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Allosteric modulation offers an alternate approach to target the cannabinoid type-1 receptor (CB;) for thera-
peutic benefits. Examination of the two widely studied prototypic CB; negative allosteric modulators (NAMs)
0Org27569 and PSNCBAM-1 revealed structural resemblance and similar structure-activity relationships (SARs).
In silico docking and dynamics simulation studies using the crystal structure of CB; co-bound with CP55,940 and
0Org27569 suggested that Org27569 and PSNCBAM-1 occupied the same binding pocket and several common
interactions were present in both series with the CB; receptor. A new scaffold was therefore designed by merging
the key structural features from the two series and the hybrids retained these binding features in the in silico
docking studies. In addition, one such hybrid displayed similar functions to Org27569 in dynamic simulations by
preserving a key R214%°0-D338%%0 salt bridge and maintaining an antagonist-like Helix3-Helix6 interhelical
distance. Based on these results, a series of hybrids were synthesized and assessed in calcium mobilization, [3°S]
GTPyS binding and cAMP assays. Several compounds displayed comparable potencies to Org27569 and
PSNCBAM-1 in these assays. This work offers new insight of the SAR requirement at the allosteric site of the CB;
receptor and provides a new scaffold that can be optimized for the development of future CB; allosteric
modulators.

1. Introduction agonist, showed serious psychiatric side effects while it was used as an

anti-obesity drug, including depression, anxiety, and a risk of suicidal

The endocannabinoid system comprises the cannabinoid receptors 1
and 2 (CB; and CBy), their endogenous ligands (endocannabinoids),
anandamide (AEA) and 2-arachidonoylglycerol (2-AG), and enzymes
responsible for the synthesis, transport, and inactivation of these
endocannabinoids.* CB; is one of the most abundantly expressed re-
ceptors in the human brain, while CB; is detected mainly in immune
cells.”” CB; has been shown to play important roles in many physio-
logical functions including pain, learning and memory, analgesia,
appetite/feeding behaviors, anxiety/depression, and rewarding pro-
cesses of many commonly abused drugs.”°

The CB; antagonists/inverse agonists rimonabant (SR141716A) and
AM251 reduced self-administration of several drugs of abuse in rodents
including cocaine, heroin, nicotine, and alcohol,'% 2 demonstrating
that CB; is a viable target to develop therapies for substance use disor-
ders. However, rimonabant, the first-in-class CB; antagonist/inverse
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ideation.'® Rimonabant was subsequently withdrawn from the market
and Sanofi-Aventis, Pfizer and others ended their programs on CB; an-
tagonists/inverse agonists. As CB; is known to possess constitutive ac-
tivity that is crucial to maintain homeostasis,'* inverse agonists which
disrupt this constitutive activity could lead to clinical ramifications."”
Therefore, many research groups have devised strategies to overcome
this drawback by developing CB; neutral antagonists, peripherally
restricted antagonists and allosteric modulators.'*°

As part of a longstanding program aimed at identifying agents to
treat substance use disorders, we have investigated CB; allosteric
modulation as an alternate approach to treat addictions to drugs such as
cocaine.'” Allosteric modulators bind to allosteric binding sites which
are topologically distinct from and often less highly conserved than the
orthosteric binding site(s), where orthosteric ligands such as AEA, 2-AG,
and CP55,940 bind. Allosteric modulators offer several advantages

Received 19 January 2021; Received in revised form 22 April 2021; Accepted 7 May 2021

Available online 12 May 2021
0968-0896,/© 2021 Elsevier Ltd. All rights reserved.


mailto:danniharris@rti.org
mailto:yzhang@rti.org
www.sciencedirect.com/science/journal/09680896
https://www.elsevier.com/locate/bmc
https://doi.org/10.1016/j.bmc.2021.116215
https://doi.org/10.1016/j.bmc.2021.116215
https://doi.org/10.1016/j.bmc.2021.116215
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2021.116215&domain=pdf

T. Nguyen et al.

compared to orthosteric ligands, including lower risk of overdosing due
to the “ceiling” effect and preservation of the temporal characteristics of
receptor signaling due to the saturable nature of allosteric interactions
which is determined by the concentration of the orthosteric ligand.'”-?"
21 CB; allosteric modulators Org27569 (1) and PSNCBAM-1 (2) have
been shown to increase agonist and decrease antagonist binding and
decrease agonist signaling in a number of functional assays, thus
commonly referred to as negative allosteric modulators (NAMs). 722 23
We have reported that the Org27569 and PSNCBAM-1 and its analogues
(e.g. 3, RTICBM-74, Figure 1) attenuated cue- and/or drug-induced
reinstatement of extinguished cocaine- and/or methamphetamine-
seeking behaviors, demonstrating their efficacy in blocking abuse-
related effects of these drugs.>*>°

Close examination of the structures of these two series revealed that
Org27569 and PSNCBAM-1 share a high degree of structural similarity,
both with a chloro-substituted aromatic ring on the left, a urea moiety in
PSNCBAM-1 that mimics the combination of amide and indole nitrogen
in Org27569, and an aromatic ring (phenyl vs. pyridyl) on the right side
(Fig. 1). In addition, studies from our laboratory and others suggest
similar structural-activity relationships (SARs) between these two
scaffolds.””>* For example, the piperidinyl ring on Org27569 can be
replaced with a dialkylamino group (such as 4, Fig. 1), or other smaller
substituents.?®?° Similarly, we found that the pyrrolidinyl ring on the
pyridyl ring of PSNCBAM-1 could be replaced with smaller groups such
as a dimethylamino or removed completely without affecting activity (e.
g. 3 and 5, Fig. 1).”° The pyridyl ring itself could be replaced with a
pyrimidine (6, Fig. 1)°! or five-membered heterocycles.>® Finally, the
central phenyl ring of PSNCBAM-1 could be replaced with other het-
erocyclic rings such as a thiophene (e.g. 7, Fig. 1),°* implying that this
site may act mostly as a spacer and is amenable to modifications.

In the present study, we first performed in silico studies of Org27569
and PSNCBAM-1 using the recently solved crystal structure of CB; co-
bound with Org27569 and the orthosteric agonist CP55,940 (RSCB:
6KQI).34 Our results revealed that PSNCBAM-1 bound in the same
binding pocket as that of Org27569 in the crystal structure and had
similar interactions with the CB; receptor. On the basis of these obser-
vations, we designed a new scaffold by merging the key moieties from
each molecule, namely the 4-chlorophenyl urea of PSNCBAM-1 on the
left and the phenethyl group of Org27569 on the right and obtained a
series of hybrid compounds such as 8 (Fig. 2). Such changes will disrupt
the planarity in the structure of PSNCBAM-1 and increase the three-
dimensionality, a parameter that considered important in drug discov-
ery.>>3° Herein we report the design, synthesis and pharmacological
characterization of these hybrid compounds in calcium mobilization,
GTPyS and cAMP assays.
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Fig. 2. Org27569, PSNCBAM-1 and design of the hybrid compound 8.
2. Results and discussion
2.1. Molecular modeling

Org27569 and PSNCBAM-1 were overlapped, employing a flexible
shape/heteroatom scoring approach by Schrodinger’s flexible ligand
superposition method, revealing excellent alignment of the indole with
the chlorophenyl group, as well as the urea moiety with the carbox-
amide and the indole nitrogen from the two molecules (Fig. 3). In
addition, the pyridine ring of PSNCBAM-1 and the phenyl ring of
Org27569 on the right side are positioned at approximately the same
distance from the urea/carboxamide moieties. These commonalities
suggest that these groups are possibly key components for interaction of
these two NAMs with the CB; receptor.

We then performed docking studies of Org27569 and PSNCBAM-1
using our CB; receptor model established based on the crystal struc-
ture of the CB; co-bound with CP55,940 and Org27569 (RCSB: 6KQI)
recently reported by Shao and colleagues.® The crystal structure in-
corporates a CB;-PGS™™ fusion protein, wherein ICL3 is fused to Pyro-
coccus abysii glycogen synthase, and a total of 5 thermostabilizing

Fig. 3. Overlapping Org27569 (pink) and PSNCBAM-1 (cyan) illustrates scaf-
fold commonalities. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 1. Representative CB; NAMs.
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mutations in the CB; portion of the protein which are not at sites of
interactions with either CP55,940 or Org27569. In this crystal structure,
Org27569 occupied the extrahelical site in the inner leaflet of the
membrane, making most of the interactions with the transmembrane
domain IV (TM4) and stretching a lipid-facing hydrophobic surface to
contact the transmembrane domain II (TM2).%* This binding pocket of
0rg27569 overlapped the cholesterol binding region®” and in the same
region predicted by the mutagenesis mass spectrometry study of a co-
valent Org27569 derivative by Stornaiuolo and colleagues.>®

Following initial protein preparation steps of the CB; receptor
including energy minimization, refinement and protonation assignment,
we explored the interactions of Org27569 with the CP55,940 bound CB,
receptor using GLIDE-XP docking, followed by Schrodinger’s Induced
Fit redocking, allowing flexibility and rotamer explorations in a 5 A
window around the binding pocket. CP55,940 is present in the orthos-
teric binding site in all subsequent docking/induced fit and dynamics
studies performed. This approach allowed probing allosteric ligand-
receptor interactions as a function of minor orientational changes in
residues in the binding pocket prior to molecular dynamics studies. This
is important because the specific interactions may vary in the top scoring
induced fit poses and in the time evolution of the poses in molecular
dynamics trajectories, although the recurring themes of interactions key
for ligand-receptor binding are salient. LIGPLOT representations are
shown to illustrate examples of these key allosteric interactions (Fig. 4).
The receptor residues are numbered according to the Ballesteros-
Weinstein system as AX % in which A is one letter symbol of the
amino acid residue, X is the absolute number in the whole receptor
protein sequence, Y is the number of the transmembrane domain and Z
indicates the position of the residue in relation to the most highly
conserved class A residue in each transmembrane helix.*’

When docked to the CB; receptor model using this approach, the best
scoring poses of Org27569 were highly similar to the location of
0Org27569 in the crystal structure, forming n-stacking with H154%*! via
indole (green lines) and the phenyl ring at the opposite end interacting
with W241*°°, the most conserved residue in helix IV, at a perpendic-
ular centroid distance of ca. 3.5 A (Figure 4A). We observed that the
flexibility at residues W241*°° and H154%*' in the induced fit allowed
conformational changes leading to improved n-stacking interactions.
Additionally, interactions with R230*° either via hydrogen bonding
with the Cl (distances of 2.6-2.9 A measured between Arg guanidinium
hydrogens and the chloro) or z-cation interactions with the chlor-
ophenyl group were also observed. We then employed a second
computational approach using Autodock-VINA/MMGBSA, which uti-
lizes a more exhaustive whole ligand configuration sampling as
compared to the “anchor-and-grow” approach in GLIDE-XP and found
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the best MMGBSA rescored VINA-poses lay in the same region of the
helical facets, providing independent support for the Induced Fit results.
In all these approaches, n-stacking interactions were clearly of impor-
tance and were the recurring theme.

