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 The human cannabinoid-1 (CB1) receptor is a Class A, rhodopsin-like G protein-

coupled receptor (GPCR). CB1 is found primarily in the central nervous system (CNS) 

where it participates in the regulation of neuronal activity; consequently, it is not 

surprising that this receptor has been implicated in numerous pathologies, including 

Alzheimer’s disease, cancer, obesity, and pain. Unfortunately, many attempts at 

therapeutically targeting CB1 have failed, due to unacceptable CNS-related side effects; 

specifically, attempts to target CB1’s orthosteric binding site (i.e. the primary binding site 

of endogenous, non-allosteric ligands) have been unsuccessful. These failures may be due 

to problems involving receptor subtype selectivity, a lack of functional selectivity, as well 

as a pathological interference with basal signaling.  

 The ultimate goal of this research is to expand our understanding of CB1 signal 

transduction, at a molecular level, and to employ this knowledge in the development of 

CB1-based drug therapies. In pursuing this goal, we have used computational methods 

together with mutagenesis, synthesis, and pharmacological studies. The results of this 

work are presented here in four chapters, with each chapter acting as a foundation for 

subsequent investigation. 

 In Chapter I, we present results involving the importance of CB1’s extracellular 

(EC) loops to its G protein-mediated signaling. Specifically, these results suggest that an 

ionic interaction between Lys-373 (of the EC-3 loop) and D2.63176 is important for G 

protein-mediated signaling. Our computational results suggest this salt bridge is 



 
 

important because it promotes an active conformation of the EC-3 loop, such that the EC-

3 loop is pulled across the top of the receptor, ‘tethering’ the EC-3 loop and 

transmembrane helix (TMH) 2. In addition, we report results that suggest that the EC-2 

loop moves down (into the transmembrane core) upon activation.     

  In Chapter II, we report the binding site and mechanism of action of the negative 

CB1 allosteric modulator ORG27569. This compound has the paradoxical effects of 

increasing the equilibrium binding of CP55,940 (an orthosteric agonist), while at the 

same time antagonizing its G protein-mediated signaling. When applied alone, 

ORG27569 acts as an inverse agonist of G protein-mediated signaling, as well as an 

agonist of the ERK signaling pathway. Our results suggest that ORG27569 binds in the 

TMH3/6/7 region of CB1 (extending extracellularly), and promotes an intermediate 

conformation of CB1. In addition, ORG27569 may antagonize the G protein-mediated 

signaling of CP55,940 by sterically blocking conformational changes of the EC-2 and 

EC-3 loops, as well as by packing tightly against TMH6. We also reported that 

ORG27569’s inverse agonism is dependent upon the formation of a hydrogen bond 

between its piperidine nitrogen and K3.28192.     

 In Chapter III, we use our model of ORG27569 docked at CB1 (in the presence of 

CP55,940) to design, synthesize, and characterize four analogs of ORG27569. These 

compounds were designed using three different strategies: 1) to form a new hydrogen 

bond between the analog(s) and D6.58366; 2) to form a new aromatic stack between the 

analog(s) an F3.25189; and 3) to test steric packing between the analog(s) and TMH6/7. 

The experimental results revealed that these four compounds have a unique and rich 



 
 

pharmacological profile. The analog PHR018 is a more efficacious negative allosteric 

modulator than ORG27569 (whereas PHR017 is a less efficacious modulator). The 

analog PHR016 is a ‘classical’ allosteric modulator (i.e. an allosteric modulator that only 

affects the binding/signaling of an orthosteric ligand, with no functional effects when 

applied alone); PHR016’s sole functional effect is to antagonize the G protein-mediated 

signaling of CP55,940. Finally, the analog PHR019 was observed to be a completely 

biased agonist for CB1 ERK signaling. To our knowledge, PHR019 is the only completely 

biased agonist for the ERK signaling pathway that targets a GPCR. In addition, none of 

these analogs acted as inverse agonists of G protein-mediated signaling. Altogether, these 

results suggest the remarkable therapeutic potential of CB1 allosteric-based therapies, due 

to the analogs’ unprecedented level of functional control, as well the analogs’ 

noninterference with basal G protein-mediated signaling.  

