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Abstract

The cannabinoid CB1 and CB2 receptors are Class A G protein-coupled receptors (GPCRS).
While many Class A GPCRs have endogenous ligands that are hydrophilic cations (e.g., the
serotonin and dopamine receptors), the cannabinoid receptors have neutral, highly lipophilic
ligands derived from the fatty acid, arachidonic acid. The most well-studied of these are N-
arachidonoylethanolamine (anandamide, AEA) and sn-2-arachidonoylglycerol (2-AG). This
review focuses on the experimental and computational studies that have been used to probe the
nature of endocannabinoid interaction with the cannabinoid receptors. These studies include
mutation, SAR and NMR studies, as well as, QSAR, docking and molecular dynamics
simulations. Gaps in our knowledge are identified. The review begins more generally, however, by
discussing the entire endocannabinoid system, of which the cannabinoid receptors are part. For in
order to understand endocannabinoid action, one needs an appreciation for the environments for
which these ligands have been designed and the conformational changes these ligands must
undergo in order to act on the cannabinoid receptors.
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I. THE CANNABINOID RECEPTORS

CB1 Receptor

The cannabinoid CB1 receptor (see Fig. 1) belongs to the Class A (rhodopsin (Rho) family)
of G-protein coupled receptors (GPCRs). CB1 was initially cloned from a rat cerebral cortex
cDNA library [1]. CB1 receptor agonists inhibit forskolin-stimulated adenylyl cyclase by
activation of a pertussis toxin-sensitive G-protein [2]. In heterologous cells, CB1 receptors
inhibit N-, P-, and Q-type calcium channels and activate inwardly rectifying potassium
channels [2-4]. Inhibition of calcium channels and enhancement of inwardly rectifying
potassium currents is pertussis toxin-sensitive, but independent of cAMP inhibition,
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suggestive of a direct G protein mechanism [3]. CB1 receptors are expressed in the central
nervous system (CNS)[5, 6] and are particularly rich in certain brain areas such as basal
ganglia, cerebellum, and hippocampus [7]. CB1 receptors are also found in the periphery,
including human testis [8], retina [9], sperm cells [10], colonic tissues [11], peripheral
neurons [12], adipocytes [13] and other organs including human adrenal gland, heart, lung,
prostate, uterus, and ovary [14-16].

The CB1 receptor transduces signals in response to CNS-active constituents of Cannabis
sativa, such as the classical cannabinoid ((-)-A%-THC, 1, Chart 1) and to three other
structural classes of ligands, the non-classical cannabinoids typified by CP55940 (2, Chart
1) [17, 18], the aminoalkylin-doles (AAls) typified by WIN55212-2 (3, Chart 1) [19-21]
and the endogenous cannabinoids. The non-classical cannabinoids clearly share many
structural features with the classical cannabinoids, e.g. a phenolic hydroxyl at C-1 (C2”), and
alkyl side chain at C-3 (C-4’), as well as, the ability to adopt the same orientation of the
carbocyclic ring as that in classical cannabinoids [22]. The AAls, on the other hand, bear no
obvious structural similarities with the classical/non-classical cannabinoids.

SR141716A, the first reported CB1 antagonist (4, Chart 1) [23] displays nanomolar CB1
affinity (Ki =1.98+0.13nM), but very low affinity for CB2. SR141716A (4) has been shown
to act as a competitive antagonist and inverse agonist in host cells transfected with
exogenous CB1 receptor, as well as in biological preparations endogenously expressing CB1
[24-26]. Several other CB1 antagonists have been reported, LY-320135 [27], 0-1184 [28],
CP-272871 [26], URB447 [29], a class of benzocycloheptapyrazoles [30], a novel series of
3,4-diarylpyrazolines [31] and biarylpyrazolyl oxadiazoles [32]. The first peptide CB1
inverse agonist, hemopressin (HP; PVNFKFLSH), has also been reported [33]. The CB1
antagonist field has been recently reviewed by Jagerovic and co-workers [34],

The endogenous cannabinoid ligands are unsaturated fatty-acid ethanolamides, glycerols or
glycerol ethers. The first endogenous cannabinoid, N-arachidonoylethanolamine (AEA, also
called anandamide, 5, Chart 2), was isolated from porcine brain by Mechoulam and co-
workers [35]. Two other polyunsaturated fatty acid ethanolamides, N-homo-y-
linolenoylethanolamine (6, Chart 2) and N-docosatetr-aenoylethanolamine (7, Chart 2) have
been isolated from porcine brain and shown to bind to the cannabinoid CB1 receptor with
high affinity [36]. sn-2-arachidonoylglycerol (2-AG; 8, Chart 2) was isolated from intestinal
tissue and shown to be a second endogenous CB ligand [37]. 2-AG has been found present
in the brain at concentrations 170 times greater than AEA [38], 2-AG acts as a full agonist
and produces the characteristic effects associated with cannabinoid agonists. In addition, 2-
eicosa-5',8',H',14'-tetraenylglycerol (2-AG ether, noladin ether, 9, Chart 2), a metabolically
stable ether-linked analogue of 2-arachidonoylglycerol (2-AG) has been identified as
another endogenous cannabinoid ligand [39], although the presence of this compound in
mammalian tissues has been questioned [40].

Additional endocannabinoids identified to date include N-arachidonoyl dopamine (NADA)
and virodhamine. N-arachidonoyl-dopamine (NADA, 10, Chart 2) is an endogenous
“capsaicin-like” substance in mammalian nervous tissues. NADA activates cannabinoid
CB1 receptors, but not dopamine DI and D2 receptors [41, 42]. Virodhamine is arachidonic
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acid and ethanolamine joined by an ester linkage (11, Chart 2). Felder and co-workers have
reported that virodhamine has antagonist properties at the CB1 cannabinoid receptor [43].

CB2 Receptor

The cannabinoid CB2 receptor (see Fig. 1) also belongs to the Class A (rhodopsin (Rho)
family) of G protein-coupled receptors (GPCRs). The second cannabinoid receptor sub-type,
CB2 was first cloned from a human promyelocytic leukemia cell HL60 cDNA library [44].
The human CB2 receptor exhibits 68% identity to the human CB1 receptor within the
transmembrane regions, 44% identity throughout the whole protein [44]. Unlike the CB1
receptor, which is highly conserved across human, rat and mouse, the CB2 receptor is much
more divergent. Sequence analysis of the coding region of the rat CB2 genomic clone
indicates 93% amino acid identity between rat and mouse and 81% amino acid identity
between rat and human.