To confirm that this was the lowest energy regime for Org27569
allosteric binding, blind docking of Org27569 into a large (40 x 20 x 40
A) intracellular region contacting all 7 helices of the CB; receptor was
performed using the Autodock VINA scoring function, which identified
three low energy regions (Supplementary Figure S1). We then re-scored
the initial Autodock VINA poses from these three regions using AMBER
18/MMGBSA multi-trajectory molecular dynamics (MD).“?*? Rescoring
using such an approach provides flexible receptor response and stabili-
zation of the initial pose, checks short-time pose dynamical/temporal
interaction stability, and often has better prediction of native poses from
PDB-BIND test set assessments and improved affinity correlations,*' as
has been previously reported.”> We found that the lowest multi-
trajectory average MMGBSA poses of all three regions had their loca-
tions in the cleft with an Org27569 ligand long-axis orientation akin the
crystallographic structure (Supplementary Figure S2). Further, we per-
formed a molecular dynamics study in a DOPC/KCl/water environment
and found that Org27569 maintained occupancy in the pocket adjacent
to W241+°°/H1542%1/G157%%/S1582°/ R230*°°, with persistent
n-stacking interactions with W241*°°/H154%*! and transient hydrogen
bonding with H154%"'/G157%"/5158%%/R230**°. While the in-
teractions of Org27569 with these residues time-evolved in a manner
that interaction partners changed even over a short 300 ns simulation
(Supplementary Figure S3), they were sufficient to maintain occupancy
long enough to bias the ensemble of conformations of the receptor,
maintaining conformations akin to antagonist bound states as evident
structurally and dynamically.**

Similarly, we next examined the interactions of PSCNBAM-1 with
CB; by performing GLIDE XP and Induced Fit docking using the same
docking grid positioned on the crystallographic binding site of
Org27569 and a similar blind docking VINA-AMBER-MMGBSA/
MMPBSA multi-trajectory probe as was used for Org27569. These two
independent approaches confirmed that in top ranked poses PSNSBAM-
1 bound in the same pocket as Org27569 with the chlorophenyl ring
helping to orient PSNCBAM-1 to maximize n-stacking interactions with
H154%*! and the pyridyl group making interactions with W241%°°
(Fig. 4B).

2.2. Design and docking studies of hybrids

Molecular docking and dynamics simulation studies on both
Org27569 and PSNCBAM-1 clearly pointed to similar interactions of
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Fig. 4. Representative top scored configurations of A) Org27569 and B) PSNCBAM-1 to the CB; receptor using Schrodinger Emodel Induced Fit/GLIDE XP.
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these two compounds with CB,, including interactions of the indole or
chlorophenyl with H154*“' and the phenyl (Org27569) or pyridyl
(PSCNBAM-1) interacting with W241*°°, We hypothesized that if the
central phenyl group of PSNCBAM-1 was replaced with a more flexible
linker, such as an ethyl group as in Org27569, these key elements (ar-
omatic rings and urea functionality) would be retained in similar spatial
arrangement to maintain these molecular interactions. Indeed, when
examined in induced fit studies, compound 8 which had a phenyl group
linked to the urea functionality via a flexible ethyl group (like
Org27569) adopted a configuration and orientation similar to
PSCNBAM-1 and Org27569, with the analogous n-stacking interactions
with H154%! and/or W241*°° and hydrogen bonding with H154%*! or
W241*° via the urea functionality (Fig. 5A-B). Interestingly, we also
observed poses with the reversed orientation, in which the n-stacking
was present, although interaction partners had changed (Fig. 5C). Such
poses appeared to be favored because of the chlorophenyl interaction
with the W241*°° indole ring, where quantum chemical benchmark
model calculations indicated ca. 75% increase of the n-stacking energy

GLY 158 L/,

LEU141 / \ >“ o

142

ARG

Fig. 5. Interactions of hybrid 8 with the CB, receptor showing receptor-ligand
interaction maps (left panels) and 3D-illustrations (right panels). A, B) Repre-
sentative high ranked poses with n-stacking and hydrogen bonding with
H154%*" and/or W241*°°, and C) representative top ranked pose with reversed
orientation with n-stacking with H154%**' and W241*°° and hydrogen bonding
of the urea functionality with G157%** and S158%%°.
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with aromatic ring chlorination (B3LYP-D3//6-31G** phenyl/chlor-
ophenyl:-2.91 kcal vs. phenyl-phenyl: —1.67 kcal). In all poses, the
persistent n-stacking at either end of the ligand with the additional
hydrogen bonding interactions served as a key recognition element for
this new scaffold. These results suggest that replacement of the central
phenyl group with a flexible alkyl group of appropriate length will
maintain most key interactions with CB,, thus retaining its activity.

2.3. Molecular dynamics simulations

In an attempt to further examine the similarity between Org27569
and our designed hybrids, we performed dynamics simulation to study
the impact of the allosteric modulated agonist bound state with
Org27569 and 8 (RSCB: 6KQI).>* Both Org27569 and PSNCBAM-1 have
been shown to act as NAMs in most functional assays.'”** %° As ex-
pected, the crystal structure of CB;-PGS® fusion protein showed the
activation microswitch condition of CB; co-bound with CP55,940 and
Org27569 differed from the crystal structures co-bound with agonists
such as tetrahydrocannabinol analogue AM11542 and hexahy-
drocannabinol analogue AM841,° but was more reminiscent of the
antagonist/inverse agonist bound structures with 5TGZ (AM6538),47
and 5U09 (Taranabant).’® The key features included an intact R2143°0.
D338%" salt bridge linking helices III and VI and the dual aromatic
toggle residues at the base of the orthosteric binding site W356%“® and
F200%°¢ which were in an “inactivation” state similar to the antagonist
bound structures. Salt bridges have been demonstrated to play impor-
tant roles for G protein coupling, ligand specificity, and protein
trafficking.**°! Ahn and colleagues, through theoretical models prior to
solutions of the CB1 crystal structure, have identified R148%%”-D338%°
and D1762%°%-K1923%° as key salt bridges that are critical for the inactive
and active states of the CB; receptor, respectively.>” It is possible that
0rg27569 and 8 stabilized the distinct R214>°°-D3385%" salt bridge
located at the allosteric binding site of the native CB;, thus acting as
NAMs.

In agreement with the structural observation by Shao et al,>* the
Org27569 kept the CB; receptor in the antagonist state in the presence of
the orthosteric agonist CP55,940. The dynamics simulation reveals that
after ca. 50 ns equilibration without coordinate constraints, Org27569
and 8 reduced the fluctuations induced between the intracellular helices
such that the R214%°°-D338%°" salt bridge, between helices III and VI,
stayed intact for most of the simulation, as illustrated by the stable
distances between the R214>°"-guanidiium hydrogens and the D33
carboxyl oxygen (Fig. 6A-B). However, removal of the allosteric
modulator resulted in transient activation and salt bridge breaking in the
presence of CP55,940 during a 100-800 ns simulations, as is required to
reach an activated state for G protein binding and recognition (Fig. 6C),
which leads to G protein facilitated greater spread in the intrahelical
domain. These results revealed that 8 was effective in preserving an
antagonist like salt-bridge state distance similar to Org27569, prevent-
ing CP55,940 signaling by locking in place the D214>°°-R338%%" salt
bridge (Fig. 6D), consistent with the results from the docked/induced fit
modeling.”?

86.30

2.4. Chemistry

To test the in silico predictions, we synthesized and investigated the
SARs surrounding this novel CB1 NAM scaffold. Compounds 8-31 were
obtained by coupling the corresponding aliphatic primary amines to 4-
chlorophenyl isocyanate as shown in Scheme 1. Amines 32, 35, 36,
38, 41 and 42 were prepared as depicted in Scheme 1, whereas the other
amines were purchased frorn commercial vendors or prepared according
to previous procedures.”’ Amines 32 and 36 were prepared from the
reduction of corresponding benzonitrile or carboxamide by borane
dimethyl sulfide. Alkylation of the enolate anion of methyl isobutyrate
with benzyl bromide afforded the intermediate 33, which was hydro-
lyzed to give acid 34. Acid 34 was converted to the corresponding amine
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Compound 8 + CP55,940
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Fig. 6. Activation R214%50-D338%3C salt bridge (Arg-NH —O,C-Asp) time series for CP55,940 agonist bound CB, in the presence of: A) Org27569, B) Compound 8,

C) no NAM (i.e. only CP55,940 is present). D1-D8 each represents the distance between a hydrogen on the guanidine group of R214

350 side chain and an oxygen of

the carboxylic group of D338%°" side chain and D) Relative positions of Org27569 to CP55,940 and the R214 (blue)-D338 (red) salt-bridge at the bottom. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a
—_—
NG HaN HCl
><)© <,
>-COOMe — » MeOOC

F»ND

F

o
Ho@ o HZN)KV/Q S

trans mixture

YO DN
HOOC

o)
HoN

f
ACHO — = A NO, — L A NH,
39-40 41-42

39, 41: Ar = thiophen-3-yl
40, 42: Ar = thiophen-2-yl

- CI\©\ i
N

N

H

8-31

L
NCO

Scheme 1. Synthesis of compounds 8-31. Reagents and conditions: a) (i) BHa.
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NH4OH, MeCN, 0 °C to rt, 16 h, quant. f) MeNO,, NH,OAc, reflux, 2 h, 86-95%
g) LiAlH,, THF, 0 °C to rt, 3 h, 80-84% h) corresponding amine, CHCl3, 60 °C,
16 h, 12-91%.

35 by Curtius rearrangement in the presence of diphenylphosphoryl
azide.®® Conversion of the trans mixture of 2-phenyl-1-cyclopropanecar-
boxylic acid to carboxamide 37 by coupling with ammonia followed by
reduction using borane dimethyl sulfide yielded amine 38. Henry re-
action between corresponding thiophene carboxaldehydes and nitro-
methane gave intermediates 39 and 40 which were subsequently
reduced by LiAlH,4 to amines 41 and 42.

2.5. Biological evaluations

We first screened the activity of our compounds at CB; and CB; in
FLIPR-based calcium mobilization functional assays as described pre-
viously.?>?%3233 Briefly, CHO cells that overexpress the promiscuous
Gay e proteins (RD-HGA16 cells, Molecular Devices) were engineered to
stably express the human CB; or CB,. Compounds were evaluated for
their ability to inhibit the mobilization of intracellular calcium levels
stimulated by the orthosteric agonist CP55,940. Select compounds were
subsequently evaluated in the [*°S]GTPyS binding assay to determine
the inhibitory activity against G protein activation following the agonist
occupation and in the BRET CAMYEL cAMP assay to assess the ability of
compounds to reverse the inhibitory effect of CP55,940 on forskolin-
mediated cAMP production.”®>*

2.5.1. CB; dllosteric modulatory activities in calcium mobilization assays
We first examined all compounds for their potency to reduce
CP55,940-induced CB;-mediated calcium mobilization in CHO-RD-
HGA16 cells overexpressing human CB; and the promiscuous Goig
protein, which enables CB; to signal through mobilization of internal
calcium as previously described.?>?*3%%% As predicted in the in silico
model, 8 showed good allosteric modulatory activity with an pICsg value
of 6.7, comparable with Org27569 and PSNCBAM-1. Inclusions of a
piperidinyl ring in 9 or a pyrrolidinyl moiety in 10 resulted in a slightly
reduced potency, implying that bulky substituents at the 4-position of
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the phenyl ring are not preferred, as is seen in our SAR studies on the
PSNCBAM-1 and diarylurea series.”” Interestingly, while the dieth-
ylamino analogue 11 which is the ring-opened analogue of 9 lost
considerable potency, its smaller dimethylamino homologue 12 had
improved potency by approximately 3-fold (pICso = 6.6). This is
consistent with previous findings by us and others that dimethylamino is
well tolerated in both the PSNCBAM-1 and Org2769 series.””-*°

Next, we investigated the structural requirement at the ethyl linker
between the phenyl ring and the urea moiety by varying the length from
one to three carbons. Our modeling studies showed that an ethyl linker
maintained all key interactions with CB,, particularly the n-stacking on
either end of the molecule. As seen in Table 1, the 2-carbon ethyl linker
in 8 appeared to be the optimal length, as shortening the linker to methyl
in 13 or lengthening to 1,3-propyl in 14 resulted in loss of potency. We
then probed the effects of substituents on the ethyl linker. Additions of
two methyl groups in 15 and 16 on the Ca or Cf resulted in complete
abolishment of CB; antagonism. Presence of the difluoro group on the Cp
of 17 weakened the potency albeit to a lesser extent, indicating that
additional bulk at these positions was not favorable. Similarly, rigid-
ifying the ethyl linker with the presence of a cyclopropyl group in 18 and
19 also reduced the potency. Lastly, 20 with a 1,2-cyclopropylmethyl
linker, displayed weaker activity than the ethyl linker in 8 but was
more potent than the 1,3-propyl linker in 14. This may be the result of
the strain of the three-membered ring which shortened the length be-
tween the two carbons. This is consistent with our previous SAR studies
of Org27569, where constraint of the ethyl group by replacement with
proline or piperidone groups resulted in a loss of potency.?’