 In Chapter IV, we report the binding site and mechanism of action of lipoxin A4, a 

positive allosteric modulator of CB1. Specifically, we used the Forced-Biased Metropolis 

Monte Carlo simulated annealing method (MMC), Glide docking studies, as well as 

molecular dynamics to identify lipoxin A4’s binding site at CB1. These results suggest 

that lipoxin A4 binds in the TMH3/6/7 region of CB1, extending extracellularly. Unlike 

ORG27569 (which sterically blocks conformational changes of the EC loops), lipoxin A4 

forms several electrostatic interactions with the EC loops. By forming these interactions, 

lipoxin A4 promotes an active conformation of the EC-3 (and EC-2) loops, thereby 

stabilizing an active conformation of CB1. 



 
 

 Together, these results describe important conformational changes in the 

extracellular region of CB1, the binding site and mechanism of action of ORG27569, the 

development of unique ORG27569 analogs (including a biased agonist of the ERK 

pathway), and finally the binding site and mechanism of action of the positive allosteric 

modulator, lipoxin A4. Hopefully, this work (and future studies) will aid in the 

development of new therapies that target CB1.  
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CHAPTER I 

 
NOVEL INSIGHTS INTO CB1 CANNABINOID RECEPTOR SIGNALING: A 
KEY INTERACTION IDENTIFIED BETWEEN THE EXTRACELLULAR-3 

LOOP AND TRANSMEMBRANE HELIX 2 
 

 
AS PUBLISHED IN* 

 
Marcu, J.1, Shore, D. M.2, Kapur, A.1, Trznadel1, M., Makriyannis, A3., Reggio, P. H.1, 
and Abood, M. E.1 (2013) Novel insights into CB1 cannabinoid receptor signaling: a key 
interaction identified between the extracellular-3 loop and transmembrane helix 2. J 
Pharmacol Exp Ther 345, 189-197 

 
1Department of Anatomy and Cell Biology and Center for Substance Abuse Research, 
Temple University, Philadelphia, PA 19140 
2Department of Chemistry and Biochemistry, University of North Carolina, Greensboro, 
NC 27402 
3Center for Drug Discovery, Northeastern University, Boston, MA 02115 

 
Abbreviations: Bmax – maximal binding, CB1 – cannabinoid CB1 receptor, CL – 
confidence limit, CP55,940 - (−)-cis-3-[2-hydroxyl-4-(1,1-dimethylheptyl)phenyl]-trans-
4-[3-hydroxyl-propyl] cyclohexan-1-ol, EC – extracellular, Emax –  maximal effective 
response, GPCRs – G protein-coupled receptors, GTPγS – guanosine 5′-3-O-
(thio)triphosphate, HEK – human embryonic kidney, IC – Intracellular, Kd – equilibrium 
dissociation constant, Ki – inhibitory constant, SR141716A – N-(piperidiny-1-yl)-5-(4-
chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide 
hydrochloride, TMH – transmembrane helices,  WIN55,212-2 – (R)-(+)-[2,3-dihydro-5-
methyl-3-[(4-morpholinyl)methyl]-pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl](1-
naphthalenyl)methanone mesylate, WT – wild type 
 
* This chapter was created by inserting the above cited paper, verbatim, with the 
following differences: 
 

1) Figures/Tables were re-rendered/resized to match dissertation global style. 
2) Page layout has been altered from published form to meet dissertation layout 

requirements (i.e. the use of 1 column vs. 2, etc.)  
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Abstract 

 Activation of the cannabinoid CB1 receptor (CB1) is modulated by aspartate 

residue D2.63176 in transmembrane helix (TMH) 2. Interestingly, D2.63 does not affect 

the affinity for ligand binding at the CB1 receptor. Studies in class A G protein-coupled 

receptors have suggested an ionic interaction between residues of TMH2 and 7. In this 

report, modeling studies identified residue K373 in the extracellular-3 (EC-3) loop in 

charged interactions with D2.63. We investigated this possibility by performing 

reciprocal mutations and biochemical studies. D2.63176A, K373A, D2.63176A-K373A, 

and the reciprocal mutant with the interacting residues juxtaposed D2.63176K-K373D 

were characterized using radioligand binding and guanosine 5′-3-O-(thio)triphosphate 

functional assays. None of the mutations resulted in a significant change in the binding 

affinity of N-(piperidiny-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichloro-phenyl)-4-methyl-1H-

pyrazole-3-carboxamide hydrochloride (SR141716A) or (−)-3cis -[2-hydroxyl-4-(1,1-

dimethyl-heptyl)phenyl]-trans-4-[3-hydroxyl-propyl] cyclohexan-1-ol (CP55,940). 