Intracellular CB2-dependent signaling pathways include Gi/o-dependent inhibition of
adenylyl cyclase, stimulation of mitogen-activated protein kinase [45, 46], phosphoinositide
3-kinase pathways [47] and activation of de novo ceramide production or cyclooxygenase-2
(COX-2) induction [48]. The CB2 receptor is highly expressed throughout the immune
system [15, 49] and was more recently described in the CNS under both pathological [50-
52] and physiological conditions [53]. The quite specific localization in the immune system,
as well as the fact that CB2 knock-out mice fail to respond to the immunomodulatory effects
of classical cannabinoids [54], suggest that CB2 receptor ligands would have potential
therapeutic applications as immunomodulators for the treatment of inflammation and
allergy. Several papers report the role of the CB2 receptor in modulating leukocyte
migration [55-58], activation [59] and antigen processing [60]. Additional applications
could arise from studies on bone physiology, as blockage of CB2 has been reported to
protect from bone loss in ovariectomized mice [61]. However, others have reported that CB2
activation is involved in protecting from bone loss [62].

The CB2 receptor recognizes the same structural groups of cannabinoid agonists as CB1,
with differing affinities in some cases, for example CB2 has higher affinity for
aminoalkylindoles (see 3, Chart 1) [63]. sn-2-arachidonoyl-glycerol (2-AG; 8, Chart 2) was
isolated from intestinal tissue and identified to be the CB2 endogenous ligand [37, 64].
While AEA has low CB2 affinity, 2-AG does bind as well to CB1 [37, 64]. The CB1/CB2
classical/non-classical cannabinoid SAR literature clearly shows a difference in recognition
of side chains between CB1 and CB2. In contrast to CB1 which shows a strict requirement
for pentyl or longer alkyl tails (see 1 and 2, Chart 1), CB2 recognizes classical can-nabinoids
with shorter dimethylpropyl [65] and even dimethylethyl [66] side chains. The SAR of the
CB2 receptor has suggested that etherification at the C-I position of classical cannabinoids
leads to CB2 selective compounds [65, 67, 68].

SR144528 (12, Chart 1), the first reported CB2 antagonist displays sub-nanomolar affinity
for both the rat spleen and cloned human CB2 receptors (K; = 0.60+0.13nM) and a 700-fold
lower affinity for both the rat brain and cloned human CB1 receptors [69]. CB2 receptor-
transfected Chinese hamster cells exhibit high constitutive activity. This activity can be
blocked by SR144528, working as an inverse agonist [46]. Additional CB2 inverse agonists/
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antagonists include JTE-907 [70], AM630 [71] and a new class based on a triaryl bissulfone
backbone, exemplified by SCH336 [72, 73].

GPR55 was originally isolated in 1999 as an orphan GPCR with high levels of expression in
human striatum [74](Genbank accession # NM_005683). This receptor exhibits low amino
acid identity to CB1 (13.5%) or CB2 (14.4%) receptors. The closest related proteins to
GPR55 are GPR35 (27%), P2Y (29%), GPR23 (30%), and CCR4 (23%) [74]. GPR55 was
first identified as a putative cannabinoid receptor in two patent applications [75, 76]. Drmota
and coworkers [76] isolated a variant of GPR55, GPR55a, which contains three amino acid
substitutions (F3.33(102)L, G5.52(195)S, C7.47(281)R). The ability of GPR55 to recognize
cannabinoids was first described in a yeast expression system, where the CB1 antagonists
AM251 and SR141716A acted as agonists at micromolar concentrations [75, 77]. However,
Sjogren and co-workers have expressed GPR55 in HEK?293 cells; there, nanomolar
concentrations of many cannabinoid agonists stimulated GTPyS binding [78]. Most of the
endocannabinoids, including anandamide, 2-AG, vi-rodhamine, noladin ether and
palmitoylethanolamide, as well as the agonists CP55940 and A%-THC, stimulated GTPyS
binding, which was not antagonized by AM281, but was blocked with 450 nM Cannabidiol
(CBD) [78]. AM251 produced an agonist response in HEK293 cells, similar to that found in
the yeast expression system [76, 78]. However, WIN55212-2 did not produce an agonist
response at GPR55 [76, 78]. On the other hand, palmitoylethanolamide (PEA), a potent anti-
inflammatory, anti-excitotoxic and anti-hyperalgesic compound [79, 80], was a potent
agonist at this receptor [78], raising the possibility that GPR55 may be a receptor for this
endocannabinoid. More recently, GPR55 has been tested against a number of cannabinoid
ligands with mixed results. Observations using a GTPyS functional assay indicate that
GPR5S5 is activated by nanomolar concentrations of the endocannabinoids 2-AG,
virodhamine, noladin ether, and palmitoylethanolamine [81]; and the atypical cannabinoids
abn-CBD and O-1602 [82], as well as by the classical cannabinoids CP55940, HU210, and
(-)-A%-THC [83]. Oka et al. [84] reported that GPR55 is not a typical cannabinoid receptor
as numerous endogenous and synthetic cannabinoids, including many mentioned above, had
no effect on GPR55 activity. They presented compelling data suggesting that the
endogenous lipid, lysophosphatidylinositol (LPI) and its 2-arachidonyl analogs are agonists
at GPR55 as a result of their abilities to phosphorylate extracellular regulated kinase and
induce calcium signaling [85, 86]. Kapur and co-workers recently examined the effects of a
representative panel of cannabinoid ligands and LPI on GPR55 using a beta-arrestin-green
fluorescent protein biosensor as a direct readout of agonist-mediated receptor activation.
Their data demonstrate that AM251 and SR141716A, both cannabinoid antagonists, and the
lipid LPI, which is not a cannabinoid receptor ligand, are GPR55 agonists. These ligands
possess comparable efficacy in inducing (B-arrestin trafficking, and moreover, activate the
G-protein dependent signaling of PKCII. Conversely, the potent synthetic cannabinoid
agonist CP55940 acts as a GPR55 antagonist/partial agonist. CP55940 blocks GPR55
internalization, the formation of B-arrestin GPR55 complexes, and the phosphorylation of
ERK1/2 [87]. Kapur and co-workers have concluded that at best, GPR55 is an atypical
cannabinoid responder. Because of the clearly controversial identification of GPR55 as a
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cannabinoid receptor at this time, this review will focus on the CB1 and CB2 receptors and
their endogenous mediators only.

Cannabinoid Receptor Structure

The CB1 and CB2 receptors both belong to the Class A family of G protein-coupled
receptors (GPCRs). As revealed by the crystal structure of bovine rhodopsin (Rho) at 2.8 A
[88], 2.65 A [89], 2.6 A [90] and 2.2 A resolution [91] and most recently the crystal
structures of the carazolol bound B2-AR [92-94], f1-AR [95] and adenosine A2A receptor
[96], the general topology of a Class A GPCR includes: (1) an extracellular N terminus; (2)
seven transmembrane alpha helices (TMHSs) arranged to form a closed bundle; (3) loops
connecting TMHs that extend intra- and extracellularly; and, (4) an intracellular C terminus
that begins with a short helical segment (Helix 8) oriented parallel to the membrane surface.
Ligand binding in GPCRs is thought to occur within the binding site crevice formed by the
TMH bundle, to extracellular loops, or to a combination of extracellular loop and binding
site crevice residues. Agonists are thought to bind and produce a conformational change
which initiates coupling to the G protein which is located inside the cell. An agonist-bound
receptor activates an appropriate G protein that promotes dissociation of GDP. Biophysical
studies indicate that ligand-induced receptor activation causes a change in the relative
orientations of TMHs3 and 6 [97-102], with the intracellular end of TMH6 moving away
from TMH3 by hinging and moving up towards lipid [101]. This modification then affects
the conformation of the G protein-interacting intracellular loops of the receptor and thus
uncovers previously masked G protein-binding sites [103]. No experimental structures for
the CB1 and CB2 receptors are yet available. Homology models of CB1 and CB2 have been
constructed and have proved to be quite useful in directing mutation and ligand design
projects. These models are discussed later in this review.