Table 1. Allosteric Antagonist Potencies of Org27569, PSNCBAM-1,
and 8-20 in the hCB; Calcium Mobilization.

The pyridine ring of PSNCBAM-1 has previously been replaced by
other heterocycles, such as pyrimidine and pyrrole.®*> We therefore
sought to investigate if the phenyl ring in 8 could be replaced with other
heterocyclic rings or aliphatic rings. Table 2 shows that replacement of
the phenyl group with a 2-pyridyl ring in 21 significantly reduced po-
tency, whereas substitution with 3-pyridinyl in 22 or 4-pyridinyl in 23
ring resulted in inactive compounds. The 3-thiophenyl analogue in 24
displayed low potency, whereas the 2-thiophenyl analogue 25 (pICsy =
6.1) possessed similar potency to Org27569. The 5-methylfuran-2-yl
analogue 26 (pICsop = 6.6) showed the highest potency among this
group, comparable to the phenyl analogue 8. Replacement of the phenyl
ring by nonaromatic rings such as piperazine, piperidine, morpholine,
pyrrolidine or the linear acetylamino group in 27 — 31 completely
abolished or significantly dampened the CB; inhibitory potency. These
results suggest that an aromatic group is required at this position to
interact with CB, most likely by n- interactions.

Table 2. Allosteric Antagonist Potencies of Compounds 21-31 in the
hCB; Calcium Mobilization Assay.

In general, these SAR results are consistent with the computational
findings. Our modeling studies showed that the n-stacking interactions
with W241%°° and H154%*! and/or hydrogen bonding between the urea
functionality and G157%%* and $158%“° are key interactions. Fig. 5 il-
lustrates the optimal positioning of the aromatic regions in our scaffold
in compound 8 to capitalize on interactions with W241*°°/H154%*! in
some of the top score poses. Alterations of the number of -(CHy),-
linkages in our SAR modify the distance been the Cl-phenyl and the urea
group, which forces the compound to compromise between finding
optimal urea hydrogen bonding and forming the best x stacking over-
laps. When both were not possible, as with the methyl linker in 13 or the
propyl linker in 14, the potency was greatly diminished. In addition,
inclusion of substituents on the ethyl linker such as difluoro in 17 and
dimethyl in 15 and 16 or replacement with a cyclopropyl in 18 and 19
modify the conformation sufficiently to reduce these interactions,
resulting in reduced interactions between urea and G157%%%/5158%%
and/or Cl-phenyl with W241*°°, These substitutions therefore reduce
the allosteric modulatory potency compared to 8. While introduction of
the pyridyl groups in 22 and 23 retained the n-stacking interactions, the
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Table 1
Allosteric Antagonist Potencies of Org27569, PSNCBAM-1, and 8-20 in the hCB;
Calcium Mobilization.

Compound Structure pICso”
Org27569 6.1 £

!‘ 0.07
PSNCBAM-1

2, 3 Q\UO :
: ] -
C W g

9 6.1+
Cl I\O 0:05
IO SV
N® °N
H

10 6.1+
Cl o N 0.05
\©\NJLN/\/©/
11 5.5 +
0.03
Cl o N~
[lmxuﬂ
12 | 6.6 =
Cl o N 0.14
o8
H H
13 CI\©\ 0 <5
Y0
14 Cl 5.4+
1o
15 CI\©\ 0 <5
NJ\N ‘f :
H H
16 Cl o <5
2L A L
17 Cl 5.8 +
o0
N~ N
H H F
18 Cl 5.3 +
N N
H H
19 <5

%
:

Iz
T

(continued on next page)
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Table 1 (continued)

Compound Structure pICso”
20 cl 5.6+
(trans O 0.09
mixture) J]\
N~ N
H H

@ Compounds tested against ECgo (100 nM) of CP55,940. Values are the mean
+ SEM of at least three independent experiments in duplicate.

desolvation costs of the pyridyl groups may have contributed to their
reduced allosteric potency,*’"°® with considerably higher computed
solvation energies for 22 (-17.3 kcal/mol) and 23 (-17.4 kcal/mol)
compared to 8 (-13.6 kcal/mol). Replacement of the phenyl with non-
aromatic groups in 27-31 abolished the n-stacking interactions with
H154%**! and/or W241*° and thus the total loss of potencies.

All compounds were screened for agonist activity at the CB; in the
calcium mobilization assay and no significant agonist effects (<30% of
CP55,940 Ennax) were observed for any of the compounds. These com-
pounds were also screened for agonist and antagonist activity at CB, to
determine receptor subtype selectivity in our CB; calcium mobilization
assay.”>*" None of the compounds had significant CB, agonist activity
(<10% of CP55,940 Epx) or CB, antagonist activity (<50% inhibition
of CP55,940 ECg( concentration at 10 pM or pICsg values < 5).

Table 3. Allosteric Modulating Activities of Representative CB;
Allosteric Modulators in the human CB; Calcium Mobilization, [°°S]
GTPyS Binding, and cAMP Assays.

2.5.2. Evaluation of select compounds in [35S]GTPyS and cAMP assays
Several compounds that showed good CB; modulatory activity in the
calcium mobilization assay were further characterized in [358]GTP~/S
binding and/or cAMP assays using HEK293 cells overexpressing human
CB,.%>* Overall, compounds exhibited lower potency in both the [>°S]
GTPyS and cAMP assays as compared with the calcium mobilization
assay. This could be due to overexpression of the promiscuous Gajg in
the cells used in the calcium assay which may shift more receptors into a
coupled state with high affinity for agonists, thereby increasing the
sensitivity of the calcium mobilization assay.”” PSNCBAM-1 exhibited
the greatest inhibitory potency in both the [*°SIGTPyS and calcium
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mobilization assays. In the [*°S]GTPyS assay, the phenyl analogue 8
possessed a pICsg of 5.2 whereas the two thiophenyl analogues (24 and
25) displayed similar pICsy values, all lower than Org27569 or
PSNCBAM-1. Compound 9 demonstrated comparable potencies in both
calcium mobilization and [*°S]GTPyS assays. Other analogues had
weaker potency in the [*>S]GTPyS assay (pICso < 5). In the cAMP assay,
compounds 8, 12, and 26 demonstrated potency in the low micromolar
range. The differences in the magnitude of rank order potencies between
these assays could be due to differences in their affinities for the
different conformations being promoted by each cell type’s cellular
milieu, in particular the respective G protein content (i.e. a preponder-
ance of Gy in the calcium assay).

Interestingly, 9 appeared to produce incomplete antagonism of
CP55,940's effect in [353]GTPN{S binding and calcium mobilization with
the best-fit parameters with the curve bottoms being greater than zero
([*°SIGTPYS: 64.6% + 6.4, 95% CI: 36.9 — 92.3; calcium: 26.4% + 4.0,
95% CI: 13.7 — 39.1). To determine whether compound 9 would produce
incomplete insurmountable antagonism, we examined CP55,940’s con-
centration-response in [*°S]GTPyS binding in the presence of multiple
concentrations of compound 9 and fit the operational model of

Table 3
Allosteric Modulating Activities of Representative CB, Allosteric Modulators in
the human CB; Calcium Mobilization, [**S]GTPyS Binding, and cAMP Assays.

Compound hCB, hCB, hCB,
Calcium [35S1GTPyS cAMP
pICso” pICso”

pICso”

0rg27569 6.1 + 0.07 6.0 + 0.05 6.8 + 0.06%

PSNCBAM-1 7.5+ 0.1 7.0 0.1 6.4 +0.1

8 6.7 + 0.09 5.2 + 0.05 5.5 + 0.03

9 6.1 + 0.05 5.9+ 0.3 N.D."

10 6.1 + 0.05 4.4+03 N.D. "

12 6.6 + 0.1 48+0.2 5.6 + 0.07

24 5.8 + 0.03 51402 N.D."

25 6.1 + 0.01 5.1 + 0.09 N.D. "

26 6.6 + 0.06 49+0.1 5.4 + 0.05

@ Compounds tested against ECgo (100 nM) of CP55,940. Values are the mean
+ SEM of at least three independent experiments in duplicate.
b N.D.: Not determined.

Table 2
Cl
O
Allosteric Antagonist Potencies of Compounds 21-31 in the hCB; Calcium Mobilization Assay. )J\ A~ R
N~ N
H H
Compound R pICso” Compound R pICso”
21 N= 5.4 £ 0.09 27 —N <5
22 — <5

23 é/@ <5

S
24 /\ 5.8 +0.03
=N N—
7/
25 / \ 6.1 £0.01
N O
/
6.6 + 0.06

, w

, 2 .
Q

29 ?[OB\ <5

30 §_Ni:> <5

31 NHCOMe 5.8 £ 0.09

# Compounds tested against ECg (100 nM) of CP55,940. Values are the mean + SEM of at least three independent experiments in duplicate.
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allosterism (equation 1, Experimental Section). While compound 9
(logKp = -4.4 £ 0.5; K, = 38 uM) did not reach saturation at the highest
concentration (100 uM), best-fit allosteric parameters suggested that it
was a PAM-antagonist (logalpha = 0.7 + 0.1; alpha = 5.1), exhibiting
positive cooperativity with the probe CB; agonist CP55,940 and
incomplete antagonism (logbeta = -1.1 + 0.1; beta = 0.09). Predicted
curves for CP55,940 in the presence compound 9 (316 uM and 1 mM)
based on simulations using the best-fit allosteric parameters are visible
in Fig. 7 as dashed lines and depict the saturation of effect. Such an
allosteric effect would be promising as it would allow for partial, and
possibly biased, antagonism, restricting activation of particular G pro-
tein subtypes while permitting the cycling of others. However, it is
possible that limited solubility at the high concentrations used in the
studies is a contributing factor to the observed affinity and beta pa-
rameters and cannot be ruled out as cannabinoid ligands are known with
solubility challenges.'”