Modeling studies indicated that binding-site interactions and energies of interaction for 

CP55,940 were similar between wild-type and mutant receptors. However, the signaling 

of CP55,940, and (R)-(+)-[2,3-dihydro-5-methyl-3-[(4-morpholinyl)methyl]-

pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl](1-naphthalenyl)-methanone mesylate 

(WIN55,212-2) was impaired at the D2.63176A-K373A and the single-alanine mutants. In 

contrast, the reciprocal D2.63176K-K373D mutant regained function for both CP55,940 

and WIN55,212-2. Computational results indicate that the D2.63176-K373 ionic 

interaction strongly influences the conformation(s) of the EC-3 loop, providing a 
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structure-based rationale for the importance of the EC-3 loop to signal transduction in 

CB1. The putative ionic interaction results in the EC-3 loop pulling over the top 

(extracellular side) of the receptor; this EC-3 loop conformation may serve protective and 

mechanistic roles. These results suggest that the ionic interaction between D2.63176 and 

K373 is important for CB1 signal transduction. 

Introduction 

 The cannabinoid CB1 receptor (CB1), a member of the class A rhodopsin-like 

family of G protein-coupled receptors (GPCRs) (see Fig. 1), is found primarily in the 

central nervous system (CNS) and is important in the regulation of neuronal activity. In 

addition, there is evidence that the CB1 receptor is expressed in peripheral tissues (albeit 

to a lesser extent), including the adrenal gland, bone marrow, heart, lung, and prostate (4). 

 

 

Figure 1. Helix net representation of the hCB1 receptor sequence.  

The most highly conserved residue position in each transmembrane helix across class A 
GPCRs is highlighted in bold. The amino acids mutated in this study are highlighted in 
red. 
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 The CB1 receptor, a Gi/o coupled GPCR binds five structurally diverse classes of 

ligands; these include the endocannabinoids (typified by anandamide and 2-

arachidonoylglycerol), the classic and nonclassic cannabinoids (typified by δ-9-

tetrahydrocannabinol and CP55,940 [(−)-cis-3-[2-hydroxyl-4-(1,1-

dimethylheptyl)phenyl]-trans-4-[3-hydroxyl-propyl] cyclohexan-1-ol], respectively), the 

aminoalkylindoles (typified by WIN55,212-2 [(R)-(+)-[2,3-dihydro-5-methyl-3-[(4-

morpholinyl)methyl]-pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl](1-naphthalenyl)methanone 

mesylate]), and the diarylpyrazole antagonists/inverse agonists [typified by SR141716A 

(N-(piperidiny-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-

carboxamide hydrochloride)] (see Fig. 2) (5). 

 

 

Figure 2. Compounds evaluated in this study. 
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 Considering its fundamental role in the CNS, it is not surprising that the CB1 

receptor has been reported to mitigate numerous pathologies, including Alzheimer’s 

disease, cancer, obesity, and pain (6). Unfortunately, many attempts at harnessing the 

therapeutic potential of the CB1 receptor have failed due to unacceptable CNS-related 

side effects, such as euphoria, depression, and suicidal fixation (7). Clearly, a better 

understanding of the CB1 receptor’s signal transduction mechanism(s) at a molecular 

level would be useful in realizing this receptor’s therapeutic potential. 

 Traditionally, the high degree of sequence homology of amino acid residues from 

transmembrane helices (TMHs) of different GPCRs has led to the identification of 

conserved residues, which have been shown to be crucial for receptor function using 

biochemical studies (8). In addition, charged interactions between amino acid residues 

from different TMH domains have been shown to be essential for either ligand binding or 

receptor function (9-11). Residues from the extracellular (EC) loops demonstrate low 

sequence homology (12) and were initially thought to connect the TMH domains rather 

than to have a direct role in receptor functioning. 

 However, recent studies have demonstrated the critical role of the EC loops to 

ligand binding and receptor signaling. Mutation studies have demonstrated that the first 

EC loop (EC-1 loop) is important to the activation of the adenosine A2B receptor (13). 

The second EC loop (EC-2 loop) has been shown to be important in ligand binding and 

activation at the V1a vasopressin receptor (14), to be important to helix movement in 

rhodopsin (15), and to be involved in the binding of allosteric modulators at the M2 

acetylcholine receptor (16). Less is known about the third EC loop (EC-3 loop); however, 
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a key salt bridge between the EC-3 and EC-2 loops has been observed to influence ligand 

binding and receptor activation at the β2-adrenergic receptor (17). 