IIl. THE ENDOCANNABINOID SIGNALING SYSTEM

The cannabinoid receptors are part of the endocannabinoid signaling system which also
includes the enzymes that synthesize and degrade endocannabinoids, as well as possible
transporters. The molecular mechanisms for regulating lipid-based signaling events such as
cannabinoid receptor signaling are not yet completely understood, although significant
progress has been made [104]. Because lipids and their derivatives can readily partition into
and diffuse throughout cellular membranes, lipid messengers such as the endocannabinoids
are not easily contained by such physical boundaries as those of neurotransmitter membrane
vesicles. 2-AG [37, 64], is synthesized on demand from lipid in a two step process in which
phospholipase C- hydrolyses phosphatidylinositol-4,5-bisphosphate to generate
diacylglycerol, which is then hydrolyzed by diacylglycerol lipase (DAGL-a) to yield 2-AG
[105, 106]. 2-AG has been shown to mediate the retrograde signaling of the
endocannabinoid system in the brain [104]. The biosynthetic enzymes for 2-AG are
localized on post-synaptic neurons in dendritic spines and somatodendritic compartments.
Released 2-AG controls the activity of the complementary pre-synaptic neuron, by binding
to the CBL1 receptor which is often expressed there [107]. It is still unclear for retrograde
signaling how newly synthesized 2-AG is induced to leave the post-synaptic cell plasma
membrane to interact with CB1 pre-synaptically. 2-AG may be secreted by simple diffusion;
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alternatively, passive (energy-independent) carrier proteins may be required to extrude 2-
AG. Once 2-AG has reached CB1, it will bind within the binding site crevice formed by the
seven transmembrane helices of CB1. The subsequent activation of CB1 by 2-AG results in
the inhibition of neurotransmitter release in the presynaptic cell via inhibition of voltage-
activated Ca2* channels and the enhancement of inwardly rectifying K* channels in the cell
[108-114]. Degradation of 2-AG is then accomplished presynaptically, principally by a
membrane associated enzyme, monoacylglycerol lipase [115].

In comparison to the state of knowledge concerning 2-AG and its role in retrograde
signaling, the molecular and neuroanatomical organization of synaptic AEA signaling has
remained largely unknown. Nylias and co-authors have shown that N-
acylphosphatidylethanolaminehydrolyzing phospholipase D (NAPE-PLD), a biosynthetic
enzyme of AEA [116], is concentrated presynaptically in several types of hippocampal
excitatory axon terminals and is associated with intracellular calcium stores. This indicates
that, in contrast to 2-AG, endocannabinoids like AEA may have a presynaptic origin and
their production may reflect the status of axon terminal [Ca 2*] (in part following release
from intracellular stores) [117]. After acting at pre-synaptic CB1 receptors, AEA is taken up
by post-synaptic cells via possible transport proteins on both neurons and glia that mediate
endocannabinoid uptake [118-120]. After being transported into the cell, AEA is
subsequently broken down into arachidonic acid and ethanolamine by a membrane-bound
enzyme called fatty-acid amide hydrolase (FAAH) [119, 121, 122] that has been shown by
immunohistochemistry to be localized to the endoplasmic reticulum [123, 124].

[IIl. ENDOCANNABINOID SAR

An extensive SAR has been developed for endocannabinoid binding at CB1 and CB2.
Compounds that have emerged from this SAR development are important not only as probes
for the cannabinoid receptors, but also as valuable tools in the deduction of the binding
modes of endocannabinoids at their receptors.

CB1 Receptor

AEA Head Group SAR—In order for high-affinity binding to the CB1 receptor to occur
and for agonist binding to activate G-proteins, the carbonyl group of the AEA amide head
group must be present [125]. Arachidonamide and simple alkyl esters of arachidonic acid
did not show significant CB1 affinity [126]. Cyclization of the head group into an oxazoline
ring diminished affinity [127]. Arachidonylethers, carbamates and
norarachidonlycarbamates had poor CB;, affinity [128]. However, norarachidonyl ureas
showed generally good binding affinities to the CB1 receptor (K;j = 55-746 nM). Some of
the weaker affinity analogs in this series, produced potent pharmacological activity. These
analogs showed hydrolytic stability toward amidase enzymes [128]. To examine the SAR in
the arachidonyl alcohol series, Parkkari and co-workers synthesized several ester, carbonate,
and carbamate derivatives of arachidonyl alcohol. The results obtained from their SAR study
indicate that among the different analogs that were tested only the ester analogs showed
some activity at the CB1 receptor, however even these compounds were found to be less
potent and efficacious when compared with AEA [129]. El Fangour and co-workers
synthesized AEA analogs in which the amide moiety was replaced by an oxomethylene
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group or an ester. They found that replacement of the amide NH with a methylene group
resulted in an analog with moderate CB1 binding affinity (K;, = 360 nM) [130],

The Makriyannis group discovered that when the position of the amide nitrogen and
carbonyl groups are reversed, the resultant compounds are resistant to enzymatic hydrolysis.
This new class of ligands is referred to as retroanandamides (AM1174)[127]. Incorporating
a urea functionality into the head group produces ligands that retain CB1 affinity, but are
resistant to FAAH breakdown [128], A one carbon homologation of anandamide leads to
compounds that are partial agonists for both CB1 and CB2 and are also stable to hydrolysis
by FAAH [131].

Methylation at the C-1’ position in the AEA (see Chart 2, 5 for numbering system) head
group resulted in an 1’-R-methyl isomer (R-methanandamide, 13; Chart 3) which had four-
fold higher CB, affinity than AEA, while the 1’-S-methyl isomer had two-fold lower CB1
affinity than AEA. R-methanandamide (13) also was found to be resistant to enzymatic
breakdown [132]. Methylation at the 2’ position also produced some stereoselectivity, as the
S(+) isomer was found to have 2-5 fold higher CB| affinity than the R(=) -isomer [125,
132]. Introduction of larger alkyl groups had a detrimental effect on CB, affinity [133]. A
series of C1’-C2 dimethyl anandamide analogs revealed stereochemical requirements of the
CB; binding pocket, as only the R,R isomer (R)-N-(I-methyl-2-hydroxyethyl)-2-(R)-methyI-
arachidon-amide had significant affinity for CB! (K;=7.42 £ 0.86 nM) [134].

