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ABSTRACT: The cannabinoid 1 receptor (CBIR) is one of the most abundant G protein-
coupled receptors (GPCRs) in the central nervous system. CBIR involvement in multiple
physiological processes, especially neurotransmitter release and synaptic function, has made
this GPCR a prime drug discovery target, and pharmacological CBIR activation has been
demonstrated to be a tenable therapeutic modality. Accordingly, the design and profiling of
novel, drug-like CB1R modulators to inform the receptor’s ligand-interaction landscape and
molecular pharmacology constitute a prime contemporary research focus. For this purpose,
we report utilization of AM3677, a designer endocannabinoid (anandamide) analogue
derivatized with a reactive electrophilic isothiocyanate functionality, as a covalent, CBIR-
selective chemical probe. The data demonstrate that reaction of AM3677 with a cysteine
residue in transmembrane helix 6 of human CB1R (hCB1R), C6.47(355), is a key feature of
AM3677’s ligand-binding motif. Pharmacologically, AM3677 acts as a high-affinity, low-
efficacy CBIR agonist that inhibits forskolin-stimulated cellular cAMP formation and
stimulates CB1R coupling to G protein. AM3677 also induces CBIR endocytosis and

irreversible receptor internalization. Computational docking suggests the importance of discrete hydrogen bonding and aromatic
interactions as determinants of AM3677’s topology within the ligand-binding pocket of active-state hCBIR. These results
constitute the initial identification and characterization of a potent, high-affinity, hCB1R-selective covalent agonist with utility as a
pharmacologically active, orthosteric-site probe for providing insight into structure—function correlates of ligand-induced CB1R
activation and the molecular features of that activation by the native ligand, anandamide.
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he endocannabinoid system is a ubiquitous information-

transducing network in mammals whose principal
molecular components include the cannabinoid 1 (CBIR)
and 2 (CB2R) G protein-coupled receptors (GPCRs); their
naturally occurring activator ligands, the arachidonic acid-
derived endocannabinoid lipid mediators 2-arachidonoylglycer-
ol (2-AG) and arachidonoylethanolamide (anandamide)
(AEA); and enzymes responsible for endocannabinoid syn-
thesis and inactivation.”> Of these components, CBIR has
garnered particular experimental and clinical interest since the
discovery over 25 years ago that the main psychoactive
cannabis constituent, the phytocannabinoid (—)-A’-tetrahy-
drocannabinol (A°-THC), exerts its psychotropic and addictive
effects by activating brain CB1R.> Expressed to varying extents
in peripheral organs where it plays important roles in
cardiovascular, reproductive, and metabolic processes, CBIR
retains a high (>97%) degree of amino acid sequence identity
across mouse, rat, and human and is one of the most abundant
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GPCRs in the central nervous system (CNS).> In CNS
physiology, CB1R-mediated cannabinergic signaling serves as a
critical retrograde modulator of neurotransmitter release* and
influences many parameters of psychobehavioral state in
mammals, including cognition, learning, memory, and emo-
tional valence and reactivity.”>® CBIR information output has
also been implicated in other CNS-related processes including
synaptic plasticity and neurogenesis.”® Although 2-AG is
considered to be the primary endocannabinoid modulator of
synaptic function, AEA also acts as a lipid messenger in isolated
neuronal cells and in the CNS.*’

Participation of CBIR in multiple biological functions has
made this GPCR a focus of medicinal chemistry efforts to
design and develop drug-like ligands that modulate its activity
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for therapeutic gain."”"" Phytocannabinoids or their congeners

that engage and activate CB1R have been approved as drugs to
control nausea/emesis, stimulate appetite, manage pain, and
reduce multiple sclerosis-related spasticity.'” Preclinical data
suggest an appreciably broader utility for synthetic CBIR
agonists as antinociceptive, anti-inflammatory, and anticancer
drugs.®~" Identification of CBIR functional residues and
characterization of ligand-directed information transduction
and intracellular trafficking are sought-after to inform the
rational, structure-guided design of therapeutically useful CBIR
agonists.lé_18 Such information gains particular significance
from the proposition that CB1R agonists with specific ligand-
binding domains/pharmacological properties might preferen-
tially activate therapeutic signaling cascades over those inviting
adverse events, thereby reducing the risk of adverse
psychobehavioral responses that may accompany high levels
of CBIR activation in the CNS."

Although X-ray crystallography can provide atomic-level
insight into the three-dimensional structure of proteins,
diffraction-quality CB1R crystals have proven to be elusive
and cannot afford direct characterization of a receptor’s
signaling output or trafficking consequent to ligand engage-
ment.”® Attempts have thus been made by us*"** and others™
to delineate the structural features of ligand-dependent CBIR
activation using computational prediction methods, albeit with
underlying assumptions regarding the states of apo- and holo-
CBIR in situ. This laboratory has also utilized nuclear magnetic
resonance spectroscopy (NMR) to characterize experimentally
the structure and dynamics of discrete CBI1R transmembrane
helix (TMH) domains.”*>® Nonetheless, the physiological and
therapeutic importance of CB1R warrants direct experimental
analysis of CB1R activation across a range of small molecule
agonists.

We have developed a ligand-assisted protein structure
(LAPS) approach that affords insight into critical features of
ligand bindin% to therapeutically relevant proteins (enzymes,
receptors).””*® This experimental paradigm employs purpose-
designed, pharmacologically active covalent affinity probes in
tandem with mutational analyses to identify amino acids at (or
within the immediate environment of) the protein’s ligand-
binding domains critical to ligand recognition/engagement. In
conjunction with biological assays, LAPS allows delineation of
structure—function correlates in biologically active drug targets.
Given the importance of cysteine residues to protein structure
and activity,”” we have exploited the spontaneous, preferential
reactivity at physiological pH between isothiocyanate (NCS)-
functionalized electrophilic ligands and protein cysteine
nucleophiles.*® Using one such ligand, the A°>-THC derivative
AMS841 [(—)-7'-isothiocyanato-11-hydroxy-1’,1'-dimethylhep-
tylhexahydrocannabinol], we have implicated a cysteine residue
in transmembrane helix 6 (TMH6) of human CB1R (hCBI1R),
C6.47(355), as a critical structural feature of hCB1R activation
by this classical phytocannabinoid analogue.*’ Yet, CBIR
agonists are structurally quite diverse and encompass not only
A’-THC-like classical cannabinoids such as AM841 but also
nonclassical cannabinoids, aminoalkylindoles, and the eicosa-
noid endocannabinoids 2-AG and AEA."*'> The appreciable
molecular and chemotype variation among CBIR agonists,
along with the potential for different CB1R agonists to activate
distinct intracellular signaling pathways in a ligand-directed
fashion (“biased agonism” or “functional selectivity”)'” and the
corollary therefrom that CB1R may adopt several distinct,
ligand-dependent active conformations, raises questions regard-
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ing the importance of C6.47(35S) to the receptor’s orthosteric
ligand-interaction landscape with endocannabinoids and the
functional effects of the engagement of eicosanoid-type ligands
on CBIR signal output and trafficking.