 The EC-1 and EC-2 loops of the CB1 receptor (3,18,19) have been better 

characterized than its EC-3 loop. EC-3 loop modeling studies reported here suggest that 

the EC-3 loop residue K373 may form a functionally-important ionic interaction with a 

transmembrane residue, D2.63176. Our previous D2.63176 mutation studies have 

demonstrated that the negative charge of D2.63176 is critical for agonist efficacy but not 

ligand binding at the CB1 receptor (20). We hypothesized that this functional requirement 

(of a negatively charged residue at 2.63176) may be due to this residue’s participation in 

an ionic interaction with K373 that is necessary for signal transduction. To test this 

hypothesis, three mutations that would disrupt this putative interaction, D2.63176A, 

K373A, and D2.63176A-K373A, and a charge-reversal mutation D2.63176K-K373D that 

would restore the interaction were evaluated for their impact on ligand binding and 

agonist efficacy. The binding affinities for CP55,940 and SR141716A were not 

significantly affected by any of the mutations. However, the efficacy of CP55,940 and 

WIN55,212-2 was markedly reduced by the alanine-substitution mutations, while the 

charge-reversal mutation led to partial rescue of wild-type (WT) levels of efficacy. 

Computational results indicate that the D2.63176-K373 ionic interaction strongly 

influences the conformation(s) of the EC-3 loop, providing a structure-based rationale for 

the importance of the EC-3 loop to signal transduction in CB1. Specifically, the putative 

ionic interaction results in the EC-3 loop pulling over the top (EC side) of the receptor; 

this EC-3 loop conformation may serve protective and mechanistic roles. 
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 Our results have for the first time identified an interaction between the residues 

from TMH2-EC3, suggesting the proximity of these two domains and their role in 

modulating CB1 signal transduction. 

Methods 

Materials 

 [3H]CP55,940 (160-180 Ci/mmol) and [35S]GTPγS (guanosine 5′-3-O-

(thio)triphosphate; 1250 Ci/mmol) were purchased from PerkinElmer (Boston, MA). 

WIN55,212-2, CP55,940, and SR141716A were obtained from Tocris (Ellisville, MI). 

The Pfu Turbo DNA polymerase for mutagenesis experiments was from Stratagene (La 

Jolla, CA). All other reagents were obtained from Sigma-Aldrich (St. Louis, MO) or 

other standard sources. The CB1 antibody was kindly provided by Ken Mackie (Indiana 

University). 

Amino Acid Numbering 

 The numbering scheme suggested by Ballesteros and Weinstein (21) was 

employed here. In this system, the most highly conserved residue in each TMH is 

assigned a locant of 0.50. This number is preceded by the TMH number and followed by 

the absolute sequence number in superscript. All other residues in a TMH are numbered 

relative to this residue. The sequence numbers used are human CB1 sequence numbers 

unless otherwise noted (22). 

Mutagenesis and Cell Culture 

 The D2.63176A, K373A, D2.63176A-K373A, and D2.63176K-K373D mutants of 

the human CB1 in the vector pcDNA3 were constructed using the QuikChange site-
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directed mutagenesis kit (Stratagene). The mutagenic oligonucleotides used were 

between 27 and 33 base pairs long. Restriction endonuclease digestion and DNA 

sequencing subsequently confirmed the presence of the mutation. Stably transfected 

human embryonic kidney (HEK)-293 cell lines were created by transfection with WT or 

mutant CB1-pcDNA3 cDNA by the lipofectamine reagent (Invitrogen, Carlsbad, CA) and 

selected in growth medium containing geneticin (1 mg/ml), as previously described 

elsewhere (23). 

Radioligand Binding and GTPγS Binding Assay 

 Protein membrane preparations harvested from stably transfected HEK293 cells 

were prepared and assayed as previously described elsewhere (24). In brief, binding 

assays (saturation and competition binding assays) were initiated by the addition of 50 µg 

membrane protein to glass tubes pretreated with siliconizing fluid (Pierce, Rockford, IL; 

to reduce nonspecific binding) containing [3H]SR141716A, and an appropriate volume of 

binding buffer A (50 mM Tris-Base, 1 mM EDTA, 3 mM MgCl2, and 5 mg/ml bovine 

serum albumin, pH7.4) to bring the final volume to 500 µl. Nonspecific binding was 

determined in presence of excess (1 µM) unlabeled SR141716A. Reactants were allowed 

to reach equilibrium (~1 hour). Subsequently, free and bound radioligand were separated 

by vacuum filtration through Whatman GF-C filters, and the radioactivity retained on the 

filters was quantified by a liquid scintillation counter. 