Enlargement of the ethanolamine head group by insertion of methylene groups revealed that
the N-propanol analog had slightly higher CB1 affinity than AEA, while higher ho-mologs
had reduced CB1 affinity [126, 135]. Alkyl branching of the alcoholic head group lead to
lower affinity analogs [135]. N-(propyl) arachidonylamide possessed higher CBI affinity
(Kj; = 7.3nM) than anandamide itself (K;,=22nM) [126, 135]. Substitution of an N-
cyclopropyl group for the ethanolamine head group of AEA lead to a very high CB 1
affinity compound [136]. These results suggest that there may exist a hydrophobic sub-site
for the AEA head group such that the hydroxyl of AEA may not be necessary for receptor
interaction [127]. Replacement of the hydroxyl group of AEA with a halogen such as F or
Cl increased CBI affinity as well [127, 136, 137]. Substitution of the 2-hydroxyethy! group
of AEA with a phenolic group, however, greatly decreased affinity for CBI [138-141].

Taken together, all of these results suggest that the hydroxyl in the anandamide head group
is not essential for receptor interaction, but that the cannabinoid receptor can accomodate
both hydrophobic and hydrophilic head groups, possibly in two different subsites. The
size(s) of the cavity(ies) in which the head group binds, however, is (are) small as only
relatively small variations on the head group permit the retention of high affinity binding.

AEA Acyl Chain SAR—Endocannabinoid SAR indicates that the CBI receptor recognizes
ethanolamides whose fatty acid acyl chains have 20 or 22 carbons, with at least three
homoallylic double bonds and saturation in at least the last five carbons of the acyl chain
[135]. Reggio and co-workers have suggested that this acyl chain unsaturation SAR
requirement is an outgrowth of the shape of the AEA binding pocket at CBI which may
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require tightly folded conformations, conformations not possible for AEA analogs with less
than three homoallylic double bonds [142].

An analogy has been drawn in the literature between the C16-C20 portion of AEA (see 5,
Chart 2) and the C-3 pentyl side chain of the classical cannabinoid, A%-THC (see 1, Chart 1).
Consistent with this hypothesis, replacement of the pentyl tail of AEA with a dimethylheptyl
chain results in enhanced affinity (although not to the same degree as seen in the classical
cannabinoids) [143, 144].

Although initially it seemed that the development of rigid anandamide analogs would help to
identify the receptor-appropriate conformation of AEA, attempts at rigidifying AEA have
been met with little success [126, 145, 146]. Pinto and co-workers investigated a series of
arachidonyl amides and esters in addition to a series of “rigid hairpin” conformations
typified by N-(2-hydroxyethyl)-prostaglandin amides to determine the structural
requirements for binding to the CB1 receptor. Two dimensional drawings of anandamide
and PGB,-EA (14, Chart 3) make the shapes of these two compounds look similar.
However, all of the rigid prostaglandin analogs synthesized by these investigators [126]
failed to alter [BH]CP-55,940 binding to CB1 in concentrations as great as 100 uM. Barnett-
Norris and co-workers [147] reported Conformational Memories (CM) results for PGB,-EA
(14) which showed an attenuated ability for the prostaglandin ethanolamide to adopt
extended conformations or to form U-shaped conformations like AEA and 2-AG. Instead,
the CM results showed that the conjugation of the acyl chain with the ring double bond
introduces “stiffness” into this part of the molecule, resulting in predominantly in a folded
L-shaped conformation.

2-AG SAR at CB1—Sugiura and co-workers have reported that 2-AG (8) and other
cannabinoid ligands such as AEA (5) and A° -THC (1) induce rapid transient increases in
[CaZ*] in NG108-15 cells through a cannabiniod CB1 receptor-dependent mechanism [148-
150]. 2-AG was the most potent compound for inducing these transient increases, as its
activity was detectable from as low as 0.3 nM. The maximal response induced by 2-AG
exceeded responses induced by other CB1 agonists. Activities of the CB1 agonists, HU-210
and CP 55,940 (2) were also detectable from as low as 0.3 nM, whereas, the maximal
responses induced by these compounds were low compared with 2-AG. AEA was also
found to act as a partial agonist in this system. Arachidonic acid (15, Chart 3) failed to elicit
a response, while noladin ether (9) possessed appreciable activity, although its activity was
apparently lower than that of 2-AG [150].

Sugiura and co-workers [150] have found that glycerol is the most suitable head group, and
the 2-isomer is preferable over the 1(3)-isomer. Parkkari and co-workers also explored the
effect of alpha-methylation of 2-AG as a way to improve its enzymatic stability [151]. In
addition, the CB1 activity properties of fluoro derivatives of 2-AG were studied. The results
indicate that even if the alpha-methylated 2-AG derivatives are slightly weaker CB1
receptor agonists than 2-AG, they are more stable than 2-AG. In addition, the results showed
that the replacement of the hydroxyl group(s) of 2-AG by fluorine does not improve the CB1
activity of 2-AG.
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Arachidonic acid is the most preferred fatty acid moiety, although the activity of
eicosatrienoic acid (n-9)-containing species was almost comparable to that of the
arachidonic acid containing species. Because the activities of 2-eico-satrienoy 1(20:3

A 81114, n_6) glycerol, 2-eicosatrienoy 1(20:3 A114.17 n-3) glycerol and 2-
docosatetraenoyl(22:4 A10.13.16. n_6) glycerol are lower than those of 2-eicosatrienoyl(20:3
A5811.n.9) and 2-eicosapentaenoyl(20:5 A®8:11.14.17.0.3) glycerol, it appears that the
presence of a double bond at the A® position, rather than further towards the end of the acyl
chain, is crucially important, probably for folding or curvature nearer the head group.

Parkkari and co-workers explored the effect of incorporation of a dimethyl heptyl (DMH)
tail in 2-AG and noladin ether (9) at the CB1 receptor. The importance of the chain length
was also explored by synthesizing 2-AG and noladin ether derivatives possessing the chain
length C21 instead of C22. Replacement of the pentyl end chain with the DMH resulted in
distinct potency decrease as compared to the reference compounds. The modification did not
have such a strong impact on the efficacy values. In fact, the efficacy of the derivatives of
noladin ether was comparable or even slightly improved. Introducing a more stable and
hydrophilic urea bond led to a dramatic decrease in biological activity [152].

CB2 Receptor

2-AG SAR at CB2—Sugiura and co-workers [153] have also found that 2-AG can induce
rapid transient increases in [Ca2*] in HL-60 cells. It was evident in this case that the
response was mediated by the CB2 receptor, but not the CB1 receptor, because the CB2
antagonist, SR144528 (12), but not the CB1 antagonist, SR141716A (4), blocked the
response. 2-AG was found to have more activity than its I(3)-isomer. Ester and ether
analogs, including nolandin ether (9) showed appreciable activity, albeit less than that of 2-
AG. Anandamide was found to be a weak partial agonist toward the CB2 receptor. The
cannabinoid agonist A? -THC (1) exhibited weak agonistic activity for the CB2 receptor in
the transient [Ca2*] assay.

