensitivity of the extracellular loop two of the
cannabinoid receptor 1. Drug Dev. Res. 2010, 71, 404—411. [CrossRef]

Fay, J.; Farrens, D. The membrane proximal region of the cannabinoid receptor CB; N-terminus can
allosterically modulate ligand affinity. Biochemistry 2013, 52, 8286-8294. [CrossRef]

Gyombolai, P; Téth, A.D.; Timar, D.; Turu, G.; Hunyady, L. Mutations in the “DRY” motif of the CB;
cannabinoid receptor result in biased receptor variants. J. Mol. Endocrinol. 2015, 54, 75-89. [CrossRef]
[PubMed]

Al-Zoubi, R.; Morales, P.; Reggio, P.H. Structural insights into CB; receptor biased signaling. Int J. Mol. Sci.
2019, 20, 1837. [CrossRef] [PubMed]

Marcu, J.; Shore, D.; Kapur, A.; Trznadel, M.; Makriyannis, A.; Reggio, PH.; Abood, M.E. Novel insights
into CB; cannabinoid receptor signaling: A key interaction identified between the extracellular-3 loop and
transmembrane helix 2. J. Pharm. Exp. 2013, 345, 189-197. [CrossRef]

Shore, D.; Baillie, G.; Hurst, D.; Navas, E, 3rd; Seltzman, H.H.; Marcu, J.P.; Abood, M.E; Ross, R.A.; Reggio, P.
Allosteric modulation of a cannabinoid G protein-coupled receptor: Binding site elucidation and relationship
to G protein signaling. . Biol. Chem. 2014, 289, 5828-5854. [CrossRef] [PubMed]

Horswill, J.G.; Bali, U.; Shaaban, S.; Keily, J.F.; Jeevaratnam, P.; Babbs, A.]J.; Reynet, C.; Wong Kai In, P.
PSNCBAM-1, a novel allosteric antagonist at cannabinoid CB; receptors with hypophagic effects in rats.
Br. J. Pharm. 2007, 152, 805-814. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.M702151200
http://dx.doi.org/10.1038/nsmb.1549
http://dx.doi.org/10.1074/jbc.M702311200
http://dx.doi.org/10.1016/j.tips.2010.10.001
http://dx.doi.org/10.1124/mol.116.105007
http://www.ncbi.nlm.nih.gov/pubmed/27683014
http://dx.doi.org/10.1038/nature06925
http://www.ncbi.nlm.nih.gov/pubmed/18480818
http://dx.doi.org/10.1124/mol.109.057356
http://www.ncbi.nlm.nih.gov/pubmed/19643997
http://dx.doi.org/10.2174/156802610791164210
http://www.ncbi.nlm.nih.gov/pubmed/20370713
http://dx.doi.org/10.1186/gb-2002-3-11-research0063
http://dx.doi.org/10.1124/mol.63.6.1256
http://dx.doi.org/10.1021/bi0472651
http://dx.doi.org/10.1074/jbc.M406648200
http://dx.doi.org/10.1002/ddr.20388
http://dx.doi.org/10.1021/bi400842k
http://dx.doi.org/10.1530/JME-14-0219
http://www.ncbi.nlm.nih.gov/pubmed/25510402
http://dx.doi.org/10.3390/ijms20081837
http://www.ncbi.nlm.nih.gov/pubmed/31013934
http://dx.doi.org/10.1124/jpet.112.201046
http://dx.doi.org/10.1074/jbc.M113.478495
http://www.ncbi.nlm.nih.gov/pubmed/24366865
http://dx.doi.org/10.1038/sj.bjp.0707347
http://www.ncbi.nlm.nih.gov/pubmed/17592509

Int. ]. Mol. Sci. 2019, 20, 5874 19 of 19

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

German, N.; Decker, A.M.; Gilmour, B.P; Gay, E.A.; Wiley, J.L.; Thomas, B.F; Zhang, Y. Diarylureas
as allosteric modulators of the cannabinoid CB; receptor: Structure-Activity relationship studies on
1-(4-chlorophenyl)-3-(3-[6-(pyrrolidin-1-yl)pyridin-2-yl]phenyljurea (PSNCBAM-1). ]. Med. Chem. 2014, 57,
7758-7769. [CrossRef] [PubMed]

Kulkarni, PM.; Kulkarni, A.R.; Korde, A.; Tichkule, R.B.; Laprairie, R.B.; Denovan-Wright, E.M.; Zhou, H.;
Janero, D.R.; Zvonok, N.; Makriyannis, A.; et al. Novel electrophilic and photoaffinity covalent probes for
mapping the cannabinoid 1 receptor allosteric site(s). J. Med. Chem. 2016, 59, 44—60. [CrossRef]

Bertini, S.; Chicca, A.; Gado, F.; Arena, C.; Nieri, D.; Digiacomo, M.; Saccomanni, G.; Zhao, P.; Abood, M.E.;
Macchia, M.; et al. Novel analogs of PSNCBAM-1 as allosteric modulators of cannabinoid CB; receptor.
Bioorg. Med. Chem. 2017, 25, 6427-6434. [CrossRef]

Pamplona, F.A.; Ferreira, J.; Menezes de Lima, O., Jr.; Duarte, ES.; Bento, A.F,; Forner, S.; Villarinho, J.G.;
Bellocchio, L.; Wotjak, C.T.; Lerner, R.; et al. Anti-Inflammatory lipoxin a4 is an endogenous allosteric
enhancer of CB; cannabinoid receptor. Proc. Natl Acad Sci. USA 2012, 109, 21134-21139. [CrossRef]
Straiker, A.; Mitjavila, J.; Yin, D.; Gibson, A.; Mackie, K. Aiming for allosterism: Evaluation of allosteric
modulators of CBy in a neuronal model. Pharm. Res. 2015, 99, 370-376. [CrossRef]