 The Kd (equilibrium dissociation constant) and Bmax (maximal binding) values 

were determined by analyzing the saturation binding data by nonlinear regression and 

fitted to a one-site binding model using GraphPad Prism 4.0 software (GraphPad, San 
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Diego, CA). The displacement log IC50 values were determined by nonlinear regression 

and fitting the data to one-site competition and then were converted to Ki (inhibitory 

constant) values using the Cheng and Prusoff method (25) with the use of GraphPad 

Prism. 

 The GTPγS assay was initiated by the addition of 20 µg of membrane protein into 

silanized glass tubes containing 0.1 nM [35S]GTPγS, 10 µM GDP in GTPγS binding 

buffer (50 mM Tris-HCl, 100 mM NaCl, 3 mM MgCl2, 0.2 mM EGTA, and 0.1% bovine 

serum albumin, pH7.4). Nonspecific binding was assessed in the presence of 20 µM 

unlabeled GTPγS. Free and bound radioligand were separated, and bound radioactivity 

was quantified as described previously. Nonlinear regression of log concentration values 

versus the percentage effect fitted to sigmoidal dose-response was used to obtain 

estimates of agonist concentrations that elicit half the maximal response (EC50) and 

maximal response (Emax). 

Statistical Analyses 

 Data are reported as the mean value of the replicates along with their 95% 

confidence limits (CL). The Ki and log EC50 values in the mutant and WT CB1 receptors 

were compared using one-way analysis of variance with Bonferroni multiple comparison 

posttests. A p < .05 was considered statistically significant. 
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Molecular Modeling 

Receptor model construction protocol for loop calculations. 

 Wild-type CB1 activated (R*) receptor model construction. 

 Using interactive computer graphics, extracellular (EC-1 F180–S185, EC-2 

G254–E273, and EC-3 G369–K376) and intracellular loops (IC-1 R145–R150, IC-2 

P221–T229, and IC-3 S303–M336) were manually added to our previously constructed 

TMH bundle model of the CB1 R* (active state) receptor, with CP55,940 docked in its 

global minimum energy conformation (24). The program Modeler was then used to refine 

loop structures (26,27). Because of their close spatial proximity, the conformations of all 

three EC loops were calculated together followed by calculation of the three IC loop 

conformations. Chosen loop conformations were those that produced a low value of the 

Modeler objective function. The loops were minimized in three stages (stages 1 to 3, as 

described later). Next, portions of the N and C termini were added, and conformations of 

each were refined in Modeler. The termini were minimized using stages 4 to 5 of the 

minimization protocol. 

 N terminus. The first 89 residues of the N terminus were truncated, based on 

results from the Chin laboratory (28) which showed that CP55,950 has WT binding 

affinity and efficacy at the N-terminal truncated CB1, whereas the receptor has better cell 

surface expression than WT. X-ray crystal structures of class A GPCRs with lipid-derived 

endogenous ligands show that the N terminus occludes the binding pocket. In the crystal 

structure of rhodopsin (29), the N terminus is positioned centrally, occluding the EC side 

of the bundle (i.e., the retinal plug). This general placement of the N terminus is also 
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observed in the crystal structure of the sphingosine 1-phosphate receptor (30). Because 

CB1 also has a lipid-derived endogenous ligand, a truncated N-terminal conformation 

(positioned centrally over the EC side of the receptor) was chosen. 

 EC-2 loop. One of the significant sequence divergences between rhodopsin and 

CB1 is in the EC-2 loop region. This loop in CB1 is shorter than in rhodopsin and is 

missing the conserved disulfide bridge between the cysteine in the EC-2 loop and C3.25 

in TMH3 of rhodopsin. Instead, there is a Cys at the extracellular end of TMH4 in CB1 

and a Cys near the middle of the EC-2 loop that experiments suggest may form a 

disulfide bridge (31). Consequently, the position of the EC-2 loop with respect to the 

binding site crevice in CB1 around TMHs 3, 4, and 5 is likely to be quite different from 

that in rhodopsin. Therefore, this loop was modeled with an internal C257–C264 

disulfide bridge based upon mutation results from the Farrens laboratory (31), which 

show that these two cysteines are required for high-level expression and receptor 

function. 