The Sugiura group has also reported that a hydroxy group-containing 2-AG analog, a ketone
group-containing analog, and a methylene-linked analog exhibited only weak agonistic
activities toward either the CB1 receptor or the CB2 receptor [154]. The Makriyannis group
has reported a series of head group constrained and conformationally restricted analogues of
2-AG which are 2-AG esters of 1,2,3-cyclohexanetriol. Resolution of one of these
(AM5503) into stereoisomers yielded (+)AM4434 and (-)AM4435 both of which exhibited
CB1 K;,= 360 nM and CB2 K; =770nM binding [155].

The Sugiura group has reported that 2-glycerols with fatty acid chains of 20-22 carbons
showed the strongest CB2 agonist activity. For C,o fatty acids, activity was best for the 20:3
A5811 and 20:4 A581114 (2-AG, 8), suggesting that like the 2-AG SAR generated for CB1,
a double bond at A® was important [153]. More recently, the Sugiura group has reported a
series of 2-AG analogs with additional variations in the fatty acid moiety [154]. These
include an analog containing an isomer of arachidonic acid with migrated olefins, an analog
containing a one-carbon shortened fatty acyl moiety and an analog containing a one-carbon
elongated fatty acyl moiety. These analogs exhibited only weak agonistic activities toward

Curr Med Chem. Author manuscript; available in PMC 2014 August 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Reggio Page 10

either the CBL1 receptor or the CB2 receptor, which is in good contrast to 2-AG which acted
as a full agonist at these cannabinoid receptors [154].

IV. ENDOCANNABINOID CONFORMATION

Relationship Between Endocannabinoid Conformation and Productive Receptor
Interaction: Dynamic Plasticity Appears Key

One of the striking facts that emerges from endocannabinoid SAR for CB1 and CB2 is that
for AEA as well as 2-AG, the moiety with the smallest number of viable substitutionsis the
fatty acid moiety. The arachidonic acid (AA, 15) moiety in AEA, 2-AG and congeners
confers on the molecule “dynamic plasticity”. The arachidonic acid acyl chain contains four
homaoallylic double bonds (i.e. cis double bonds separated by methylene carbons).
Rabinovich and Ripatti [156] reported that polyunsaturated acyl chains in which double
bonds are separated by one methylene group are characterized by the highest equilibrium
flexibility compared with other unsaturated acyl chains. Rich [157] reported that a broad
domain of low-energy conformational freedom exists for these C-C bonds. Results of the
Biased Sampling phase from Conformational Memories calculations of AA are consistent
with Rich’s and with Rabinovich and Ripatti’s results [147], as they revealed a relatively
broad distribution of populated torsional space about the classic skew angles of 119°(s) and
-119°(s’) for the C8-C9-C10-C11 torsion angle in AEA, for example (see Chart 2, 5 for
numbering system).

While the fatty acid literature indicates that unsaturated fatty acids that possess multiple
homoallylic double bonds, such as AA, exhibit a high degree of flexibility, this literature
also indicates that saturated fatty acids tend to be significantly less flexible and adopt
primarily extended conformations. Fatty acids with decreasing amounts of unsaturation tend
to show a decreasing tendency to form folded structures, but still tend to curve in acyl chain
regions in which unsaturation is present [158]. A correlation has been drawn between this
acyl chain conformation trend and the SAR of the anandamide (AEA) acyl chain [142].

CoMFA QSAR pharmacophore models for AEA and its analogs have focused on folded
conformations, such as a J-shape [159] or a helical shape [160]. Di Marzo and coworkers
designed, synthesized and evaluated the CB1 binding affinity of a number of new
conformationally restricted lipopeptides. All of them present some of the AEA key structural
elements incorporated in a hairpinlike peptide framework. Some of the analogues showed
CB1 affinity, albeit SO-SO fold less than AEA [161]. Barnett-Norris and co-workers [147]
performed Monte Carlo/ simulated annealing studies of anandamide, 2-AG, a
dimethylheptyl analog of AEA with higher CB1 affinity (16,16-dimethyldocosa-
Cis-5,8,11,14-tetraenoylethanolamine), and N-(2-hydroxyethyl)prostagl-andin-B,-
ethanolamide (PGB,-EA, 14), a prostanoid ligand which does not bind to the CB1 receptor.
They found that the highest conformer populations for AEA and 2-AG were angle-iron
(extended) and U shaped conformations, with the predominant population influenced by the
environment (aqueous vs. CHC13). For the dimethylheptyl analog of AEA, a U shape and an
angle-iron (extended) conformation was favored, however, the inactive PGB,-EA was found
to be incapable of forming angle-iron (extended conformations). It instead favored an L
shaped conformation. The investigator’s concluded that the low probability of PGB,-EA

Curr Med Chem. Author manuscript; available in PMC 2014 August 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Reggio

Page 11

adopting an extended conformation may be why PGB,-EA shows such low affinity for the
CB1 receptor.

A susequent Conformational Memories study of AEA (20:4, n-6 (Ki =39.2 £ 5.7 nM) and its
22:4, n-6 (Ki = 34.4 + 3.2 nM); 20:3, n-6 (Ki = 53.4+ 5.5 nM); and 20:2, n-6 (Ki > 1500 nM)
[135] congeners indicated that each analogue could form both extended and U/J-shaped
families of conformers. However, for the low affinity 20:2, n-6 ethanolamide, the higher
populated family was the extended conformer family, while for the other analogues in the
series, the U/J-shaped family had the higher population. In addition, the 20:2, n-6
ethanolamide U-shaped family was not as tightly curved as were those of the other
analogues studied. The average radii of curvature (in the C-3 to C-17 region, see 5, Chart 2
for numbering system) (with their 95% confidence intervals) were found to be 5.8 A (5.3—
6.2) for 20:2, n-6; 4.4 A (4.1- 4.7) for 20:3, n-6; 4.0 A (3.7-4.2) for 20:4, n-6; and 4.0 A
(3.6-4.5) for 22:4, n-6. These results suggest that higher CB1 affinity is associated with
endocannabinoids that can form tightly curved structures [142].

The important, take-home message from these conformational analyses of AEA and its
analogs is that dynamic plasticity appears to be key, as it is important for these analogs to be
able to (1) extend [147], but also (2) to form tightly curved conformations [142, 159, 160].
Only analogs that are capable of these two extremes in conformation are recognized at CB1.
It is possible that one of these conformations is important for getting to the receptor and the
other is important for getting into the receptor.

Does the Lipid Bilayer Orient Endocannabinoids for Productive Receptor Interaction?