3. Conclusions

Negative allosteric modulation offers a promising approach targeting
the CB; receptor for obesity, drug addictions and other therapeutic ap-
plications while possibly limiting the side effects of orthosteric antago-
nists. Consistent with the similarities in the structures of Org27569 and
PSNCBAM-1 as well as their SARs, computational modeling studies
suggested that these NAMs preferentially bind to the same binding
pocket of Org27569 in the recently solved crystal structure of CB; co-
bound with Org27569 and CP55,940, occupying the space between
TM2 and TM4 and overlapping the cholesterol binding region. Key in-
teractions between these NAMs with CB; include n-stacking interactions
with W241%°° and H154%“! and/or hydrogen bonding between the urea
functionality and H154%“!. Based on these findings, we rationally
designed hybrids of Org27569 and PSNCBAM-1 as CB; NAMs such as 8
by merging the key structural components from each series. Compound
8 bound to the same binding pocket as Org27569 and PSCNBAM-1 with
the same n-stacking interactions with W241*°C and/or H154%*!. Similar
to Org27569, 8 preserved an antagonist-like state of CB; with the key
R214%°0-p338%%" salt bridge intact during dynamics simulations,
whereas salt bridge repeatedly breaks in the agonist-alone models dur-
ing microsecond simulations, suggesting that the functional effect of
allosteric ligands may be predicted with short time dynamical simula-
tions. A series of CB; NAMs based on this novel hybrid scaffold were
then synthesized and evaluated for their biological activity in several in

Compound 9
-=- 1 mM Simulated

-100-

S 4004 --- 316 uM Simulated

= = 100 uM

£ -+ 10 uM

= —~ 3.16 M

N -~ DMSO

A 100-

-

5

g‘n -12 -10 -8 -6 -4
O\O

log [CP55,940] M

Fig. 7. Compound 9 exhibited insurmountable and incomplete antagonism of
CP55,940-stimulated [*>S]GTPyS binding in hCB; HEK293 membranes. Dashed
lines depict simulated curves based upon best-fit allosteric parameters of the
allosteric operational model (see methods). Each point represents the mean +
SEM of at least N = 3.
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vitro assays. Compound 8 showed similar potency to Org27569 and
PSNCBAM-1 in calcium mobilization and slightly reduced potencies in
GTPyS and cAMP, whereas 9 had pICsg similar to Org27569 in the
GTPyS assay. Consistent with computational findings highlighting the
importance of linker length, shortening or elongation of the ethyl linker
or substitution on this linker comprised one or both of these interactions,
thus leading to reduced potency. In addition, substitution of the phenyl
ring on the right-hand side by other non-aromatic rings resulted in
abolishment of CB; allosteric modulatory activity, confirming impor-
tance of z-stacking of this aromatic ring with CB;. Together, these
findings provide a useful computational tool in predicting the potential
functional effect (activation vs inactivation) of an allosteric ligand to be
designed based on whether it retains the critical R214>°°-D338%° salt
bridge. Our work expands the current SAR understanding of CB; allo-
steric modulators and provides a new scaffold that can be further opti-
mized for CB; modulation.

4. Experimental
4.1. Chemistry

All solvents and chemicals were reagent grade. Unless otherwise
mentioned, all reagents and solvents were purchased from commercial
vendors and used as received. Flash column chromatography was car-
ried out on a Teledyne ISCO CombiFlash Rf system using prepacked
columns. Solvents used include hexane, ethyl acetate (EtOAc),
dichloromethane, methanol, and chloroform/methanol/ammonium
hydroxide (80:18:2) (CMA-80). Purity and characterization of com-
pounds were established by a combination of HPLC, TLC, mass spec-
trometry, and NMR analyses. Melting point was recorded by the Mel-
Temp II instrument (Laboratory Devices Inc. , U.S.). 1H and 13C NMR
spectra were recorded on a Bruker Avance DPX-300 (300 MHz) spec-
trometer and were determined in chloroform-d, DMSO-dg, or meth-
anol-d4 with tetramethylsilane (TMS) (0.00 ppm) or solvent peaks as the
internal reference. Chemical shifts are reported in ppm relative to the
reference signal, and coupling constant (J) values are reported in hertz
(Hz). Thin layer chromatography (TLC) was performed on EMD pre-
coated silica gel 60 F254 plates, and spots were visualized with UV light
or iodine staining. High resolution mass spectra were obtained using
Agilent 1290 Infinity UHPLC-6230 TOF system (ESI). The calculated and
found monoisotopic masses which are the sum of the accurate masses of
the most abundant naturally occurring stable isotope of each atom in the
molecule were reported. All test compounds were greater than 95% pure
as determined by HPLC on an Agilent 1100 system using an Agilent
Zorbax SB-Phenyl, 2.1 mm x 150 mm, 5 pm column using a 15-minute
gradient elution of 5-95% solvent B at 1 ml/min followed by 10 min at
95% solvent B (solvent A, water with 0.1% TFA; solvent B, acetonitrile
with 0.1% TFA and 5% water; absorbance monitored at 220 and 280
nm).

General Procedure A: To a solution of amine (1 eq) in anhydrous
chloroform (0.04 M) was added 4-chlorophenyl isocyanate (1 eq) at
room temperature. The reaction mixture was then heated at 60 °C for 16
h. The precipitated product was filtered and thoroughly washed with
dichloromethane.

3-(4-Chlorophenyl)-1-(2-phenylethyl)urea (8) was prepared from
phenethylamine (0.04 ml, 0.32 mmol) following the general procedure
A as white solid (0.06 g, 63%). 'H NMR (300 MHz, CDCl3) § 7.29-7.35
(m, 2H), 7.15-7.25 (m, 7H), 6.12 (br. s., 1H), 4.58 (br. s., 1H), 3.53 (q, J
= 6.6 Hz, 2H), 2.85 (t, J = 6.7 Hz, 2H). 3C NMR (75 MHz, CDCls) 6
155.1 (1C), 138.9 (1C), 137.0 (1C), 129.2 (2C), 128.9 (1C), 128.8 (20),
128.7 (2C), 126.6 (1C), 122.0 (2C), 41.5 (1C), 36.0 (1C). HRMS (ESI) m/
2z [M + H]" caled: 275.0946; found: 275.0936.

1-(4-Chlorophenyl)-3-{2- [4-(piperidin-1-yl)phenyl] ethyl}-urea
(9) was prepared from 2-[4-(piperidin-1-yl)phenyl]ethanamine hydro-
chloride which was prepared as described previously®® (0.10 g, 0.42
mmol) following the general procedure A as white solid (0.12 g, 79%).
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'H NMR (300 MHz, CDCl3) § 7.19 (m, 4H), 7.05 (d, J = 8.5 Hz, 2H), 6.87
(d, J=8.7 Hz, 2H), 6.34 (s, 1H), 4.72 (t, J = 5.6 Hz, 1H), 3.45(q, J = 6.4
Hz, 2H), 3.11 (m, 4H), 2.73 (t, J = 6.7 Hz, 2H), 1.71 (quin, J = 5.6 Hz,
4H), 1.57 (m, 2H). 13C NMR (75 MHz, CDCl3) § 155.3 (1C), 151.0 (1C),
137.2(1C), 129.4 (2C), 129.2 (1C), 129.1 (2C), 128.6 (1C), 121.8 (20),
116.8 (20C), 50.8 (1C), 41.6 (1C), 35.1 (1C), 25.8 (1C), 24.2 (1C). HRMS
(ESD m/z [M + H]" calcd: 358.1681; found: 358.1674.
1-(4-Chlorophenyl)-3-{2- [4-(pyrrolidin-1-yl)phenyl] ethyl}-
urea (10) was prepared from 2-[4-(pyrrolidin-1-yl)phenyl]ethanamine
hydrochloride (0.07 g, 0.44 mmol) which was prepared as described
previously”’ following the general procedure A as white solid (0.12 g,
79%). H NMR (300 MHz, CDCl3) § 7.13-7.24 (m, 4H), 7.04 (d, J = 8.5
Hz, 2H), 6.51 (d, J = 8.5 Hz, 2H), 6.11 (s, 1H), 4.61 (br. s., 1H), 3.46 (q,
J = 6.5 Hz, 2H), 3.23-3.29 (m, 4H), 2.73 (t, J = 6.6 Hz, 2H), 2.00 (td, J
= 3.30, 6.59 Hz, 4H). 13C NMR (75 MHz, CDCl3) § 155.2 (1C), 146.9
(1C), 137.2 (1C), 129.5 (2C), 129.1 (2C), 128.6 (1C), 125.1 (1C), 121.9
(20), 111.9 (20), 47.7 (1C), 41.9 (1C), 35.0 (1C), 25.4 (1C). HRMS (ESI)
m/z [M + H]" caled: 344.1524; found: 344.1523.
1-(4-Chlorophenyl)-3-{2- [4-(diethylamino)phenyl] ethyl}-urea
(11) was prepared from 4-(2-aminoethyl)-N,N-diethylaniline hydro-
chloride (0.04 g, 0.28 mmol) which was prepared as described previ-
ously”® following the general procedure A as white solid (0.80 g, 82%).
'H NMR (300 MHz, CDCls) 5 7.09-7.19 (m, 4H), 7.01 (br. s., 1H), 6.98
(d, J = 8.5 Hz, 2H), 6.58 (d, J = 8.5 Hz, 2H), 5.28 (d, J = 5.3 Hz, 1H),
3.38 (q, J = 6.7 Hz, 2H), 3.29 (q, J = 7.0 Hz, 4H), 2.65 (t, J = 6.9 Hz,
2H), 1.12 (t, J = 7.0 Hz, 6H). *C NMR (75 MHz, CDCl3) 5 156.0 (1C),
146.6 (1C), 137.5 (1C), 129.6 (2C), 129.0 (2C), 128.2 (1C), 125.3 (10),
121.6 (2C), 112.2(2C), 44.3(1C), 41.8 (1C), 35.1 (1C), 12.6 (1C). HRMS
(ESI) m/z [M + H]™ calcd: 346.1681; found: 346.1675.
3-(4-Chlorophenyl)-1-{2-[4-(dimethylamino)phenyl] ethyl}-
urea (12) was prepared from 4-dimethylaminophenethylamine (0.03 g,
0.18 mmol) following the general procedure A as white solid (0.01 g,
17%). 'H NMR (300 MHz, DMSO-dg) 6 8.63-8.71 (m, 1H), 7.41 (d, J =
9.0 Hz, 2H), 7.24 (d, J = 8.9 Hz, 2H), 7.04 (d, J = 8.7 Hz, 2H), 6.68 (d, J
= 8.7 Hz, 2H), 6.08-6.16 (m, 1H), 3.26 (d, J = 6.2 Hz, 2H), 2.85 (s, 6H),
2.61 (t, J = 7.2 Hz, 2H). '3C NMR (75 MHz, DMSO-dg) 5 154.9 (1C),
149.1 (1C), 139.5 (1C), 129.0 (20), 128.4 (2C), 126.9 (1C), 124.3 (10),
119.0 (20), 112.7 (2C), 40.9 (1C), 40.3 (1C), 34.8 (1C). HRMS (ESI) m/z
[M + H]" caled: 318.1367; found: 318.1370.
3-(4-Chlorophenyl)-1-(3-phenylmethyl)urea (13) was prepared
from benzylamine (0.05 ml, 0.32 mmol) following the general proced-
ure A as white solid (0.06 g, 71%). ' NMR (300 MHz, DMSO-dg) 6 8.71
(s, 1H), 7.44 (d, J = 8.9 Hz, 2H), 7.20-7.37 (m, 7H), 6.66 (t, J = 5.8 Hz,
1H), 4.30 (d, J = 6.0 Hz, 2H). 13C NMR (75 MHz, DMSO-dg) 5 155.0
(1C), 140.2 (1C), 139.4 (1C), 128.4 (2C), 128.3 (2C), 127.1 (2C), 126.7
(1C), 124.5 (1C), 119.2 (2C), 42.7 (1C). HRMS (ESI) m/z [M + H]*t
caled: 261.0789; found: 261.0797.
3-(4-Chlorophenyl)-1-(3-phenylpropyl)urea (14) was prepared
from 3-phenylpropylamine (0.05 ml, 0.32 mmol) following the general
procedure A as white solid (0.08 g, 82%). 14 NMR (300 MHz, CDCl3) &
7.17-7.31 (m, 7H), 7.09 (d, J = 6.8 Hz, 2H), 5.42 (t, J = 5.4 Hz, 1H),
3.18 (g, J = 6.8 Hz, 2H), 2.57 (t, J = 7.6 Hz, 2H), 1.70-1.78 (m, 2H). 13C
NMR (75 MHz, CDCl3) § 156.1 (1C), 141.3 (1C), 137.4 (1C), 129.1 (20),
128.5 (20), 128.4 (1C), 128.3 (2C), 126.0 (1C), 121.5 (2C), 39.9 (10),
33.1(1C), 31.6 (1C). HRMS (ESI) m/z [M + H] " caled: 289.1102; found:
289.1100.
1-(4-Chlorophenyl)-3-(2-methyl-2-phenylpropylDurea (15) was
prepared from 3-phenylpropylamine (32) (0.10 g, 0.56 mmol) following
the general procedure A as white solid (0.14 g, 81%). 'H NMR (300
MHz, CDCls) 6§ 7.34 (d, J = 4.1 Hz, 4H), 7.20-7.25 (m, 1H), 7.16-7.20
(m, 2H), 7.05-7.11 (m, 2H), 6.14 (br. s., 1H), 4.37 (br. s., 1H), 3.45 (d, J
= 6.0 Hz, 2H), 1.35 (s, 6H). *C NMR (75 MHz, CDCl3) 6 155.4 (1C),
146.6 (1C), 137.2 (1C), 129.0 (2C), 128.6 (2C), 128.5 (1C), 126.3 (10),
126.0 (20), 121.6 (2C), 51.7 (1C), 38.9(1C), 30.9 (1C), 26.6 (1C). HRMS
(ESI) m/z [M + H]™ caled: 303.1259; found: 303.1259.
1-(4-Chlorophenyl)-3-(2-methyl-1-phenylpropan-2-yl)urea (16)
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was prepared from 2-methyl-1-phenylpropan-2-amine (35) (0.06 g,
0.38 mmol) following the general procedure A as white solid (0.07 g,
57%). 'H NMR (300 MHz, CDCl3) 6 7.20-7.27 (m, 5H), 7.12-7.19 (m,
4H), 6.21 (s, 1H), 4.41 (s, 1H), 3.03 (s, 2H), 1.33 (s, 6H). '3C NMR (75
MHz, CDCl3) 6 154.4 (1C), 138.1 (1C), 137.4 (1C), 130.6 (2C), 129.2
(20), 128.7 (1C), 128.1 (2C), 126.4 (1C), 122.0 (2C), 53.7 (1C), 45.5
(1C), 27.9 (2C). HRMS (ESI) m/z [M + H]™ caled: 303.1259; found:
303.1255.