To address these issues experimentally, we report the
profiling of a designer covalent cannabinergic ligand, 20-
isothiocyanato-eciosa-5,8,11,14-tetraenoic acid cyclopropyla-
mide (AM3677). Featuring an electrophilic NCS functionality,
AM3677 is a direct analogue of the AEA derivative and CB1R
full agonist arachidonoylcyclopropylamide [(5Z,8Z,11Z,14Z)-
eicosa-5,8,11,14-tetraenoic acid cyclopropylamide] (ACPA)
(Figure 1).>*7** Our data implicate C6.47(355) as the exclusive

Arachidonoylcyclopropylamide
(ACPA)

AM3677

Figure 1. Chemical structures of the endocannabinoid agonist
anandamide (AEA) and the AEA derivatives arachidonoylcyclopropy-
lamide (ACPA) and AM3677.

TMH cysteine involved in hCBIR activation by AM3677 and
the hCBIR residue to which AM3677 covalently binds. We
further demonstrate that AM3677 engagement elicits a pattern
of CBIR signaling encompassing adenylyl cyclase inhibition, G-
protein activation, and irreversible CBIR internalization from
the plasma membrane. In silico modeling suggests that discrete
hydrogen-bond and aromatic interactions within the receptor’s
hydrophobic ligand-binding pocket act as critical determinants
of AM3677’s disposition in active-state hCBIR, which is
somewhat distinct from that of naturally occurring AEA. These
data constitute the initial report and pharmacological profiling
of a novel, covalent hCBIR agonist with respect to its binding
motif and the functional consequences of hCB1R activation by
such a ligand.

B RESULTS AND DISCUSSION

Wild-Type (WT) and Mutant hCB1Rs Are Expressed in
Flp-In-293 Cells. Mutation of extracellular loop (ECL) C257
or C254 abrogates high-level hCB1R expression and receptor
function, and N-terminal C98 and C107 are critical to hCB1R
orthosteric ligand aﬂ-inity,“’36 TMHs form the hCBIR binding
pocket into which small molecule lipid ligands enter, likely from
the membrane bilayer through an entry portal delineated by the
TMH bundle itself.** Accordingly, WT hCBIR and hCBIR
variants with conservative Cys-to-Ser mutations at each of the
receptor’s five TMH Cys residues (out of 13 total) were
expressed in Flp-In-293 cells. Receptor functional competency
was evaluated in saturation-binding assays on membrane
preparations from each Flp-In-293 cell line with [*H]CP55,940,
a nonclassical, high-affinity cannabinoid radioligand universally
utilized for profiling CB1R/CB2R orthosteric ligand binding.31
The WT and Cys mutant hCBIR variants bound [*H]-
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CP55,940 with defined, saturable kinetics. Analysis of the
saturation-binding data demonstrated that the five Cys mutant
hCB1Rs displayed [*H]CP55,940 binding affinities (as K;) and
expression densities (as By,,) at least comparable to those of
WT hCBIR generated in the same Flp-In-293 expression
system: the B, values across all six hCBIR variants averaged
0.96 + 0.12 pmol/mg, and the K values averaged 5.4 + 0.8 nM
(means = SEM; n = 6). These results are congruent with prior
demonstration that mutation of C6.47(355), C7.38(382), or
C7.42(386) to Ala does not appreciably affect hCBIR ligand
binding.*"**

AM3677 Can Serve as a Chemical Probe at hCB1R.
This laboratory has designed and synthesized various
cannabinergic molecules as novel probes for identifying key
amino acid residues involved in CB1R/CB2R ligand engage-
ment.>”** One of our design strategies involves incorporation
into known, high-affinity CB1R/CB2R ligands functional
groups potentially reactive with amino acids within (or very
near) the target receptor’s ligand-binding domain followed by
conservative structural modifications (if warranted) to maintain
the pharmacological profile of the parent compound. From the
resulting library of electrophilic or photoactivatable molecules
belonging to various cannabinoid chemical classes, we selected
AM3677 for the present study. The selection was predicated
upon AM3677 being a direct analogue of ACPA, the latter of
which is itself an AEA derivative that binds to rat CBIR
(rCBIR) with high affinity (apparent K; = 2.2-2.7 nM;
[*H]CPS5,940 as competitive radioligand) and selectivity (~60
to 300-fold vs CB2R) and potently activates recombinant
hCBIR as full agonist [ECs, = 2 nM, inhibition of forskolin-
stimulated cyclic AMP (cAMP) production] (Figure 1)3%%
The electrophilic NCS functionality was incorporated into
AM3677 to allow its preferential and covalent reaction with
nucleophilic hCBIR cysteine residues at physiological pH.>**!
Indeed, AM3677 has been demonstrated to bind to rCBIR
with high affinity (apparent K; = 1.3 nM; [*H]CP55,940 as
competitive radioligand) and selectivity (~40-fold vs CB2R) in
an irreversible manner.*

Since the foregoing precedent for AM3677 as a high-affinity,
irreversible CBIR ligand was established with rCB1R,*® we
determined the binding affinity of AM3677 for the WT and Cys
mutant hCB1Rs that we had expressed in Flp-In-293 cells. No
specific AM3677 or [*H]CPS55,940 binding to membranes from
nontransfected Flp-In-293 cells was observed (data not shown).
As summarized in Table 1 from competition-binding assays
with [*H]CPS55,940, the mean apparent AM3677 K; value for