As discussed above, the phospholipid bilayer plays a central role in the lifecycle of the
endogenous cannabinoids, AEA and 2-AG. While each has its own set of synthetic and
degradative enzmes and system architecture [107], both endocannabinoids are synthesized
on demand in the lipid bilayer; they interact with the membrane-embedded cannabinoid
receptors; subsequently they are degraded by membrane associated enzymes that each
endocannabinoid likely accesses via the bilayer. Because the endocannabinoid system is
intimately associated with the lipid milieu, information concerning endocannabinoid
location in the phospholipid bilayer and the conformations they can adopt is important to our
understanding of the mechanism of cannabinoid action at the molecular level. Two
techniques have been used to obtain such information about the endocannabinoids:
moelcular dynamics simulations and NMR spectroscopy.

Molecular Dynamics Simulations in Lipid—Multi-nanosecond molecular dynamics
simulations of AEA in a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) phospholipid
bilayer have suggested that the AEA polar headgroup resides at the lipid-water interface,
specifically in the polar phospholipid headgroup region, whereas the AEA nonpolar acyl
chain extends into the hydrocarbon core of the membrane. The analysis also indicated that
(i) an AEA elongated conformation is preferred in the DOPC bilayer environment; however,
many other AEA conformations are observed. These included angle-iron/extended/helical
conformers, as well as J and U shaped conformations; (ii) hydrogenbonding between the
lipid (DOPC) and the AEA headgroup, although extensive, is quite short-lived; and (iii) the
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C-H bond order parameters for the AEA acyl chain are low compared to order parameters
typically seen for saturated acyl chains of fatty acids, and these order parameters decrease
toward the bilayer center. The orientation of AEA in DOPC is illustrated in Fig. (2).

NMR Spectroscopic Studies in Lipid

The Makriyannis lab has reported an NMR study of AEA conformation, location, and
dynamic properties in a dipalmitoylphosphatidylcholine multilamellar model membrane
bilayer system [162]. Their results demonstrated that anandamide adopts an extended
conformation within the membrane with its headgroup at the level of the phospholipid polar
group and its terminal methyl group near the bilayer center. Parallel static 2H NMR
experiments further confirmed these findings and provided evidence that AEA experiences
dynamic properties similar to those of the membrane phospholipids and produces no
perturbation to the bilayer. Thus, the emerging picture from experimental and MD studies of
AEA behavior in the membrane is that AEA tends to assume an extended shape in the
bilayer, but dynamically explores other conformations.

V. ENDOCANNABINOID INTERACTION WITH THE CANNABINOID
RECEPTORS

Interaction via the Lipid Bilayer

Because of the high lipophilicity of the cannabinoids and the endocannabinoids, one of the
hypotheses being probed in the cannabinoid literature is that cannabinoids enter the
cannabinoid receptors via the lipid bilayer. The Reggio group has identified a XX motif
(formed by beta branching amino acids, V6.43 and 16.46) on the lipid face of the
cannabinoid CB1 receptor in its inactive state that may serve as an initial CB1 interaction
site for AEA. Early Conformational Memories calculations on CB1 TMH®6 revealed that
interaction of an alkyl chain with this groove can induce an activated TMH6 conformation
[163]. Molecular dynamics simulations of AEA conducted in a model system composed of
CB1 transmembrane helix 6 (TMH®6) in a 1,2-dioleoyl-sn-glycero-3 phosphocholine
(DOPC) bilayer revealed that AEA exhibited a higher incidence of V6.43/16.46 groove
insertion than its low CB1 affinity (20:2, n-6) analog. In certain cases, AEA established a
high energy of interaction with TMH®6 by first associating with the VV6.43/16.46 groove and
then molding itself to the lipid face of TMHG6 to establish a hydrogen bonding interaction
with the exposed backbone carbonyl of P6.50. Based upon these results, the investigators
proposed that the formation of this hydrogen bonded AEA/ TMH6 complex may be the
initial step in CB1 recognition of AEA in the lipid bilayer [164].

If AEA gains access to the CB1 receptor via the lipid bilayer in the manner suggested by the
study discussed above, the ligand entry point would be between TMH6 and TMH7, with the
ligand acyl tail at the level of the CWXP motif on TMH6. To test this hypothesis, the
Makriyannis lab has created an isothiocyanate labelled classical cannabinoid ligand, AM841
(16, Chart 3), to serve as a covalent probe of cannabinoid interaction with their receptors. In
this ligand, the isothiocyanate functional group is attached to the last carbon of the 1°,1’-
dimethylheptyl (DMH) side chain. The CB1 and the CB2 receptors each possess Cys
residues that face into the ligand binding pocket (CB1: C7.38(382) and C7.42(386); CB2:
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C7.38(284) and C7.42(288)). For both CB1 [165] and CB2 [166], AM841 was found to
specifically label C6.47, a residue in the TMH6 CWXP hinge motif that is located near the
floor of the binding pocket (near bilayer center) in the TMH6/7 interface in the inactive state
of both CB1 and CB2. A recent NMR study of CP55940 in POPC bilayers has shown that
the DMH sidechain of CP55940 orients itself parallel to the phospholipid acyl chains [167].
A similar membrane orientation is likely for the AM841 DMH side chain. The selective
labelling of C6.47 by the AM841 DMH alkyl chain is consistent with ligand entry between
TMHG6/7 from the lipid bilayer, as C6.47 would be the first Cys residue seen by the ligand if
it entered from the lipid bilayer. The Makriyannis group has reported the synthesis of AEA
analogs labelled at the end of their fatty acid chain with either an azido or isothiocyanate
group [168]. Results of labelling studies with this ligand are much anticipated.

Mutation Studies of the CB1 and CB2 Receptors

Mutation and chimera studies are excellent ways to gather information on ligand binding
sites. Although the CB1 binding sites for SR141716A [169-177], WIN55212-2 [169, 172,
176, 178-180] and CP55940 [176, 177, 179, 180]/HU-210 [172, 174, 175, 178, 180] and the
CB2 binding site for WIN55212-2 [63, 181-183], CP55940 [182, 183], HU-210 [182] and
SR144528 [184, 185] have been explored (many quite extensively) via mutation studies,
very few mutations have shed light on the endocannabinoid binding sites at CB1 or CB2.
Song and Bonner reported that a K3.28A mutation in CB1 leads to severe loss of binding for
anan-damide, HU-210 and CP-55940 [178]. Mutations of aromatic residues on TMH3,4,5,6
of CB1 revealed that the binding of anandamide was affected by the mutation of one
aromatic on TMH3, F3.25 [169, 176]. Recently, the Kendall lab has reported that mutations
of F268W, P269A and 1271A in the EC-2 loop of CB1 have a profound effect on the
binding of R-methanandamide (13, Chart 3) at CB1. These results are suggestive of a steric
effect on R-methanandamide binding and imply that anandamide binds high enough in the
CB1 binding pocket to be impacted by changes in the EC-2 loop [175]. Surprisingly, there
have been no mutation studies that explored the 2-AG binding pocket at CB1 or CB2.