1-(4-Chlorophenyl)-3-(2,2-difluoro-2-phenylethyl)urea (17) was
prepared from 2,2-difluoro-2-phenylethanamine (36) (0.06 g, 0.29
mmol) following the general procedure A as white solid (0.05 g, 52%).
H NMR (300 MHz, DMSO-dg) 6 8.72 (s, 1H), 7.49-7.62 (m, 5H),
7.36-7.43 (m, 2H), 7.24-7.30 (m, 2H), 6.57 (t, J = 6.2 Hz, 1H), 3.88 (dt,
J = 6.2, 14.98 Hz, 2H). '3C NMR (75 MHz, CD30D) 6 157.5 (1G), 139.6
(1C), 136.6 (t,J = 25 Hz, 1C), 131.4 (1C), 129.7 (d, J = 5 Hz, 2C), 128.4
(1C) 126.4 (t, J = 6 Hz, 2C), 125.3 (1C), 122.1 (1C), 121.5 (2C), 118.9
(1C), 46.8 (t, J = 30.7 Hz, 1C). HRMS (ESI) m/z [M + H]" caled:
311.0757; found: 311.0768.

1-(4-Chlorophenyl)-3- [(1-phenylcyclopropyl)methyl] urea (18)
was prepared from 1-phenylcyclopropanemethylamine (0.03 g, 0.20
mmol) following the general procedure A as white solid (0.04 g, 68%).
'H NMR (300 MHz, CDCl3) 6 7.28-7.39 (m, 4H), 7.10-7.24 (m, 5H),
6.22 (br. s., 1H), 4.70 (br. s., 1H), 3.43 (d, J = 5.5 Hz, 2H), 0.89 (s, 4H).
13C NMR (75 MHz, CDCl3) § 155.2 (1C), 142.8 (1C), 137.1 (1C), 129.1
(20), 128.6 (2C), 128.5 (2C), 126.7 (1C), 121.8 (20C), 49.2 (1C), 29.7
(1C), 25.8 (1C), 12.3 (1C). HRMS (ESI) m/z [M + H] " calcd: 301.1102;
found: 301.1096.

1-(1-Benzylcyclopropyl)-3-(4-chlorophenyl)urea (19) was pre-
pared from (1-benzylcyclopropyl)amine (0.04 g, 0.20 mmol) following
the general procedure A as white solid (0.03 g, 48%). H NMR (300
MHz, CDCl3) 6 7.29-7.34 (m, 2H), 7.27-7.28 (m, 1H), 7.20-7.24 (m,
2H), 7.17-7.20 (m, 2H), 7.10-7.15 (m, 2H), 6.34 (s, 1H), 4.86 (s, 1H),
2.86 (s, 2H), 0.91-0.98 (m, 4H). '3C NMR (75 MHz, CDCl3) § 153.5 (1C),
136.9 (1C), 135.5 (1C), 127.9 (2C), 127.3 (2C), 127.2 (2C), 126.8 (10C),
125.5(1C), 119.6 (2C), 41.5(1C), 33.3(1C), 29.3(1C), 13.0 (1C). HRMS
(ESI) m/z [M + H]™" caled: 301.1102; found: 301.1100.

trans-1-(4-Chlorophenyl)-3- [(2-phenylcyclopropyl)methyl-]
urea (20) was prepared from trans-1-(2-phenylcyclo-propyl)meth-
anamine (38) (0.08 g, 0.45 mmol) following the general procedure A as
white solid (0.07 g, 51%). 'H NMR (300 MHz, DMSO-dg) 5 8.62 (s, 1H),
7.38-7.46 (m, 2H), 7.20-7.29 (m, 4H), 7.11-7.15 (m, 1H), 7.04-7.10
(m, 2H), 6.32 (t, J = 5.6 Hz, 1H), 3.16-3.28 (m, 1H), 2.99-3.11 (m, 1H),
1.79-1.88 (m, 1H), 1.21-1.35 (m, 1H), 0.83-0.96 (m, 2H). '*C NMR (75
MHz, DMSO-dg) 6 155.0 (1C), 142.8 (1C), 139.5 (1C), 128.4 (2C), 128.1
(20), 125.5 (2C), 125.2 (1C), 124.4 (1C), 119.1 (2C), 42.9 (1C), 23.4
(1C), 21.3 (1C), 14.3 (1C). HRMS (ESI) m/z [M + H]* caled: 301.1102;
found: 301.1099.

3-(4-Chlorophenyl)-1- [2-(pyridin-2-yl)ethyl] urea (21) was pre-
pared from 2-(2-aminoethyl)pyridine (0.04 g, 0.32 mmol) following the
general procedure A as white solid (0.08 g, 84%). 1H NMR (300 MHz,
CDCl3) 6 8.38 (d, J = 4.1 Hz, 1H), 7.87 (br. s., 1H), 7.55-7.62 (m, 1H),
7.10-7.24 (m, 6H), 6.15-6.24 (m, 1H), 3.62 (q, J = 5.8 Hz, 2H),
2.94-3.01 (m, 2H). '3C NMR (75 MHz, CDCl3) 5 159.6 (1C), 156.0 (1C),
148.8 (1C), 137.8 (1C), 136.9 (1C), 129.0 (2C), 128.0 (1C), 123.6 (1C),
121.7 (1G), 121.3 (2C), 39.6 (1C), 37.6 (1C). HRMS (ESI) m/z [M + H]*
caled: 276.0898; found: 276.0895.

3-(4-Chlorophenyl)-1- [2-(pyridin-3-yl)ethyl] urea (22) was pre-
pared from 3-(2-aminoethyl)pyridine (0.04 g, 0.32 mmol) following the
general procedure A as white solid (0.08 g, 91%). 'H NMR (300 MHz,
CDCl3) 6 8.30-8.38 (m, 2H), 7.53-7.63 (m, 2H), 7.18-7.26 (m, 5H), 5.49
(t,J=5.5Hz, 1H), 3.52 (q, J = 5.7 Hz, 2H), 2.78-2.87 (m, 2H). 13¢ NMR
(75 MHz, CDCl3) 6§ 155.6 (1C), 149.8 (1C), 147.6 (1C), 137.5(1C), 136.8
(1C), 135.0 (1C), 129.1 (2C), 128.2 (1C), 123.9 (1C), 121.0 (2C), 40.7
(1C), 33.3 (1C). HRMS (ESI) m/z [M + H]" caled: 276.0898; found:
276.0894.

3-(4-Chlorophenyl)-1-[2-(pyridin-4-yl)ethyl]urea (23) was
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prepared from 4-(2-aminoethyl)pyridine (0.04 ml, 0.32 mmol)
following the general procedure A as white solid (0.03 g, 34%). 'H NMR
(300 MHz, DMSO-dg) 6 8.62 (s, 1H), 8.48 (d, J = 5.8 Hz, 2H), 7.40 (d, J
= 8.8 Hz, 2H), 7.22-7.30 (m, 4H), 6.19 (t, J = 5.7 Hz, 1H), 3.35-3.43
(m, 2H), 2.77 (t, J = 6.9 Hz, 2H). 13C NMR (75 MHz, DMSO-dg) § 154.9
(10), 149.5 (2C), 148.4 (1C), 139.4 (1C), 128.4 (2C), 124.4 (20), 124.2
(1G), 119.1 (2C), 34.9 (1C). HRMS (ESI) m/z [M + H] ™ calcd: 276.0898;
found: 276.0899.

1-(4-Chlorophenyl)-3- [2-(thiophen-3-yl)ethyl] urea (24) was
prepared from 41 (0.08 g, 0.54 mmol) following the general procedure A
as white solid (0.13 g, 86%). 1 NMR (300 MHz, CDCl3) 6 7.30 (dd, J =
2.8, 4.9 Hz, 1H), 7.18-7.23 (m, 3H), 7.01 (d, J = 2.8 Hz, 1H), 6.96 (dd, J
= 1.1, 4.9 Hz, 1H), 6.25 (s, 1H), 4.68 (br. s., 1H), 3.51 (q, J = 6.7 Hz,
2H), 2.87 (t, J = 6.7 Hz, 2H). >C NMR (75 MHz, CDCl3) § 155.1 (1C),
139.2(1C), 137.1 (1C), 129.2 (2C), 128.0 (1C), 126.1 (1C), 122.0 (20),
121.5 (1C), 121.0 (1C), 40.8 (1C), 30.6 (1C). HRMS (ESI) m/z [M + H]*
caled: 281.0510; found: 281.0506.

1-(4-Chlorophenyl)-3- [2-(thiophen-2-yl)ethyl] urea (25) was
prepared from 42 (0.03 g, 0.21 mmol) following the general procedure A
as white solid (0.03 g, 50%). 'H NMR (300 MHz, CDCl3) 6 7.19-7.24 (m,
3H), 7.15-7.18 (m, 2H), 6.95 (dd, J = 3.4, 5.1 Hz, 1H), 6.84 (d, J = 2.8
Hz, 1H), 6.31 (s, 1H), 4.82 (br. s., 1H), 3.53 (q, J = 6.3 Hz, 2H), 3.06 (t, J
= 6.5 Hz, 2H). '3C NMR (75 MHz, CDCl3) 6§ 155.1 (1C), 141.4 (1C),
137.0 (1C), 129.2 (2C), 127.1 (1C), 125.5 (1C), 124.0 (1C), 122.1 (20),
121.5 (1C), 41.7 (1C), 30.4 (1C). HRMS (ESI) m/z [M + H]" calcd:
281.0510; found: 281.05009.