Table 1. Apparent AM3677 Binding Affinities of WT hCB1R
and Cys Mutants

hCBIR variant apparent K; (95% CI; nM)“
WT 1.7 (0.7-3.8)
C1.55(139)S 2.3 (1.0-5.3)
C4.47(238)S 24 (0.8-7.2)
C6.47(355)S 2.2 (0.8-5.8)
C7.38(382)S 1.9 (0.4-8.1)
C7.42(386)S 1.6 (0.5-5.0)

“Apparent binding affinities for AM3677 (as K| values) were derived
from competitive binding assays with [*H]CP55,940 and membrane
preparations from stably transfected Flp-In cells. Data are the mean of
at least three independent experiments carried out in triplicate, with
95% confidence intervals (CIs) shown in parentheses.
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WT hCBIR (1.7 nM) was comparable to that for each of the
Cys mutant hCBIR variants studied (1.6—2.3 nM) and to the
apparent AM3677 K; for rCBIR reported (2.7 nM).>> The high
affinity of hCB1R for AM3677 contrasts with this receptor’s
moderate affinity for AEA [(K; = 61 nM (rCB1R); 240 nM
(hCB1R)].** These aggregate chemical and affinity binding
data validate AM3677 as a suitable probe for interrogating the
molecular features and functional consequences of
endocannabinoid(-like) ligand engagement by hCBIR.

AM3677 Binds Covalently to hCB1R at C6.47(355).
After a 1 h preincubation of membranes from Flp-In-293 cells
overexpressing hCBIR with excess AM3677 (ie, a final
concentration some 10-fold the apparent hCBIR K; for
AM3677) at 30 °C followed by extensive washing to remove
unbound ligand, WT hCBIR displayed a significantly reduced
(by 43%) mean B, for [*H]CP55,940 relative to that of
membranes processed in parallel but not exposed to AM3677
prior to incubation with [*H]CPS55,940 radioligand (Figure
2A). This result indicates that, under our experimental
conditions, AM3677 displayed a 43% level of irreversible (i.e.,
covalent) binding to hCBIR at a 20 nM concentration such
that [*H]CP55,940 was subsequently unable to engage the
AM3677-occupied ligand-binding pocket. The C1.55(139)S,
C4.47(238)S, C7.38(382)S, and C7.42(386)S hCBIR mutants
exhibited a degree of irreversible labeling by AM3677
comparable to that displayed by WT hCBIR (Figure 2A,B).
These data allow the conclusion to be made that the respective
cysteine residues in hCBIR TMH1, TMH4, and TMH? are not
critical determinants of AM3677 engagement by hCB1R. For
the CB1Rs whose orthosteric ligand-binding site remained
unoccupied by AM3677, the affinity (as K;) of the non-
covalently modified CB1Rs for CP55,940 was 6.1 nM (2.3—
12.4, 95% confidence interval) (n = 3), a low-nanomolar value
comparable to the CP55,940 affinity of CBIR in membrane
preparations from various tissue and cultured-cell sources, as
reported by us®"***" and others.*

In marked contrast, preincubation of the hCBIR
C6.47(355)S mutant with AM3677 did not affect the receptor’s
B, for [PH]CPSS,940 in a subsequent saturation-binding
assay relative to control receptor that was treated in parallel but
without [PH]CP55,940 preincubation (Figure 2A). Along with
the data in Figure 2B, the lack of AM3677 irreversible binding
to the hCBIR C6.47(355)S mutant identifies this TMH6
cysteine as the critical amino acid residue involved in the
covalent attachment of the AM3677 NCS group within the
hCBIR binding pocket. Although not sharing an endocanna-
binoid-like eicosanoid structure with AM3677, the classical
cannabinoid affinity label and isothiocyanate A’-THC ana-
logue, AM841, also bound covalently to hCBIR C6.47(355),>"
suggesting that this TMHG6 Cys residue plays an essential role
in hCBIR agonist engagement across at least two predominant
chemical classes of cannabinergic ligands.

AM3677 Acts as a CB1R Agonist. Adenylyl cyclase and
CBIR are negatively coupled, primarily through G;/,. Activation
of CBIR inhibits cellular cAMP formation, a response used to
index CBIR G protein-dependent activation.”'” AM3677 acted
as an agonist of adenylyl cyclase-mediated signaling at hCBIR,
inhibiting forskolin-activated cAMP formation in Flp-In-293
cells overexpressing hCBIR with an ICg, value of 27.1 + 2.2
nM (mean + SEM, n = 3) and maximal efficacy of ~60% at
micromolar concentrations (Figure 3). AM3677 had no effect
on Flp-In cells that were not transfected with CB1Rs, as per our
routine control in this assay (data not shown).*” The molecular
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Figure 2. AM3677 engages hCBIR covalently at TMHG6 cysteine residue C6.47(355). (A) Preincubation of Flp-In-293 membranes from cells
expressing hCBIR with excess (10-fold its apparent K;) AM3677 reduces subsequent [*H]CP55,940 specific binding (i.e., B,) by at least 43% to
hCBI1Rs containing C6.47(355) [as illustrated for WT hCB1R and the C4.47(238)S receptor mutant]. In contrast, the saturation-binding profile of
[*H]CPS5,940 is unaffected in the hCB1R C6.47(355)S mutant. (B) Comparison of the extent of covalent AM3677 labeling of WT hCBIR and
mutants, designated as the difference in the respective [PH]CP55,940 B, values of each hCBIR membrane preparation with or without
preincubation with AM3677. Data shown represent the mean + SEM of three independent experiments performed in duplicate.

pharmacology of AM3677 as an agonist of adenylyl cyclase-
mediated signaling is reminiscent of AEA’s partial and ACPA’s
full agonist activity at hCBIR**** The comparable, low-
nanomolar potencies of both AM3677 and ACPA as inhibitors
of forskolin-stimulated cellular cAMP production are much
(~200-fold) greater than that reported for AEA in this assay.”