Computer Models of the Cannabinoid CB1 and CB2 Receptors

Rhodopsin based models of the CB1 [186-191] and CB2 [184, 188, 191-194] receptors
have been published by several research groups and new CB1 [195, 196] and CB2 [195]
models based on the 2-AR crystal structure have recently been described. In their recent
comparison of the engineered $2-AR crystal structure to Rho based models, Cherezov and
co-workers remarked that most published $2-AR computer models were more similar to Rho
than to the f2-AR structure [93]. This reflects the bias introduced by the template structure
used for model development. There are significant sequence divergences between CB1/CB2
and Rho that need to be taken into account during model development. These include the
absence of helix kinking proline residues in TMH1 and TMHD5, the lack of a GG motif in
TMH2, the lack of a PP at the EC end of TMH4 (CB1/CB2 have only one P), as well as, the
presence of extra flexibility in TMH6, particularly in CB1. Another significant sequence
divergence between Rho and CB1/CB2 is in the second extracellular (EC-2) loop region.
This loop in CB1/CB2 is shorter than in Rho and is missing the conserved disulfide bridge
between the cysteine in EC-2 and Cys3.25 in TMH3 of Rho. Instead, in CB1 there is a Cys
residue at the TMH4 EC end (CB1 C4.66(257); CB2 C4.66(174)) and a Cys near the middle
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of the EC-2 loop (CB1 C(264); CB2 C(179)) that experiments suggest may form a disulfide
bridge [173, 184]. Consequently, the position of the EC-2 loop with respect to the binding
site crevice in CB1/CB2 around TMHs 3-4-5 is likely to be quite different from that in Rho.

While most CB models are homology models based strictly on a crystal structure template,
some groups have used crystal structure information as a starting point, with refinements
made to reflect the important sequence divergences in CB1/CB2 from a Rho template. The
Reggio group has constructed and refined models of the CB1[172, 197, 198] and CB2 [199]
receptor inactive and activated states. These models, initially built based upon a Rho
template, have undergone refinements via biased Monte Carlo/ simulated annealing
calculations on individual helices [200, 201]. Important loop regions have been modeled
using a novel Scaled Collective Variable in Monte Carlo loop modeling method [202, 203]
with an implicit solvent model that is based on a screened Coulomb potential formulation
(the SCP-ISM) [204, 205]. These calculations on helices and loops were undertaken so that
the models reflect the sequence dictated differences between CB1/CB2 and Rho.

Modelling Studies of Endocannabinoid Binding to the CB1 and CB2 Receptors

The binding of AEA at CB1 and CB2 has been studied by several groups. The first
endocannabinoid docking studies in the CB1 receptor were reported by Barnett-Norris and
coworkers [142] who used a refined rhodopsin homology model of the CB1 activated state
(R*) to study the binding of a series of dimethyl anandamide analogs, for which the CB1
affinity of the R,R analog ((R)-N-(I-methyl-2-hydroxyethyl)-2-(R)-rnethyl-arachidonamide)
is quite high (K; = 7.42 + 0.86 nM). These studies suggested that the congeners adopt tightly
curved U/J-shaped conformations at CB1 and that the high CB1 affinity of the R R
stereoisomer is due to the ability of the headgroup to form an intramolecular hydrogen bond
between the carboxamide oxygen and the headgroup hydroxyl that orients the C2 and C1’
methyl groups (see 5, Chart 1 for numbering system) to have hydrophobic interactions with
V3.32(196), while the carboxamide oxygen forms a hydrogen bond with K3.28(192) at
CBL. In this position in the CB1 binding pocket, the acyl chain has hydrophobic and C-
Heeer interactions with residues in the transmembrane helix (TMH) 2-3-7 region.

A subsequent study of anandamide binding at CB1 using the same CB1 R* model,
suggested that K3.28(192) forms a hydrogen bond with the amide oxygen of anandamide
[169]. At the same time, the headgroup hydroxyl of anandamide is engaged in an
intramolecular hydrogen bond with its amide oxygen (see Fig. 3). The anandamide binding
pocket is lined with residues that are largely hydrophobic, including L3.29, V3.32, F6.60,
F7.35, A7.36, Y6.57, S7.39 (hydrogen bonded back to its own backbone carbonyl oxygen),
and L7.43. F3.25 has a C-Heee interaction with the C5-C6 double bond of anandamide,
while F2.57 has an interaction with the amide oxygen of anandamide. The binding-site
interactions identified for anandamide agree with results first reported by Pinto and co-
workers [126], which showed that the hydroxyl group in the headgroup region of
anandamide could be replaced by a methyl group without a loss in CB1 affinity. This result
suggested that the hydroxyl group is not essential for anandamide binding and also that this
hydroxyl may exist in a hydrophobic region of CB1. This result has been echoed in later
endocannabinoid structure-activity relationship studies that showed, for example, that a
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cyclopropy! headgroup results in a very high CB1 affinity ligand [136]. In the binding site,
identified for anandamide in the model, the headgroup hydroxyl is located in a hydrophobic
pocket and satisfies its hydrogen-bonding potential by forming an intramolecular hydrogen
bond with the amide oxygen. This result is consistent with NMR solution studies of
anandamide reported by Bonechi and co-workers [206], who found that this intramolecular
hydrogen bond in anandamide persists in solution. These results are also consistent with
CB1 mutation studies which have indicated that K3.28(192) is a primary interaction site for
AEA [178] and separate mutation studies in which the binding of AEA was reduced 6-fold
by a F3.25A mutation [169].

In their rhodopsin based homology model of CB1, Tuc-cinardi and co-workers [188] found
that AEA binds in the TM2-3-6—-7 region of CB1, adopting a U-shaped molecular
conformation. The amide oxygen atom of the ligand interacts with K3.28(192), in agreement
with site-directed mutagenesis studies [178], and the hydroxy group forms a hydrogen bond
with S7.39(383). The residues that delimit the AEA binding pocket are principally
hydrophobic, including F2.57(170), F3.25(189), L3.29(193), V3.32(196), F3.36 (200), and
F7.35(379), in agreement with the CB1 model proposed by McAllister et al. [169].
F2.57(170) interacts with the aliphatic chain of AEA through a C-Heeer interaction, whereas
F3.25(189) has an interaction with the amide oxygen atom.

In Tuccinardi and co-workers [188] CB2 receptor model, AEA binds in the TM3-4-5-6
region. It does not interact with K.3.28(109), but it forms a H-bond with S3.31(112) through
the amide oxygen atom, and this is in agreement with mutagenesis studies [183]. Moreover,
the hydroxy group interacts with the oxygen backbone of L3.27(108). The AEA aliphatic
chain interacts principally with W5.43(194) and W6.48(25 8). The AEA docking results
seem to support the validity of these CB1 and CB2 models since they are in good agreement
with the main mutagenesis data available for this ligand. Brizzi and co-workers recently
used these models to analyze the binding of hybrid resorcinol/anandamide hybids [207].