1-(4-Chlorophenyl)-3- [2-(5-methylfuran-2-yl)ethyl] urea (26)
was prepared from 2-(5-methyl-2-furyl)ethanamine (0.04 ml, 0.32
mmol) following the general procedure A as white solid (0.04 g, 44%).
'H NMR (300 MHz, CDCl3) § 7.18-7.25 (m, 4H), 6.34 (br. s., 1H),
5.84-5.96 (m, 2H), 4.90 (t, J = 5.8 Hz, 1H), 3.51 (q, J = 6.2 Hz, 2H),
2.80 (t, J = 6.4 Hz, 2H), 2.23 (s, 3H). 13C NMR (75 MHz, CDCl3) § 155.2
(10), 151.2 (1C), 137.1 (1C), 129.2 (2C), 128.9 (10C), 122.1 (2C), 107.2
(20), 106.1 (1C), 39.1 (1C), 28.6 (1C), 13.5 (1C). HRMS (ESI) m/z [M +
H]" caled: 279.0895; found: 279.0891.

3-(4-Chlorophenyl)-1- [2-(4-methylpiperazin-1-yl)ethyl] -urea
(27) was prepared from (4-methylpiperazin-1-yl)ethanamine (0.05 ml,
0.32 mmol) following the general procedure A as white solid (0.04 g,
43%). 'H NMR (300 MHz, CD30D) 6 7.31-7.38 (m, 2H), 7.18-7.24 (m,
2H), 4.83-4.88 (m, 2H), 2.34-2.77 (m, 10H), 2.28 (s, 3H). 13C NMR (75
MHz, CD30D) 6 158.0 (1C), 140.0 (1C), 129.7 (2C), 128.1 (1C), 121.3
(20), 58.6 (1C), 55.8 (20), 53.7 (2C), 46.0 (1C), 37.8 (1C). HRMS (ESI)
m/z [M—H] caled: 297.1477; found: 297.1486.

3-(4-Chlorophenyl)-1-[2-(piperidin-1-yl)ethyl] urea (28) was
prepared from 1-(2-aminoethyl)piperidine (0.05 ml, 0.32 mmol)
following the general procedure A as white solid (0.06 g, 66%). 'H NMR
(300 MHz, CDCl3) 6 8.53 (br. s., 1H), 7.24-7.33 (m, 2H), 7.12-7.22 (m,
2H), 6.13 (br. s., 1H), 3.97-4.12 (m, 1H), 3.26-3.39 (m, 2H), 2.35-2.60
(m, 6H), 1.53-1.66 (m, 4H), 1.46 (d, J = 4.7 Hz, 2H). 13C NMR (75 MHz,
CDCl3) 6§ 156.8 (1C), 138.1 (1C), 128.8 (2C), 127.5 (1C), 121.0 (20),
58.8 (1C), 54.5 (20), 37.3 (1C), 25.3 (2C), 23.8 (1C). HRMS (ESD) m/z
[M + H]" caled: 282.1368; found: 282.1366.

3-(4-Chlorophenyl)-1- [2-(morpholin-4-yl)ethyl] urea (29) was
prepared from 4-(2-aminoethyl)morpholine (0.04 ml, 0.32 mmol)
following the general procedure A as white solid (0.08 g, 82%). 'H NMR
(300 MHz, CDCl3) 6 7.56 (br. s., 1H), 7.19-7.32 (m, 4H), 5.52-5.64 (m,
1H), 3.62-3.77 (m, 4H), 3.34 (g, J = 5.5 Hz, 2H), 2.36-2.56 (m, 6H). 13C
NMR (75 MHz, CDCl3) § 156.0 (1C), 137.6 (1C), 129.0 (2C), 128.3 (10),
121.4 (20C), 66.8 (2C), 58.0 (1C), 53.5 (20), 36.9 (1C). HRMS (ESI) m/z
[M + H]* caled: 284.1160; found: 284.1161.

1-(4-Chlorophenyl)-3- [2-(pyrrolidin-1-yl)ethyl] urea (30) was
prepared from 1-(2-aminoethyl)pyrrolidine (0.04 ml, 0.32 mmol)
following the general procedure A as white solid (0.01 g, 12%). 'H NMR
(300 MHz, CDClg) & 8.67 (br. s., 0H), 6.99-7.33 (m, 4H), 5.96 (br. s.,
1H), 3.32 (g, J = 5.2 Hz, 2H), 2.63-2.72 (m, 2H), 2.49-2.63 (m, 4H),
1.72-1.89 (m, 4H). 13C NMR (75 MHz, CDCl3) 6 157.0 (1C), 138.3 (1C),
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128.8 (2C), 127.5 (1C), 120.8 (2C), 56.7 (1C), 54.1 (2C), 39.7 (1C), 23.6
(2C). HRMS (ESI) m/z [M + H]™" calcd: 268.1211; found: 268.1213.

N-(2-{ [(4-Chlorophenyl)carbamoyl] amino}ethyl)acetamide
(31) was prepared from N-acetylethylenediamine (0.03 ml, 0.32 mmol)
following the general procedure A as white solid (0.02 g, 24%). 'H NMR
(300 MHz, DMSO-dg) 6 8.69 (s, 1H), 7.93 (br. s., 1H), 7.42 (d, J = 8.9 Hz,
2H), 7.25 (d, J = 8.9 Hz, 2H), 6.20 (br. s., 1H), 3.03-3.22 (m, 4H), 1.81
(s, 3H). 13C NMR (75 MHz, DMSO-dg) § 169.4 (1C), 155.1 (1C), 139.5
(1C), 128.4 (2C), 124.4 (1C), 119.1 (2C), 50.2 (1C), 30.6 (1C), 22.6 (1C).
HRMS (ESI) m/z [M + H]" caled: 256.0847; found: 256.0844.

2-Methyl-2-phenylpropan-1-amine (32). To a solution of 2-
methyl-2-phenylpropanenitrile (0.15 ml, 1 mmol) in THF (4 ml) was
added 2 M BH3.Me,S in THF solution (0.5 ml) in an ice-water bath. The
reaction was raised to room temperature and stirred for 16 h. The re-
action mixture was then carefully quenched with methanol and solvent
was removed in vacuo. The residue was dissolved in diethyl ether and
treated with 2 M HCI in diethyl ether. The precipitate was filtered and
washed repeatedly with diethyl ether to give the product as white solid
(0.19 g, quant.). 'H NMR (300 MHz, CD3OD) § 7.37-7.48 (m, 4H),
7.26-7.32 (m, 1H), 3.18 (s, 2H), 1.44 (s, 6H). MS (ESI) m/z [M + H]™"
caled: 150.1; found: 150.2.

2,2-Dimethyl-3-phenylpropanoate (33). To a solution of 2 M LDA
in THF (12 ml, 12 mmol) at —78 °C was added methyl isobutyrate (1.1
ml, 10 mmol) dropwise. After 1 h at —78 °C, a solution of benzyl bro-
mide (1.2 ml, 12 mmol) in THF (5 ml) was added carefully. The reaction
was continued for 1.5 h and slowly warmed to room temperature. The
reaction mixture was quenched carefully with a saturated ammonium
chloride solution and extracted with ethyl acetate three times. The
combined organic layers were dried over anhydrous MgSOs, filtered,
and concentrated in vacuo. The residue was purified by column chro-
matography to yield the product as yellow liquid (1.78 g, quant.). 'H
NMR (300 MHz, CDCl3) § 7.31-7.35 (m, 1H), 7.20-7.25 (m, 2H),
7.07-7.13 (m, 2H), 3.66 (s, 3H), 2.85 (s, 2H), 1.18 (s, 6H).

2,2-Dimethyl-3-phenylpropanoic acid (34). To a solution of
methyl 2,2-dimethyl-3-phenylpropanoate (1.78 g, 10 mmol) (33) in
methanol (20 ml) was added an aqueous solution of lithium hydroxide
(1.20 g, 50 mmol) in water. The reaction mixture was stirred at room
temperature for 3 h. Methanol was removed in vacuo and the reaction
mixture was acidified to pH 1 and extracted with ethyl acetate three
times. The combined organic layers were dried with anhydrous MgSO4,
filtered, and concentrated in vacuo to yield the product as white solid
(1.75 g, quant.). H NMR (300 MHz, CDCl3) 6 7.23-7.29 (m, 3H),
7.14-7.19 (m, 2H), 2.89 (s, 2H), 1.21 (s, 6H). MS (ESI) m/z [M—H]
caled: 177.1; found: 177.2.

2-Methyl-1-phenylpropan-2-amine (35). To a solution of 34 (0.21
g, 1.17 mmol) and triethylamine (0.17 ml, 2.25 mmol) in anhydrous
acetonitrile (2 ml) was added diphenyl phosphoryl azide (0.27 ml, 1.25
ml). The resulting mixture was heated at 50 °C for 2 h. After cooling to
room temperature, a 1 N HCI aqueous solution was added and the re-
action mixture was refluxed overnight. The acetonitrile was evaporated
under reduced pressure and the aqueous portion was extracted with
ethyl acetate. The aqueous layer was basified to pH 14 with saturated
sodium hydroxide solution followed by extraction with ethyl acetate
three times. The combined organic layer was dried over anhydrous
MgSOy, filtered, and concentrated in vacuo to yield the product as
colorless liquid (0.15 g, 88%). 1H NMR (300 MHz, CDCl3) § 7.26-7.33
(m, 2H), 7.22-7.26 (m, 1H), 7.15-7.21 (m, 2H), 2.66 (s, 2H), 1.48 (br. s.,
2H), 1.12 (s, 6H). MS (ESI) m/z [M + H]" caled: 150.1; found: 150.0.

2,2-Difluoro-2-phenylethanamine (36). To a solution of 2,2-
difluoro-2-phenylacetamide (0.17 g, 1 mmol) in THF (4 ml) was
added 1 M BH3.Me,S in THF solution (4.5 ml) in an ice-water bath. The
reaction was raised to room temperature and then refluxed for 16 h.
Upon cooling to room temperature, the reaction mixture was then
carefully quenched with methanol and solvent was removed in vacuo.
The residue was treated with methanol and then concentrated again.
This process was repeated twice. The residue was then dissolved in
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diethyl ether and treated with 2 M HCl in diethyl ether. The precipitate
was filtered and washed repeatedly with diethyl ether to give the
product as white solid (0.11 g, 58%). H NMR (300 MHz, CD30D) 6
7.22-7.80 (m, 5H), 3.64-3.81 (m, 2H). MS (ESI) m/z [M + H] " calcd:
158.1; found: 158.2.

trans 2-Phenylcyclopropanecarboxamide (37). To a solution of
trans 2-phenylcyclopropanecarboxylic acid (0.16 g, 1 mmol) in
dichloromethane (5 ml) was added 2-3 drops of DMF and oxalyl chlo-
ride (0.1 ml, 1.21 ml). The reaction mixture was stirred at room tem-
perature for 3 h. The reaction mixture was then cooled down to 0 °C and
a solution of 28% v/v aqueous ammonium hydroxide (0.5 ml) in
acetonitrile (5 ml) was added. The reaction mixture was then stirred at
room temperature for 16 h. The reaction mixture was diluted with ethyl
acetate (30 ml) and washed sequentially with water and brine. The
organic layer was dried with anhydrous MgSQO,, filtered and concen-
trated in vacuo to yield the product as white solid (0.16 g, quant.). 'H
NMR (300 MHz, CDCl3) § 7.27-7.33 (m, 2H), 7.19-7.24 (m, 1H),
7.08-7.13 (m, 2H), 5.29-5.69 (m, 2H), 2.48-2.56 (m, 1H), 1.60-1.71
(m, 2H), 1.27-1.36 (m, 1H). MS (ESI) m/z [M + H] ™" calcd: 162.1; found:
162.2.

trans-1-(2-Phenylcyclopropyl)methanamine (38). To a solution
of 37 (0.16 g, 1 mmol) in THF (4 ml) was added 1 M BH3.Me,S in THF
solution (4.5 ml) in an ice-water bath. The reaction was raised to room
temperature and then refluxed for 16 h. Upon cooling to room temper-
ature, the reaction mixture was then carefully quenched with methanol
and solvent was removed in vacuo. The residue was treated with
methanol and then concentrated again. This process was repeated twice.
The residue was then dissolved in diethyl ether and treated with 2 M HCl
in diethyl ether. The precipitate was filtered and washed repeatedly with
diethyl ether to give the product as white solid (0.14 g, 76%). 'H NMR
(300 MHz, CD30D) § 7.06-7.44 (m, 4H), 3.54-3.62 (m, 2H), 2.95-3.05
(m, 1H), 1.55-1.64 (m, 2H), 1.03-1.14 (m, 1H). MS (ESI) m/z [M + H]*
caled: 148.1; found: 148.2.