The guanosine 5’-O-(3-[*S]thio)triphosphate ([**S]-
GTPyS) binding assay reflects the functional response of
GPCR ligands at the level of GDP/GTP exchange by the
ternary, agonist-activated GPCR—G protein complex, an event
that can modulate the activity of downstream effector proteins.
The assay measures the degree of G protein activation
following GPCR agonist engagement, an event more proximal
to the GPCR in the biosignaling cascade than cAMP formation.
While detection of [**S]GTPyS binding is, in theory,
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independent of the G protein subtype to which the GPCR
couples, in the typical cellular environment the most prominent
signal detected is that reflecting G/, subtype activation, as this
is a very highly expressed G, protein.” Accordingly, we
assessed [*S]GTPyS binding to confirm AM3677’s agonist
properties by utilizing endogenous CBIR in membranes from
mouse hippocampus, which are naturally CB1R-rich.*?
AM3677, the endocannabinoid AEA, and CP55,940 all
stimulated GTPyS binding. However, both AM3677 and AEA
elicited considerably less stimulation than did CP55,940: the
maximum response produced by AM3677 was 32 =+ 2.1%, and
that produced by AEA was 34 + 1.5% (mean + SEM; n = 3)
that of CP55,940 (Figure 4A). Furthermore, AM3677 (ECs, =
0.05 + 0.02 uM) was nearly 100-fold more potent than AEA
(ECy = 42 + 1.0 uM) and ~23-fold more potent than
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Figure 4. AM3677 elicits CB1R-mediated partial agonist activity when
measured as [**S]GTPyS binding to CBIR in mouse hippocampus. In
these studies, the maximum response is defined as the response
produced by 10 uM CPS5,940. (A) AM3677 elicited partial G protein
coupling in this measure of response and was more potent than its
endocannabinoid analogue, AEA. (B) The response produced by
either 3 uM AM 3677, 10 uM CP55,940, or 10 uM anandamide could
be completely inhibited by the CBIR competitive antagonist
SR14716A in a concentration-dependent manner. Each data point is
the mean + SEM of three to four independent experiments performed
in duplicate.

CP55,940 (ECgo = 1.1 + 0.2 uM) (mean + SEM, n=3—4) as a
partial agonist in this test system (Figure 4A). The rank order
of potency of these three agonists in our [**S]GTPyS binding
assay qualitatively parallels their relative apparent affinities for
hCBIR, i.e., AM3677 (1.7 nM, Table 1) > CP55,940 (5.4 + 0.8
nM, vide supra)®' > AEA (240 nM).** To support conclusion
that the agonists’ responses reflected CB1R-mediated signaling,
we emplo;red the cannabinoid-specific antagonist,
SR141716A,"* which dose-dependently inhibited [3°S]GTPyS
binding elicited by CP$5,904 (ICy, = 126 + 2.2 nM), AM3677
(ICs = 794 + 1.5 nM), and AEA (ICg, = 3.6 + 1.7 nM)
(mean + SEM; n = 3) (Figure 4B). These collective data
indicate that AM3677 stimulates G protein coupling by acting
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as a low-efficacy CBIR partial agonist. Similar to AM3677, both
AEA and its stable chiral AEA analogue, R-(+)-methananda-
mide, have also been characterized as weak partial agonists of
CBIR coupling to G proteins.***

AM3677 Induces CB1R Trafficking and Irreversible
Internalization. Intracellular receptor trafficking to and from
the plasma membrane is a decisive contributor to the spatial
and temporal control of GPCR* and CBIR* cell-surface
density and signal output. Using a cell-based system developed
and validated in this laboratory and employing HEK293 cells
stably expressing hemagglutinin (HA)-tagged rCBIR,*” we next
analyzed whether AM3677 induces CBIR trafficking. AM3677
was found to elicit CBIR internalization in a concentration-
dependent fashion with an ECg, of 3.4 nM and a maximum
internalization of ~42% (from the best-fit sigmoidal curve in
Figure SA). Under conditions whereby synthesis of new
hCB1Rs was prevented by ribosomal inactivation with emetine,
recycling of CBIRs (indexed as recovery of cell-surface CBIR
immunoreactivity) whose internalization had been induced by
AM3677 was not observed, indicating that AM3677-induced
CBIR internalization is irreversible, whereas hCBIR internal-
ization induced by the full agonist CP55,940 was fully reversible
(Figure SB).

Computational Modeling of the Interaction Profile
between AM3677 and Active-State hCB1R (CB1R*). We
modeled in silico the AM3677-hCBIR* complex by docking
AMB3677 after its covalent attachment to C6.47(3S5) into our
previously detailed hCBIR* homology model.*® AM3677 was
found to bind within the TMH3-4-5-6 region, which is rich in
aromatic residues (Figure 6).*”°° On the basis of CBIR
mutation studies that identified K3.28(192) as an essential
point of interaction for AEA at CBIR' K3.28(192) was
considered to be the primary interaction site for AM3677 at
CBIR*. In the resulting hydrogen bond, the AM3677 amide
oxygen/CBIR K3.28(192) distance (C=0-+-H—N) was 2.8
A, and the hydrogen-bond angle (O-+-H—N) was 154°. The
position of the AM3677 amide oxygen beneath K3.28(192)
allows AM3677 to assume a compact, J-shaped conformation in
the hCBIR* binding pocket that facilitates an aromatic
interaction between F3.25(189) and the C5—Cé6 double bond
within the AM3677 acyl chain. This interaction is consistent
with studies demonstrating that F3.25(189) mutation affects
AEA binding“g’50 and that F3.25(189) is part of the CBIR
binding pocket.>* The modeled complex is also consistent with
a previously published AEA—hCBIR* complex* in which
interactions between AEA and hCB1R* also occur at residues
F3.25(189) and K3.28(192). However, the AEA fatty-acyl chain
adopted a curved, U-shaped conformation in that complex,*’
whereas AM3677 adopts another low free-energy shape, a J-
shaped conformation, in the complex reported here.>>>* This
difference likely reflects prevention of AM3677 from adopting
the more compact U-shape by its covalent attachment at C6.47.
In the AM3677/hCBI1R* complex, the saturated tail of
AM3677, covalently bound to C6.47(35S5), lies between
toggle-switch residues F3.36(200) and W6.48(356), establish-
ing them in active-state conformations within hCB1R*.*°