Padgett and co-workers recently explored the binding of ligands designed to mimic possible
anandamide conformations. The most potent and efficacious of the ligands adopted
conformations characterized by interactions with both the K3.28 and hydrophobic residues
that interact with the non-classical cannabinoid, CP55244. The other five compounds
formed fewer or less energetically favorable interactions with these critical residues [189].

Salo and co-workers [190] reported docking results for both AEA and 2-AG in their
rhodpsin based CB1 receptor model. Both the carbonyl and hydroxyl groups of AEA acted
as hydrogen bond acceptors with K3.28. In addition, the carbonyl oxygen of AEA could
serve as a hydrogen bond acceptor with S7.39. For 2-AG, the carbonyl oxygen acted as a
hydrogen bond acceptor with K3.28 and the ester oxygen of 2-AG acted as a hydrogen bond
acceptor with S7.39. Both endocannabinoids adopt a U-shaped molecular conformations,
with their aliphatic tails turning to the lipophilic region of the binding site. In this
conformation, the ligand acyl chain is located in the vicinity of residues such as F3.36(200),
WH5.43(279), and L5.40(276). However, no specific C-Heee7 interactions were recognized
between the hydrogens of the aromatic rings and the double bonds of AEA in this binding
model. In a subsequent study, Salo and coworkers [208] used both manual techniques and
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automated docking at rhodopsin-based CB1 receptor models to obtain a common alignment
of endocannabinoid and classical cannabinoid derivatives. In their final alignment models,
the endocannabinoid headgroup occupies a unique region distinct from the classical
cannabinoid structures, supporting the hypothesis that these structurally diverse molecules
overlap only partially within the receptor binding site.

A very recent, microsecond timescale molecular dynamics study of 2-AG interaction with
the CB2 receptor in a palmitoyl-oleoylphosphatidylcholine (POPC) lipid bilayer has
suggested that (1) 2-AG first partitions out of bulk lipid at the CB2 TMH6/7 interface; (2) 2-
AG then enters the CB2 receptor binding pocket by passing between TMH6/7; and (3) the
entrance of the 2-AG head group into the CB2 binding pocket is sufficient to trigger
conformational changes associated with the initial stages of GPCR activation, such as
breaking of the intracellular (IC) TMH3/TMHS6 ionic lock and the movement of the TMH6
IC end away from TMH3. Upon entry into the CB2 bundle, one 2-AG hydroxyl group
interacts with S7.39(285), while the second hydroxyl forms an intramolecular hydrogen
bond with the first hydroxyl. Ultimately, one 2-AG hydroxy!l group establishes a long lasting
interaction with D(275) in the EC-3 loop, while the other forms a hydrogen bond with
$6.58(268). This set of interactions remains throughout the rest of the simulation (nearly 2
us; see Fig. 4) [209]. One of the interesting outcomes of this study was that receptor
activation was triggered by head group entry into CB2. As is clear in Fig. (4), a portion of
the fatty acid chain remains in lipid. In fact, only the first double bond of 2-AG resides in
the binding pocket. While this may simply mean that fatty acid chain entry requires
additional time to pull into the binding pocket, it is interesting that Sugiura’s SAR studies
for 2-AG in CB2 indicated that the A5 (first) double bond in the fatty acid chain of 2-AG
was crucial for CB2 activity [153].

CONCLUSIONS

In addition to summarizing what is known about endocannabinoid interaction with the
cannabinoid receptors, this review has pointed to areas in which more research needs to be
done. Endocannabinoid SAR studies have largely focused on anandamide SAR. Given the
importance of 2-AG as the mediator of cannabinoid retrograde signaling in the brain, more
attention needs to be focused on 2-AG SAR. 2-AG binds to both CB1 and CB2, yet 2-AG is
rarely used to evaluate mutations of either receptor. As a result, there is little mutational data
that can be used to deduce where 2-AG binds in either CB1 or CB2. There are still major
question marks associated with the issue of how newly synthesized endocannabinoids get to
their targets (CB1 or CB2) and then ultimately reach the enzymes that degrade them. It has
been a long-held assumption in the field that due to the high lipophilicity of the
endocannabinoids, approach to their receptors may be via the lipid bilayer. Recent
experimental and computational results discussed in this review have suggested that this
may be true. However, more research needs to be done in this area. Finally, our current
thinking about the location of key components of the endocannabinoid system (synthesizing
enzymes, receptor protein and degrading enzymes), as described in this review still involves
endocannabinoids crossing the synaptic cleft. Given endocannabinoid high lipophilicity, the
deduction of how such a movement across the cleft occurs will be a very great contribution
to the field.
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Fig. (1).
Helix net representations of the amino acid sequences of the CB1 and CB2 receptors are

presented here.
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Fig. (2).
A simulation cell containing four molecules of N-arachidonoylethanolamine (anandamide,

AEA, 5, Chart 2), in a fully hydrated 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
bilayer is illustrated here. Spheres represent the DOPC choline group nitrogen and
phosphate group phosphorous atoms. The DOPC acyl chains are shown in tube display.
Molecules of 5 are contoured at their Van der Waals radii, while water is depicted here in
tube display. This figure shows that when 5 adopts an extended conformation in the bilayer,
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its terminal methyl group is at the center of the bilayer. This figure also shows that 5 is
capable of forming more compact shapes while in the bilayer [210].
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Fig. (3).
The AEA/R* complex in the TMH2-3-6-7 region of CB1 R* is illustrated here. AEA (5) is

shown in tube display. K3.28 forms a hydrogen bond with the amide oxygen of 5. At the
same time, the head group hydroxyl of 5 is engaged in an intramolecular hydrogen bond
with its amide oxygen. The AEA binding pocket is lined with residues that are largely
hydrophobic, including L3.29, V3.32, F6.60, F7.35, A7.36, Y6.57, S7.39 (hydrogen bonded
back to its own backbone carbonyl oxygen) and L7.43. F3.25 has a C-Heee interaction with
the C5-C6 double bond of 5; while, F2.57 has an interaction with the amide oxygen of 5
[169].
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Fig. (4).
A simulation cell containing a model of the CB2 receptor [211] immersed in a fully hydrated

palmitoyl-oleoyl-phosphatidylcholine (POPC) lipid bilayer is illustrated here from a
microsecond timescale NAMD2 MD simulation [209], The spheres represent the
phosphorous atoms of the POPC head-groups. Water and the fatty acid acyl chains of the
bilayer have been turned off for simplicity. 2-AG is contoured at its Van der Waals’ radius.
In this figure, a 2-AG molecule has entered the CB2 receptor by passing between TMH6 and
TMHY. Inset. Subsequent to entry, 2-AG establishes a long lasting interaction with D(275)
in the EC-3 loop, a hydrogen bond with S6.58(268), and maintains an intramolecular
hydrogen bond.
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Chart 1.

Cannabinoid receptor agonists and antagonists.
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Chart 2.
Endogenous cannabinoids.
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