Laprairie, R.; Bagher, A.; Kelly, M.; Denovan-Wright, E.M. Cannabidiol is a negative allosteric modulator of
the cannabinoid CB; receptor. Br. |. Pharm. 2015, 172, 4790-4805. [CrossRef] [PubMed]

Navarro, H.; Howard, J.; Pollard, G.; Carroll, E. Positive allosteric modulation of the human cannabinoid (CB)
receptor by RTI-371, a selective inhibitor of the dopamine transporter. Br. J. Pharm. 2009, 156, 1178-1184.
[CrossRef] [PubMed]

Fernandez-Ruiz, J.; Lastres-Becker, I.; Cabranes, A.; Gonzalez, S.; Ramos, J. Endocannabinoids and basal
ganglia functionality. Prostaglandins Leukot. Essent Fat. Acids 2002, 66, 257-267. [CrossRef] [PubMed]
Slivicki, R.A.; Xu, Z.; Kulkarni, PM.; Pertwee, R.G.; Mackie, K.; Thakur, G.A.; Hohmann, A.G. Positive
allosteric modulation of CB; suppresses pathological pain without producing tolerance or dependence.
Biol. Psychiatry 2018, 84, 722-733. [CrossRef]

Laprairie, R.B.; Kulkarni, PM.; Deschamps, J.R.; Kelly, M.E.M.; Janero, D.R.; Cascio, M.G.; Stevenson, L.A.;
Pertwee, R.G.; Kenakin, T.P; Denovan-Wright, EM.; et al. Enantiospecific allosteric modulation of
cannabinoid 1 receptor. ACS Chem. Neurosci. 2017, 8, 1188-1203. [CrossRef]

Mallipeddi, S.; Janero, D.R.; Zvonok, N.; Makriyannis, A. Functional selectivity at G-protein coupled
receptors: Advancing cannabinoid receptors as drug targets. Biochem. Pharm. 2017, 128, 1-11. [CrossRef]
Wootten, D.; Christopoulos, A.; Marti-Solano, M.; Babu, M.M.; Sexton, PM. Mechanisms of signalling and
biased agonism in G protein-coupled receptors. Nat. Rev. Mol. Cell Biol. 2018, 19, 638-653. [CrossRef]
Smith, ].S.; Lefkowitz, R.J.; Rajagopal, S. Biased signalling: From simple switches to allosteric microprocessors.
Nat. Rev. Drug Discov. 2018, 17, 243-260. [CrossRef]

Bagher, A.M,; Laprairie, R.B.; Kelly, M.E.; Denovan-Wright, E.M. Antagonism of dopamine receptor 2 long
affects cannabinoid receptor 1 signaling in a cell culture model of striatal medium spiny projection neurons.
Mol. Pharm. 2016, 89, 652—-666. [CrossRef]

Ogawa, G.; Tius, M.A.; Zhou, H.; Nikas, S.P; Halikhedkar, A.; Mallipeddi, S.; Makriyannis, A.
30-functionalized adamantyl cannabinoid receptor probes. . Med. Chem. 2015, 58, 3104-3116. [CrossRef]
Nimczick, M.; Decker, M. New approaches in the design and development of cannabinoid receptor ligands:
Multifunctional and bivalent compounds. Chem. Med. Chem. 2015, 10, 773-786. [CrossRef] [PubMed]
Kulkarni, A.R.; Garai, S.; Janero, D.R.; Thakur, G.A. Design and synthesis of cannabinoid 1 receptor (CBR)
allosteric modulators: Drug discovery applications. Methods Enzym. 2017, 593, 281-315.

Kenakin, T. Signaling bias in drug discovery. Expert Opin. Drug Discov. 2017, 12, 321-333. [CrossRef]
[PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/jm501042u
http://www.ncbi.nlm.nih.gov/pubmed/25162172
http://dx.doi.org/10.1021/acs.jmedchem.5b01303
http://dx.doi.org/10.1016/j.bmc.2017.10.015
http://dx.doi.org/10.1073/pnas.1202906109
http://dx.doi.org/10.1016/j.phrs.2015.07.017
http://dx.doi.org/10.1111/bph.13250
http://www.ncbi.nlm.nih.gov/pubmed/26218440
http://dx.doi.org/10.1111/j.1476-5381.2009.00124.x
http://www.ncbi.nlm.nih.gov/pubmed/19226282
http://dx.doi.org/10.1054/plef.2001.0350
http://www.ncbi.nlm.nih.gov/pubmed/12052041
http://dx.doi.org/10.1016/j.biopsych.2017.06.032
http://dx.doi.org/10.1021/acschemneuro.6b00310
http://dx.doi.org/10.1016/j.bcp.2016.11.014
http://dx.doi.org/10.1038/s41580-018-0049-3
http://dx.doi.org/10.1038/nrd.2017.229
http://dx.doi.org/10.1124/mol.116.103465
http://dx.doi.org/10.1021/jm501960u
http://dx.doi.org/10.1002/cmdc.201500041
http://www.ncbi.nlm.nih.gov/pubmed/25820617
http://dx.doi.org/10.1080/17460441.2017.1297417
http://www.ncbi.nlm.nih.gov/pubmed/28277840
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Allosteric Modulation of GPCRs 
	CB1R and Its Ligands 
	CB1R Activation and Signaling 
	CB1R Biased Signaling 
	Other Novel Modes of CB1R Activation 
	A Glimpse into CB1R Structure: The Second Extracellular Loop (ECL2) as a Significant Region of the CB1 Receptor 
	Allosteric Modulators of CB1R 
	Challenges and Perspectives for Translational Use of CB1R Allosteric Modulators 
	Conclusions 
	References