In class-A GPCRs, C6.47 is part of the highly conserved
CWZXP hinge motif that participates in receptor conformational
changes accompanying ligand-induced activation.> Studies
using the substituted cysteine accessibility method have
shown that C6.47 is not ligand-accessible in the inactive f-2-
adrenergic receptor but becomes accessible to the binding
pocket in the receptor’s activated state.*® Consistent with these
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Figure S. (A) AM3677 internalizes CBIR in a concentration-dependent manner. HEK293 cells expressing hemagglutinin-tagged rCB1R were
incubated with each indicated concentration of AM3677 for 30 min at 37 °C. Loss of cell-surface receptors was quantified as detailed in the text, and
a curve of best fit was plotted by nonlinear regression. Values shown are from a single experiment performed in triplicate. (B) AM3677-induced
CBIR internalization is irreversible. Treatment for 2 h with AM3677 (300 nM) or CP55,940 (10 nM) induced rCBIR internalization, designated as
the relative percent vehicle control cell-surface expression level. Subsequent exposure to CP55,940/SR141716A (SR) (100 nM final SR141716A
concentration) resulted in recycling of internalized CBIRs to the plasma membrane, as demonstrated by the recovery of cell-surface CBIR
immunoreactivity after 30 and 60 min. In contrast, CB1R recycling was not observed following AM3677/SR141716A treatment. Values shown are
from three independent experiments done in quadruplicate (** p < 0.01; * p < 0.05; ns, not significant. One-way ANOVA with Dunnett’s post-test,

as compared to respective vehicle-treated control).

Figure 6. Illustration of modeled AM3677 binding pose in hCB1R*.
AM3677 (cyan) is covalently linked to hCB1R* C6.47(35S) (cyan).
The amide oxygen of AM3677 is hydrogen-bonded to the amino
group of K3.28(192) (magenta). With the AM3677 amide oxygen
positioned beneath K3.28(192), the headgroup orientation allows
AM3677 to assume a more compact, J-shaped conformation within the
binding pocket, allowing F3.25(189) (orange) to establish an aromatic
interaction with the C5—C6 double bond (orange) in the AM3677
acyl chain. Transparent molecular surfaces of AM3677/C6.47 (cyan)
and F3.25 (orange) reveal these interactions. Notably, the saturated
tail of AM3677 is disposed between the toggle-switch residues
F3.36(200) and W6.48(356). (A) Depiction from a lipid viewpoint
through TMHs 4 and S. (B) Rotated 180° and depicted from a lipid
viewpoint through TMHI. (For clarityy, TMHs 1, 4, and S are not
shown.)

data for the p-2-adrenergic receptor, in the hCBIR* model
employed here, C6.47(35S) faces lipid, a disposition that
enables its reaction with the isothiocyanate-derivatized
cannabinoid, AM3677, likely accessing the hCBIR binding
pocket via the membrane lipid bilayer.”” Since AM3677 is a
CBIR agonist, our modeling results suggest that ligand motility
within the binding pocket permits significant AM3677
interactions with K3.28(189) and F3.25(192). We have
previously reported that AM841, an isothiocyanate-derivatized
classical cannabinoid, also forms a covalent attachment with
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C6.47(355) and acts as a long-acting CBIR agonist of adenylyl
cyclase-mediated signaling,®" but AM3677 appears to be less
restrained within the binding pocket than is AM841 due to the
pronounced flexibility of its arachidonic acid side chain.***"
Although it is covalently linked to hCBIR at C6.47(355),
because of its flexibility AM3677 may more easily move out of
the binding pocket and, in so doing, return C6.47(355) to a
lipid-facing position and the receptor to an inactive state,
thereby attenuating signaling.

B CONCLUSIONS

The present study constitutes the initial functional profiling of a
covalent, high-affinity agonist of the eicosanoid structural class
selective for CBIR, a high-abundance GPCR in the CNS and
target focus of drug discovery efforts. Since AM3677 and the
endocannabinoid AEA are chemically similar arachidonoyl-ester
derivatives exhibiting the molecular pharmacology of a CBIR
agonist, AM3677 may be considered a novel chemical probe
with which to explore the structural features of CBIR activation
by endocannabinoid(-like) native ligands (AEA in particular)
and define the requirements for hCBI1R-mediated modulation
of various signaling pathways and the distinct biological
consequences that a covalent hCB1R agonist of this ligand
structural class may elicit.

The interaction profile of AM3677 with CBIR involves
covalent binding at C6.47, an amino acid that is a common
feature of nonolfactory class-A GPCRs such as CB1R. This Cys
residue is part of the highly conserved, TMH6 CWXP motif, an
important microswitch modulating conformational rearrange-
ment of the TMH6/TMH7 interface accompanying class-A
GPCR inactive—active state transitions.”> The critical partic-
ipation of C6.47(355) in modulating CBIR activation-state
structure may underlie mechanistically why reactive isothiocya-
nate cannabinergic agonists of two distinct chemical classes, the
A’-THC structural analogue and classical cannabinoid
AMS841*' and the endocannabinoid-like eicosanoid AM3677,
both evidence as a feature of their interaction profile with
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hCBIR covalent binding to this TMH6 Cys residue. Given that
GPCR-targeted covalent drugs enjoy clinical success across
various indications,”®*” it remains to be determined whether
the interaction of AM3677 with hCB1R C6.47(355) endows
this ligand with pharmacological properties differentiable in vivo
from typical, noncovalent hCBIR agonists that may be
exploited to therapeutic advantage. In this regard, it is
noteworthy that AMS841 covalent binding to hCB2R
C6.47(257) appeared to contribute to that ligand’s exceptional
hCB2R agonist potency, which differentiates it from the
relatively lower agonist potencies of both the direct AM841
analogue without the reactive NCS moiety at hCB2R**% and
AM3677 at hCBIR, a distinction suggesting that agonist
covalent reactivity at C6.47 in hCB1R and CB2R per se need
not result in an exceptionally high level of receptor activation.
Aside from its disposition and reactivity within the CBIR
ligand-binding pocket and the formation of the resulting,
covalently modified CB1R*, AM3677 may have potential
effects on Jprocesses such as CBIR post-translational
modification®" and homo- or heterodimerization® that could
contribute to the overall pharmacological profile of this agonist.
It is also conceivable that the covalent nature of the interaction
between AM3677 with CBIR might elicit cellular signaling
patterns with unique temporal characteristics. The availability
of AM3677 as a potent, covalent, CBIR-selective probe makes
it feasible to address experimentally these and other questions
for the first time.