3-[2-Nitroethenyl] thiophene (39). A solution of thiophene-3-
carboxadehyde (0.17 ml, 2 mmol) in nitromethane (3 ml) was added
ammonium acetate (0.15 g, 2 mmol) and refluxed for 2 h. The reaction
mixture was then diluted with ethyl acetate (50 ml) and washed with
water (2 x 20 ml), and brine (20 ml). The organic layer was dried with
anhydrous MgSOy, filtered, and concentrated in vacuo. The residue was
purified by column chromatography (SiO,, ethyl acetate/hexanes) to
provide the product as yellow solid (0.30 g, 95%). 'H NMR (300 MHz,
CDCl3) 68.01 (d, J =13.6 Hz, 1H), 7.73 (d, J = 1.9 Hz, 1H), 7.49 (d, J =
13.6 Hz, 1H), 7.44 (dd, J = 2.9, 5.2 Hz, 1H), 7.28 (dd, J = 0.9, 5.3 Hz,
1H). MS (ESI) m/z [M + Na]™ caled: 178.0; found: 178.0.

2-[2-Nitroethenyl] thiophene (40) was prepared from thiophene-
2-carboxadehyde (0.37 ml, 4 mmol) using the same procedure as 39
to yield the product as yellow solid (0.53 g, 84%). 'H NMR (300 MHz,
CDCl3) 6 8.16 (d, J = 13.4 Hz, 1H), 7.57 (d, J = 5.1 Hz, 1H), 7.44-7.52
(m, 2H), 7.15 (dd, J = 3.8, 5.1 Hz, 1H). MS (ESI) m/z [M + Na]™ calcd:
178.0; found: 178.0.

2-(Thiophen-3-yl)ethanamine (41). To a solution of 39 (0.10 g,
0.64 mmol) in THF at 0 °C was added LiAlH,4. The reaction mixture was
raised to room temperature and stirred for 3 h. The reaction mixture was
quenched with 1 N NaOH solution and extracted with ethyl acetate (3 x
20 ml). The combined organic layers were dried with anhydrous MgSO4,
filtered and concentrated in vacuo to yield the crude product as dark red
liquid (0.07 g, 84%) which was used for the next step without purifi-
cation. MS (ESI) m/z [M + H]" calcd: 128.1; found: 128.0.

2-(Thiophen-2-yl)ethanamine (42) was prepared from 40 (0.06 g,
0.3 mmol) using the same procedure as 41 as dark red liquid (0.04 g,
80%). MS (ESI) m/z [M + H]" caled: 128.1; found: 128.0.

4.2. Pharmacological characterization

4.2.1. Calcium mobilization assay
CHO-RD-HGAL16 cells (Molecular Devices, CA) stably expressing the
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human CB1 receptor were plated into 96-well black-walled assay plates
at 25,000 cells/well in 100 pL of Ham’s F12 (supplemented with 10%
fetal bovine serum, 100 units of penicillin/streptomycin, and 100 pg/mL
Normocin) and incubated overnight at 37 °C, 5% CO,. Calcium 5 dye
(Molecular Devices, CA) was reconstituted according to the manufac-
turer’s instructions. The reconstituted dye was diluted 1:40 in pre-
warmed (37 °C) assay buffer (1x HBSS, 20 mM HEPES, 2.5 mM
probenecid, pH 7.4 at 37 °C). Growth medium was removed, and the
cells were gently washed with 100 pL of prewarmed (37 °C) assay buffer.
The cells were incubated for 45 min at 37 °C, 5% CO3 in 200 pL of the
diluted Calcium 5 dye solution. For antagonist assays to determine ICsq
values, the ECgy concentration of CP55,940 was prepared at 10x the
desired final concentration in 0.25% BSA/0.5% DMS0/0.5% EtOH/
assay buffer, aliquoted into 96-well polypropylene plates, and warmed
to 37 °C. Serial dilutions of the test compounds were prepared at 10x the
desired final concentration in 2.25% BSA/4.5% DMSO/4.5% EtOH/
assay buffer. After the dye loading incubation period, the cells were
pretreated with 25 pL of the test compound serial dilutions and incu-
bated for 15 min at 37 °C. After the pretreatment incubation period, the
plate was read with a FLIPR Tetra (Molecular Devices, CA). Calcium-
mediated changes in fluorescence were monitored every 1 s over a 90
s time period, with the Tetra adding 25 pL of the CP55,940 ECg( con-
centration at the 10 s time point (excitation/emission: 485/525 nm).
Relative fluorescence units (RFU) were plotted against the log of com-
pound concentrations. Data were fit to a three-parameter logistic curve
to generate ICsg values (GraphPad Prism 6.0, CA). For the modulation
experiments, the above procedure was followed except that cells were
pretreated with a single concentration of test compound (prepared at
10x the desired concentration in 2.25% BSA/4.5% DMSO/4.5% EtOH/
assay buffer) and the Tetra added serial dilutions of CP55,940 (prepared
at 10x the desired concentration in 0.25% BSA/0.5% DMSO/0.5%
EtOH/assay buffer). For agonist screens, the above procedure was fol-
lowed except that cells were pretreated with 2.25% BSA/4.5% DMSO/
4.5% EtOH/assay buffer and the Tetra added single concentration di-
lutions of the test compounds prepared at 10x the desired final con-
centration in 0.25% BSA/0.5% DMSO/0.5% EtOH/assay buffer. Test
compound RFUs were compared to the CP55,940 E,,x RFUs to generate
% Emax values. For the CB2 agonist screens and ICso determinations, the
same procedures were followed except that stable human CB2-CHO-RD-
HGAL16 cells were used. CB2 antagonist screens were conducted similar
to the ICso experiments except that a single concentration of test com-
pound was used instead of serial dilutions and test compound RFUs were
compared to the CP55,940 ECgy RFUs to generate % inhibition values.

4.2.2. cAMP assay

Forskolin (FSK)-stimulated cyclic adenosine monophosphate (cAMP)
production was measured in real-time using a transfected biolumines-
cence resonance energy transfer (BRET) cAMP sensor, CAMYEL.**The
plasmid encodes a cAMP binding domain (Epacl) flanked by yellow
fluorescent protein (YFP) and Renilla Luciferase (RLuc) assay, the latter
of which can oxidize coelenterazine H and produce a photon as a
byproduct. When cAMP is bound to the Epacl domain, it separates RLuc
and YFP so only Rluc emits a photon at a wavelength of 460 nm. When
cAMP is not bound, closer proximity means that RLuc can resonate en-
ergy to excite YFP, which then emits light at wavelength 535 nm. A plate
reader measures both wavelengths and their ratio, 460/535, is calcu-
lated to quantify cAMP levels where increases in the ratio indicate in-
creases in cAMP. Human Embryonic Kidney 293 (HEK293) cells stably
transfected with human CB1 N-terminally tagged with three haemag-
glutinins (3HA-hCB1)** were maintained at 37 °C at 5% CO,, and seeded
in 100 mM dishes for transfection. The next day, cells were given fresh
growth media and transfected with 5 ug of pcDNA3L-His-CAMYEL using
linear polyethyleneimine (PEI, 25 kDa, Polysciences, Warrington, PA) in
a 1:6 DNA:PEI ratio. The next day, cells were lifted with 0.05% trypsin/
EDTA, counted and plated on poly-p-lysine (Sigma Aldrich, St. Louis,
MO) coated white 96-well CulturPlates (Perkin Elmer, Waltham, MA) at
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60,000 cells per well. The following day, working with wells for one
assay run at a time, culture medium was removed by aspirating, cells
were rinsed with PBS then serum starved for 30 min in assay medium,
comprised of phenol-free DMEM supplemented with 1 mg/ml BSA (MP
Biomedicals, Auckland, New Zealand) and 10 mM HEPES pH 7.4 (Gibco,
ThermoFisher Scientific). Coelenterazine H (Prolume, Pinetop, AZ)
constituted in absolute ethanol was prepared in assay medium at 10x
concentration and dispensed 5 min prior to drug addition (final con-
centration in-well was 5 uM). Drug dilutions were prepared in assay
medium (vehicle-controlled) at 10x concentration and pre-mixed in a V-
well dispensing plate, then added simultaneously to the assay plate with
a multichannel pipette. Drugs conditions included forskolin (in DMSO,
to a final concentration of 5 uM), CP55,940 (in absolute ethanol, to a
final concentration of 1 uM) and allosteric modulators (in DMSO, and
serial dilution in DMSO-controlled assay medium). BRET signal was
detected over approximately 20 min in a pre-warmed 37 °C LUMIStar
Omega plate reader (BMG Labtech, Ortenberg, Germany) using simul-
taneous BRET1 filters (535-30 and 475-30 nm). BRET data was
exported into Excel, then inverse BRET ratios (460/535) were calculated
for each time point and plotted across time in GraphPad Prism (v8,
GraphPad Software, San Diego, CA). Area under the curve analysis was
performed for each well, and then normalized to the mean “forskolin
alone” (100%) and “vehicle only” (0%) conditions. Concentration-
response curves were fit in Prism by 3-parameter non-linear regres-
sion. Three independent experiments (biological replicates — each on a
different assay day) were performed, and then the pICsg values reported
in Tables 2 and 3 were calculated by taking the mean and SEM of each
independent experiment’s pICs.

Membrane preparation. Cerebella from adult male CD-1 mice were
dissected on ice, snap frozen, and stored at —80 °C until the day of the
experiment. Cerebella were homogenized by polytron in membrane
buffer (50 mM Tris, 3 mM MgCl,, 0.2 mM EGTA, 100 mM NaCl, pH 7.4)
on ice, centrifuged for 10 min at 40,000xg at 4 °C. The supernatant was
discarded, and the pellet was suspended in membrane buffer, homoge-
nized, and centrifuged again for 10 min at 40,000xg. The pellet was
resuspended in membrane buffer and protein quantified by Bradford
method.

4.2.3. [®S]GTPyS binding assay

Cerebellar or hCBj-expressing HEK cells membranes were pre-
incubated in assay buffer (membrane buffer containing 1 mg/ml bovine
serum albumin; BSA) for 10 min with 3 units/ml adenosine deaminase
then incubated for 60 min at 30 °C with 30 pM GDP and 0.1 nM [*°S]
GTPyS or 90 min with 1 nM [3H]CP55,940. Serial dilutions of test
compounds were done in 100% DMSO with final assay DMSO concen-
tration of 0.1%. Non-specific binding was determined by adding 30 pM
unlabeled GTPyS or 1 pM unlabeled CP55,940. Reactions were termi-
nated by vacuum filtration through GF/C filter plates (Perkin Elmer).
GTPyS inhibition curves for test compounds were normalized to
CP55,940 (100 nM) stimulation in the absence of test compound (i.e.
vehicle = 100%). Curvefits were accomplished using GraphPad Prism
6.0 and where GTPyS data were fit to 3 parameter non-linear regression,
with bottom and top constrained to greater than 0 and = 100 respec-
tively for ICsq calculation. Values were considered significantly different
when 95% confidence intervals did not overlap.