B METHODS

Materials. Standard laboratory chemicals and reagents were
obtained pure or at the highest available grade from commercial
sources.”* **3! Gen Elute plasmid mini-prep kit, Dulbecco’s modified
Eagle’s medium (DMEM), and cAMP kit were from Sigma (St. Louis,
MO). AM3677 (Figure 1) was synthesized at the Center for Drug
Discovery, Northeastern University (Boston, MA). CP55,940 and
[*H]CPS55,940 were obtained from the National Institute on Drug
Abuse (Bethesda, MD). pRC/CMV-hCBIR was a generous gift from
Dr. T.I. Bonner (National Institute of Mental Health, Bethesda, MD).
Oligonucleotide primers were synthesized by Integrated DNA
Technologies (Coralville, IA). The My Cycler PCR system was
purchased from BioRad Laboratories (Hercules, CA). Pfu Turbo DNA
polymerase was purchased as part of the QuikChange site-directed
mutagenesis kit from Stratagene (La Jolla, CA). One Shot Topl0
Escherichia coli cells, Flp-In-293 cells, pcDNA/FRT, hygromycin,
lipofectamine 2000, and pure link hipure plasmid filter midi-prep kit
were purchased from Invitrogen (Carlsbad, CA). MinElute gel-
extraction kits and the QIA Prep spin mini-prep kits were from Qiagen
(Valencia, CA). Restriction endonucleases were purchased from New
England Biolabs (Beverly, MA). Fetal bovine serum (FBS) and
penicillin—streptomycin solution were purchased from GIBCO
(Rockville, MD).

Amino Acid Descriptor. The Ballesteros—Weinstein numberin:
scheme is used herein to designate loci of specific CBIR amino acids.®
Accordingly, the most highly conserved amino acid in a particular
receptor TMH is assigned a locant of 0.5. This number is preceded by
the helix number followed in parentheses by the sequence number. All
other amino acids in a given TMH are assigned a locant relative to that
most conserved residue, which in TMH6 of hCBIR is Pro338, i.e.,
P6.50(358).

Cloning of hCB1R Gene. The full-length hCBIR gene (1.4 kbp)
was amplified from pRC/CMV CBI construct as template, using Pfu
DNA polymerase (Stratagene) under the following thermocycling
conditions: 95 °C for 1 min, followed by 30 cycles of 95 °C for 30 s
and 68 °C for 2 min, followed by an extension time of 5 min at 68 °C
in an Eppendorf Mastercycler (Westbury, NY). Nhel and BamHI
restriction sites were incorporated into forward 5'-CGCTAGCATG-
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AAGTCGATCCTAGATGGCCT-3’ and reverse S'-TATGGATCC-
TCACAGAGCCTCGGCAGACGTG-3' primers, respectively. The
PCR product was purified using a MinElute PCR kit (Qiagen) and was
digested using BamHI and Nhel restriction enzymes. The same
restriction enzymes were used for digestion of pcDNAS/FRT
expression vector (Invitrogen). The vector and PCR fragment were
purified using a MinElute kit and ligated at room temperature for 1 h.
The ligated products were then transformed into One Shot Topl0
competent E. coli cells following the vendor’s protocol (Invitrogen).
Plasmid preparations were cultured in Luria broth containing 0.1 mg/
mL ampicillin. Recombinant plasmid DNA was isolated using a pure
link kit (Invitrogen), and DNA insertion was confirmed by sequencing
(University of Connecticut Biotechnology Center, Storrs, CT).

Site-Directed Mutagenesis, Transfections, and Cell Culture.
Site-directed mutagenesis of pcDNAS/FRT/hCBI1R was performed as
outlined in the QuikChange kit (Stratagene). Complementary
oligonucleotide primers for Cys-to-Ser mutants were designed
following vendor’s recommendations for cysteine residues in hCBIR
TMHs 1, 4, 6, and 7 individually. Primers were annealed and extended,
employing 18 cycles and utilizing the BioRad My Cycler system and
Pfu Turbo DNA polymerase. The PCR parameters were as described
above. Primers used to make mutations C1.55(139)S, C4.47(238)S,
C6.47(355)S, C7.38(382)S, and C7.42(386)S were, respectively, as
follows: forward 5-CTC CTG GTG CTG TCC GTC ATC CTC
CAC-3’ and reverse 5-GTG GAG GAT GAC GGA CAG CAC CAG
GAG-3'; forward 5-CGT GGT GGC GTT TTC CCT GAT GTG
GAC CA-3' and reverse 5'-TGG TCC ACA TCA GGG AAA ACG
CCA CCA CG-3'; forward 5'-GTG GTG TTG ATC ATC TCC TGG
GGC CCT CTG-3' and reverse 5'-CAG AGG GCC CCA GGA GAT
GAT CAA CAC CAC-3’; forward 5'-CGG TGT TTG CAT TCT
CCA GTA TGC TCT GCC-3' and reverse 5'-GGC AGA GCA TAC
TGG AGA ATG CAA ACA CCG-3'; forward 5'-CTG CAG TAT
GCT CTC CCT GCT GAA CTC CA-3' and reverse 5-TGG AGT
TCA GCA GGG AGA GCA TAC TGC AG-3'. The PCR products
were treated with Dpnl restriction enzyme to digest methylated
parental nonmutated DNA. One microliter of the Dpnl-treated PCR
product was transformed into One Shot Top10-competent E. coli cells
following the vendor’s protocol (Invitrogen), and plasmid preparations
were cultured in Luria broth containing 0.1 mg/mL ampicillin. To
ensure that only the desired mutations had been produced, plasmid
DNA was first subjected to restriction enzyme digestion and the
correct clones were then sequenced (University of Connecticut
Biotechnology Center). The sequence-verified mutagenic plasmid
DNA was used to transfect Flp-In-293 cells.

Flp-In-293 cells were maintained in DMEM containing 1X
penicillin—streptomycin, 100 yug/mL zeocin, and 10% FBS at 37 °C
under 5% CO,—95% air. Stably transfected cell lines were generated
utilizing lipofectamine 2000 with an appropriate amount of plasmid
DNA harboring the transgene cassette and POG44 following the
vendor’s procedures (Invitrogen). Typically, three to five independent
transfections were performed in parallel and duplicated over a 3 day
period to maximize cell line integrity. Transformants were selected
using hygromycin (100 pg/mL) over a 10 day period and passed to
adherent cell culture flasks. hCB1R-transfected Flp-In-293 cell lines
were maintained in DMEM supplemented with 1X penicillin—
streptomycin, 10% FBS, and 100 pg/mL hygromycin, and each cell
line was propagated to obtain sufficient protein for radioligand binding
and cAMP assays. The maximum passage number was 20. Cells were
harvested by centrifugation in PBS containing 1 mM EDTA and
repeatedly washed with the same solution. The harvested cells were
cryopreserved in liquid nitrogen.

Flp-In-293 Cell Membrane Preparation. Confluent Flp-In-293
cell monolayers were harvested over ice into PBS containing 1 mM
EDTA. Cells were disrupted by cavitation, and the membrane fraction
was obtained by ultracentrifugation, essentially as described.”!
Membranes were resuspended in 25 mM Tris HCI/S mM MgCl,/1
mM ethylenediaminetetraacetic acid (EDTA), pH 7.4 (TME), and
protein concentration was determined using the DC protein assay
system (Bio-Rad, Hercules, CA).
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Radioligand Binding Assays. Saturation and competitive bindiré%
assays were performed in a 96-well format, as detailed previously.>"
Briefly, membrane resuspended in TME containing 0.1% BSA (w/v)
(TME-BSA) and equivalent to 25 g of membrane protein was added
to each assay well. [PH]CP55,940 was diluted in TME-BSA to yield
final assay concentrations from an order of magnitude below to an
order of magnitude above the ligand’s Ky. Nonspecific binding was
assessed in the presence of S yM unlabeled CP55,940 for the
saturation binding experiments. For competition binding experiments,
the final concentration of [*H]CP55,940 was 0.75 nM, with increasing
concentrations of competitive ligand. All binding assays were
performed at 30 °C for 1 h with gentle agitation. After incubation,
the samples were transferred to Unifilter GF/B-96-well filter plates,
and unbound ligand was removed using a Packard Filtermate-196 cell
harvester (PerkinElmer Packard, Shelton, CT). Filter plates were
washed four times with ice-cold wash buffer (50 mM Tris-HCl and §
mM MgCl, containing 0.5% BSA, pH 7.4), and bound radioactivity
was quantified by liquid scintillation counting. Nonspecific binding was
subtracted from total bound radioactivity to calculate specific
radioligand binding (as pmol/mg membrane protein). B, and Ky
values were determined from the saturation binding assays using the
one-site binding analysis equation: Y = B, X X/(Kj + X). ICsy and K;
values were determined from the competition binding assays by
nonlinear regression. GraphPad Prism 3.03 (GraphPad Software, San
Diego, CA) on a Windows platform was used for the calculations.
Each data point represents the mean + SEM from three independent
experiments performed in triplicate. For irreversible ligand AM3677,
the K; values designate apparent receptor affinity.**

Covalent Labeling Assays. Flp-In-293-hCB1R membranes were
resuspended at a concentration of 0.8 mg/mL in TME-BSA and
incubated with a concentration of AM3677 some 10-fold its apparent
K; (ie, 20 nM) at 30 °C for 1 h under gentle agitation. Control
membranes were incubated under the same conditions without
AM3677. The incubation was terminated by centrifugation at 27 000g
for 5 min. Noncovalently bound probes were removed by washing and
centrifugation, and pellets were resuspended in TME buffer containing
1% BSA and incubated at 30 °C for 20 min, followed by centrifugation
at 27 000g for S min. The pellets were washed twice with TME buffer
containing 1% BSA. Fifteen minutes was allowed between
resuspension of pellets and washing to permit equilibration between
buffer and membranes. Three final washes were conducted with TME
buffer alone. The occupancy of the receptor by the electrophilic
affinity probe was evaluated by a saturation binding assay with
[*H]CP55,940 radioligand, as described above.

Cellular cAMP Assay. Flp-In-293 cells expressing hCBI1R and
grown to 70% confluence were collected by centrifugation (500g, S
min) and resuspended in DMEM containing phosphodiesterase
inhibitors (0.1 mM RO-20-1724 [Calbiochem, La Jolla, CA] and 1
mM IBMX [Sigma]), 20 mM HEPES (pH 7.3), (MediaTech, Inc,
Herndon, VA), and 0.1% BSA. Cells (10° cells per assay) were then
incubated at 30 °C for 30 min with 5 M forskolin (Fisher Scientific,
Pittsburgh, PA) in the same buffer, followed by addition of test hCBIR
ligand at concentrations ranging from 0.01 to 10 000 nM and a further
S min incubation. Basal cAMP levels were determined from cells
incubated in the absence of forskolin and ligand. cAMP levels were
also determined in cells incubated with forskolin alone. All incubations
were terminated by boiling for 5 min and immediate cell lysis by
freeze—thaw. Lysates were centrifuged at 12 000g for S min, and the
cAMP in the supernatant was determined with an immunoassay kit
(Sigma). Each cAMP determination was made in three independent
experiments in duplicate and normalized to cell protein. ICs, values for
inhibition of net forskolin-stimulated AMP production (above basal)
were determined by nonlinear regression (GraphPad Prism).

[**SIGTPyS Binding to CB1R in Mouse Hippocampus
Membranes. To assess G protein coupling in mouse brain,
hippocampi from Barr2-WT mice (4—7 months old) were collected,
minced, and disrupted in a glass homogenizer in homogenization
buffer (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM
DTT). The homogenate was passed through a 26-gauge needle eight
times, centrifuged twice at 20000g for 30 min at 4 °C, and
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resuspended in assay buffer (50 mM Tris-HCI pH 7.4, 100 mM NaCl,
S mM MgCl,, 1 mM EDTA, 20 uM GDP, 1 mM DTT). For each
reaction, 2.5 ug of membrane protein was incubated in assay buffer
containing ~0.1 nM [**S]GTPyS and increasing concentrations of test
compound in a total volume of 200 uL for 2 h at room temperature.
Test compounds (CPS55,940, AEA, and AM3677) were first diluted
through serial dilutions in DMSO and then with assay buffer to a final
DMSO concentration of less than 1%. Reactions were terminated by
separating membrane-bound and free [**S]GTPyS through filtration
with GF/B filters using a 96-well plate harvester (Brandel Inc,
Gaithersburg, MD). Filters were dried overnight, and radioactivity was
determined with a microplate scintillation counter. For competition
curves, both agonists (each at the concentration indicated in the
legend to Figure 4) and the antagonist SR141716A (at multiple
concentrations) were incubated with the membranes simultaneously.
Data were fit by nonlinear regression using GraphPad Prism, version
6.0e, and the four-parameter logistic dose—response curve: response =
bottom + ((top — bottom)/(1 + 10(08ECs-logX) )