En(talA](Kp + oB[B]) + 75 [B]Ka )"

Y = TTAKs T KaKs 1 Ka[B] - «[A[B])" + (tA[A] (Ks + 0B[B]) F to BIKAT"

Equation 1. Operational model of allosterism. Y, observed effect;
En, maximal possible system response; n, slope factor of transducer
function that links occupancy to response; T4 and 1, ability of probe and
modulator to promote receptor activation; [A] and [B], concentration of
probe and modulator; Ky and Kg, affinity of probe and modulator,
respectively; o, binding cooperativity between probe and modulator; f,
describes magnitude at which modulator modifies probe efficacy.
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4.3. Computational methods

4.3.1. Model preparation from CBj crystal structure complexes

We retained the native sequence of the reported CB1-PG
construct and the 5 thermostabilizing mutations for the initial crystal
structure-based model used for the initial docking and induced fit
studies.®® We then employed Sali’s MODELLER™ to complete the
structure for disordered residues and chose the structure with the best
zDOPE score (0.98) for initial model docking into the fusion model using
both Autodock VINA®® and Schrodinger GLIDE®' after initial model
refinement (protonation state assignment) and energy minimization
using Schrodinger protein preparation preprocessing tools. Prior to
docking we removed the cofactors including oleic acid (OLA), (2R)-2,3-
dihydroxypropyl (9Z)-octadec-9-enoate (OLC), and polyethylene glycol
(PEG) present in the crystal structure. The cofactors were part of the
inverted cubic liquid crystal phase preparation facilitating crystalliza-
tion and most of them were present in the extrahelical region, distant
from the docking site. While we used the 6KQI fusion forms for the initial
docking and MMGBSA rescoring studies to make initial assessments as
close as possible to the crystallized form, we have, in selected cases,
transformed the docked poses into a full N- and C-terminal model
without the thermostabilizing mutations and equilibrated the docked
ligand CB; poses in a DOPC/KCI/TIPS3P water model as described in
detailed simulation protocols below. All models in docking/induced-fit
and dynamics studies retained the agonist CP55,940 in the orthosteric
binding site in the initial configuration found in the 6KQI crystal
structure.

SCM

4.3.2. Docking and induced fit

Two parallel and independent approaches with different scoring
functions, Schrodinger XP/Induced Fit®? and Autodock VINA with a
AMBER18% multi-trajectory (MD) molecular mechanics generalized
Born surface area MMGBSA rescoring, were used to provide predictions
for ligand configurations allowing for both ligand and receptor binding
site flexibility. Both methods included desolvation components in the
scoring function. Following initial GLIDE-XP docking we probed the
importance of surface/allosteric binding site flexibility within a 5 A
window of any atom in the best docking poses using Schrodinger’s
Induced Fit.% The docking box employed for VINA was ca 15x15x15 A3
in spatial extent, while the default box size employed in computing the
GLIDE-XP docking grid was based on one of the largest ligand sizes
which included residues R148, W241, G157, S158 and F237. In the case
of blind docking with VINA, we employed a 40x20x40 A% in spatial
extent to allow for docking sites across all helices in the intracellular
region. Autodock VINA’s scoring function scores based on hydrophobic
contacts, hydrogen bonds, lack of steric clash. This informatics-based
scoring function serves primarily as a means of selecting the most
plausible collection of poses from a large number of sampled docked
configurations which we rescore using AMBER-MMGBSA. For VINA we
collected up to 20 poses per ligand with a high “exhaustiveness” setting
of 80. Similarly, the GLIDE-XP workflow and scoring function was used
to obtain up to 20 poses per ligand for post-docking minimization but
retaining the best Emodel scored 5 poses in the final analysis. The
GLIDE-XP scoring function contains terms such as desolvation, lipo-
philic/hydrophobic contact and cavity costs, in addition to physics
based coulombic and van der Waals and ligand strain terms.

For the initial docking/induced-fit and MMGBSA-rescoring phase we
chose to use the model completed 6KQI structure, including the PGS
insertion and the 5 stabilizing mutations. We then developed a
AMBER18 all-hydrogen model employing the AMBER14SB forcefield.
The structure prepared with TLEAP was then energy minimized for 8000
steps of conjugate gradient following a 400 steepest descents minimi-
zation to remove initial inferior contacts. The analogue of the 6KQI
structure was used in order to initially explore the SAR poses in the
context of the crystallographic coordinates before reverse modeling to
the native human sequence with full N- and C- termini and equilibrated
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loop structures.

MMGBSA-Min and MMGBSA-SA. The docked poses above were then
re-scored using an MMGBSA/MMPBSA method. This was performed
because the top ranked docked poses are often not the crystallographi-
cally observed pose as observed by us and others in PDB-Bind assess-
ments,®* whereas frequently the lowest MMGBSA,/MMPBSA scored pose
has lowest RMSD to the known crystallographic solution and provides
the best affinity correlations.*®®> °® In order to provide a common
platform for MMGBSA/MMPBSA re-scoring of all docking approaches,
we have developed our own C++ and bash script base in conjunction
with AMBER18°% 7 to provide an automated workflow, selecting the
docked poses for all ligands (in mol2 format), performing ligand formal
charge perception (C++ plus OpenBabel open-source), computation of
charges based on either AM1-BCC or other ab-initio QM approaches,
energy minimizing all poses in complex with the receptor/protein and
optionally employing a GPU/CPU hybrid MD-simulated annealing (300
K MD followed by energy minimization) procedure prior to computing
the MMGBSA/MMPBSA score. Given our flexible ligand and rigid re-
ceptor docking as the initial step, we chose to allow at most short time
MD i.e. 20-80 picoseconds MMGBSA/MMPBSA scoring (with optional
re-minimization of the last MD-snapshot) following an initial 80 ps
equilibration. We collected 3-10 independent trajectories, computed a
multi-trajectory MMGBSA average and obtained the standard deviation
and standard error in the mean for those quantities. This multi-trajectory
approach reduces the statistical uncertainty in MMGBSA/MMPBSA
values with short time local sampling of the environmental fluctuations
in response to the bound ligand. This approach allowed initially explo-
ration of minor relaxation and response of the protein to the flexible
ligand docked pose rather than an extensive MD exploration, thus
exploring local energy wells not involving large amplitude ligand or
protein motion away from the original docked pose (which requires
longer trajectories). In cases where we wish to inspect the impact of
larger receptor deformations we employ 300 ns-2us MD starting with the
poses obtained from docking/induced fit or our multi-trajectory
MMGBSA exploration.

Several approaches were used to perform MMGBSA rescoring
employing igb = 1 and mbondi Generalized Born radii as well as igb =
8/mbondi3 radii with no significant differences in conclusions for this
work. The MMGBSA/MMPBSA-simulated annealing protocol we
employed was based on 2000 step minimization of the complex, 20 pi-
coseconds of MD, followed by 2000 steps of re-minimization. We
collected 5 samples (every 4 ps) during the MD phase and these snap-
shots were re-energy minimized and used to compute and MMGBSA/
MMPBSA average score for the pose. We included re-energy minimiza-
tion because randomly selected dynamics snapshots may have distor-
tions that are not long-lived and energy minimization with 1000-steps of
conjugate gradient relaxes the internal structure to local minima for
examination of interactions. MMPBSA calculations with alternative
outer dielectrics simulating water (e = 80) or membrane-aliphatic
chains (e = 3-12) gave numerically distinct but similar trends in
which poses and ligand positions were most stable. It is unknown pre-
cisely the dielectric response at the membrane embedded allosteric site.

Quantum chemical DFT examination of a Phenyl/Phenyl versus a
Phenyl-chlorophenyl n-stacking interaction. We performed a single
simple model calculation to examine the difference in the n-stacking
interaction with and without a chloro on the aromatic ring. Phenyl/
phenyl versus a Phenyl-chlorophenyl models were constructed using the
builder model in Schrodinger Small Molecule Tools. The models were
geometry optimized using a B3LYP-D3 functional and a 6-31G** basis
set, standard convergence criteria, and an Accurate grid setting. The
energies of the final geometries of the density functional optimization
were then counterpoise corrected using the Boys method to obtain
estimated binding energy differences for a model mimicking the dif-
ferential chlorophenyl versus phenyl n-stacking interactions observed in
particular GLIDE-XP/Induced fit and VINA/MMGBSA top scoring poses.

The solvation energetics of selected cases were computed by a PBR
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(Poisson-Boltzmann Reaction field) approach at B3LYP-D3//6-31G**
optimized geometries.

4.3.3. Molecular dynamics

MD was performed to equilibrate the initial modeled loops and water
accessible domain with production dynamics to examine the effects of
agonist and allosteric modulator biasing the receptor ensemble to
examine transient salt-bridge fluctuations/breaking and other activation
microswitch changes. In selected cases, we employed GLIDE XP or
VINA/MMGBSA rescored poses of NAMs co-bound to the CP55940-
bound receptor employing a DOPC/K*/Cl"/TIPS3P water environment
in our simulation models. For this purpose, the docked pose was
employed in a full N-terminal/C-terminal representation of CB; without
the thermostabilizing mutations in 6KQI or the PGS fusion,®® using an
equilibrated loop model as the start of the simulations including the
Cys257/264 disulfide bond. An initial 200x200x120 A3 DOPC mem-
brane rectilinear box was constructed including 574 DOPC lipids on top
and bottom membrane leaflets prior to deletion based on atomic over-
laps along with 290 K+/Cl- ion pairs and 97,280 water molecules. The
initial DOPC/KCl/water box was obtained using the CHARMM lipid
model construction server (http://www.charmm-gui.org/?doc=input/
membrane.bilayer).The Sali MODELER3%® and SCRWL’’ rotamer
modified initial model of the docked complex was equilibrated in the
DOPC membrane/K+/Cl- water environment deleting all DOPC/K+/
Cl-/water overlaps with any atom in the CB1 receptor complex within
3.5 A. The Walker group LIPID14’" model was used for the DOPC rep-
resentation and the AMBER ff14SB forcefield for the protein residues.
The same GAFF/AM1-BCC representation of the ligand was employed in
the membrane/complex simulations as employed in the MMGBSA/
MMPBSA rescoring treatment. A cysteine-cysteine disulfide bridge was
constructed between Cys257 and Cys264 in ECL2. The initial configu-
rations of the CB;-CP55,940 complex with bound allosteric modulators
immersed in the membrane/water/ion system was energy minimized
using 400 steps of steepest descents minimization followed by conjugate
gradients 8000 steps to remove any bad contacts. The complex model
immersed in the DOPC/K+/Cl-/water model was then slowly heated to
300 K with decreasing harmonic constraints on all atoms over 200 ps
followed by early equilibration equilibrated for 200 ns and then pro-
duction dynamics of 300-800 ns equilibrating the loop/N-/C-termini
and exploring impact of the allosteric ligands on activation micro-
switches in the presence of the CP55940 agonist bound in the orthosteric
site. It should be noted that we observed some solvent molecules
percolating into the region of the orthosteric ligands near the intracel-
lular membrane surface and even the interface proximate to the allo-
steric ligands. We have examined a simulation of CB; bound with a
number of antagonists/inverse agonists such as AM6538 bound 5TGZ
crystal structure,”’ and analyzed the D338%°°/R214% salt bridge sta-
tus and the Y200%°6/W35654¢/W27954% aromatic toggle region. These
structural features stabilized CB; antagonist bound structures as
opposed to CB; agonists, supporting the use of MMGBSA-docking
rescored poses and short simulations to illustrate the nature of the SAR
environment in a membrane/ion/water environment.
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