AM3677-Induced CB1R Internalization. A HEK293 cell line
stably expressing hemagglutinin (HA)-tagged rCBIR was used to
detect functional activation by AM3677.” Cultures were grown to
90—100% confluence on poly-p-lysine coated 96-well plates. In
preparation for the assay, growth medium (DMEM containing 10%
FBS and 1X penicillin—streptomycin) was replaced with 40 uL/well
10 mM HEPES, 130 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl,, 1.0 mM
MgCl,, 0.2% BSA, and 0.1% DMSO (HBD), and the plate was
incubated for 15 min at 37 °C. A 2X stock of the indicated
concentration of either CP55,940 or AM3677 (40 uL) in HBD was
added to appropriate wells, and cells were incubated for 30 min at 37
°C. Following this incubation, the cells were fixed and stained to detect
cell-surface CBIR as described below.

CB1R Recycling. On the day of the experiment, the growth
medium of HEK293 cells stably expressing HA-tagged rCB1R (above)
was replaced with growth medium containing 10 uM emetine to
inhibit new receptor synthesis. The cells were then incubated for 2 h
under 37 °C in 5% CO,—95% air. The medium was then replaced with
40 pL/well HBD containing 10 uM emetine (HBDE), and the cells
were incubated under the same conditions for an additional 15 min. A
2X concentration of either CP55,940 or AM3677 (40 uL) in HBDE
was added to the wells, and the cells were incubated for a further 30
min. To determine receptor recycling, 40 uL of a 3X concentrated
solution of SR141716A in HBDE (100 nM, final SR141716A
concentration) and containing a 1X concentration of either
CP55,940 or AM3677 was added per well, and the cells were
incubated at 37 °C for specified times. At the end of the experiment,
each plate was placed on ice, media were removed, and each well was
filled with 100 uL of ice-cold 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4. The plates were then incubated at room
temperature for 20 min and subsequently washed five times for 5 min
each with 1X Tris-buffered saline (TBS). Cells were blocked for 90
min at room temperature with 100 yL/well Odyssey blocking buffer
(Li-Cor Bioscience, Lincoln, NB). Blocking buffer was next replaced
with 40 uL/well blocking buffer containing a monoclonal antibody
against the HA epitope (Covance Research, Emeryville, CA) at a 1:200
dilution. Following an overnight incubation at 4 °C, the cells were
washed five times for S min each at room temperature with TBS
containing 0.05% Tween-20 (TBS-T). Cells were then incubated for 1
h at room temperature with a commercial donkey anti-mouse CBIR
antibody (Rockland Immunochemicals, Gilbertsville, PA) diluted
1:800 in blocking buffer. Cells were then washed five times for $
min each in TBS-T at room temperature, and the plate was scanned on
an Odyssey near-IR scanner. The extent of internalization (i.., residual
cell-surface CB1R) was calculated as the average integrated intensities
of the drug-treated wells divided by the average integrated intensities
of the untreated wells and is expressed as a percentage.

AM3677 Computational Docking into CB1R*. In the absence
of a reported CBIR* crystal structure, we docked AM3677 into our
recently detailed CBIR* homology model developed from the dark-
state rhodopsin atomic structure and elaborated with the aid of
published CB1R* binding-site conformational information and ligand-
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anchoring interactions.***>** First, the covalent attachment resulting

from the AMB3677 isothiocyanate group reaction with CBIR
C6.47(355) was modeled. On the basis of the fact that AM3677 is
an AEA analogue and K3.28(192) as an essential point of interaction
between AEA and CBIR,*' interactive computer graphics were then
used to model a hydrogen-bonding interaction between the CBIR
K3.28(192) amino group and the AM3677 amide oxygen. The
AM3677/CBIR* complex was then subjected to a postdocking
quantum mechanics/molecular mechanics minimization using a 12.0 A
nonbonded residue cutoff (updated every 10 steps) (Qsite, v6.6;
Schrédinger, LLC, New York, NY). The molecular mechanics portion
of the minimization consisted of an OPLS200S based Polak—Ribier
conjugate gradient minimization of S00 steps using a distance-
dependent dielectric function with a base constant of 2. To preserve
the global fold of the CBIR* model, a 1000 kcal/mol restraint was
applied to all the backbone atoms, termini, and loops, while
transmembrane residue side chains were free to move. In the quantum
mechanics portion of the calculation, the interaction between the
covalently attached AM3677 and the CBI1R* model was optimized at
the ab initio Hartree—Fock 6-31G* level. Up to 100 QM optimization
steps were allowed on 8 processor cores.

Statistics. For pairwise comparisons, Student’s ¢ test was used. For
comparisons among more than two groups, one-way ANOVA with
Bonferroni’s or Dunnett’s posthoc tests was used. Statistical
significance was set at the p < 0.05 level. Unless otherwise indicated,
all values are the mean + SEM or mean with 95% confidence interval
over the number of experiments and replicates specified.
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drocannabinol; hCBIR, human cannabinoid 1 receptor;
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(5Z,82,11Z,14Z)-eicosa-5,8,11,14-tetraenoic acid cyclopropyla-
mide; WT, wild type; ECL, extracellular loop; rCBIR, rat
cannabinoid 1 receptor; cAMP, cyclic AMP; hCB1R*, human
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cannabinoid receptor 1 active state; IC, intracellular; EC,
extracellular; [**S]GTPyS, guanosine 5’-O-(3-[**S]thio)-
triphosphate; DMEM, Dulbecco’s modified Eagle’s medium;
FBS, fetal bovine serum; EDTA, ethylenediaminetetraacetic
acid
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