 To guide selection of an appropriate EC-2 loop conformation, we used mutation 

results from the Kendall laboratory (3,19), which demonstrate that mutation of EC-2 loop 

residue F268 to a tryptophan severely damages the binding affinity and efficacy of 

CP55,940 but has no significant effect on the binding affinity of SR141716A. Thus, an 

EC-2 loop conformation was chosen that placed F268 in close proximity to CP55,940. A 

F268W mutant bundle was constructed to verify that this mutation resulted in significant 

steric overlaps with CP55,940 in our model but not with SR141716A (Fig. 3). 
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Figure 3. EC-2 loop conformation of WT and F268W mutant CB1 receptors in the active 
(R*) state. 
 
CP55,940 is shown in cyan; F268 and F268W are shown in yellow and lavender, 
respectively. A) Red circle indicates that there is not a Van der Waals (VdW) clash 
between F268 and CP55,940. B) Red circle highlights VdW clash between F268W and 
CP55,940. This modeling was based on mutation studies from the Kendall lab (see 
Methods and (3)). 
 

 EC-3 loop. The EC loops were refined by use of Modeler in two stages. In the 

first stage, no harmonic distance constraints were used. This calculation was performed to 

examine the general conformational space of the EC-3 loop. The EC-3 loop conformation 

with the lowest objective function placed the EC-3 loop over the top of the receptor; in 

addition, the putative ionic interaction between D2.63176 and K373 had formed. In the 

second stage, a 3.0 kcal/mol harmonic distance constraint was placed between the EC-3 

loop residue K373 and D2.63176. Specifically, the distance between the OD1 atom of 

D2.63176 and the NZ atom of K373 was constrained to 3.0 ± 2.0 Å. This second 

calculation was performed to obtain a focused conformational sampling of the EC-3 loop 

conformation with the lowest objective function (obtained in the first stage of the 

calculation). 
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 IC-3 loop. The CB1 IC-3 loop is much longer than the corresponding sequence in 

rhodopsin. Nuclear magnetic resonance experiments have been performed on a peptide 

fragment composed of the CB1 sequence span from the IC end of TMH5 to the IC end of 

TMH6 in micelles (32). This study suggested that part of the IC-3 loop is α helical. This 

region occurs after the IC end of TMH5 [K5.64300] and consists of a short α-helical 

segment from A301 to R307, followed by an elbow region (R307–I309) and an α-helical 

segment (Q310–S316) up to an III sequence (I317–I319) in IC-3. Based on these results, 

we replaced the initial Modeler-built IC-3 loop with this α-helix-elbow-α-helix region, 

and then the rest of IC-3 loop (I317–P332) was rebuilt and optimized using Modeler. 

 C terminus. A C-terminal fragment S414–G417, which contains a putative 

palmitoylation site at Cys415 (31), was added to the model and C415 was palmitoylated. 

C-terminal truncation experiments from the Mackie laboratory (33) have shown that CB1 

(with truncation at C417) signals normally in the presence of agonists. With the exception 

of helix 8, the C terminus is largely unstructured, though recent work on an isolated C-

terminal peptide suggests the existence of an additional C-terminal helix, helix 9 (34). 

However, recent results from the Mackie laboratory (35) reinforce that the functional 

significance of the C terminus pertains to desensitization and receptor internalization—

not necessarily to receptor signaling by heterotrimeric G proteins. Therefore, we modeled 

the truncated C terminus as unstructured. 

 Receptor model energy minimization protocol. The energy of the ligand/CB1 

R* complex, including loop regions and N and C termini, was minimized using the OPLS 

2005 force field in Macromodel 9.9 (Schrödinger Inc., Portland, OR). An 8.0-Å extended 
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nonbonded cutoff (updated every 10 steps), a 20.0-Å electrostatic cutoff, and a 4.0-Å 

hydrogen bond cutoff were used in each stage of the calculation. 

 The minimization was performed in five stages. In the first stage of the 

calculation, the ligand and TMH bundle were frozen, but the loops were allowed to relax. 

The generalized born/surface area continuum solvation model for water as implemented 

in Macromodel was used. This stage of the calculation consisted of a Polak–Ribier 

conjugate gradient minimization in 1000-step increments until the bundle reached the 

0.05 kJ/mol gradient. Because mutation results from the Kendall laboratory (3,19) 

demonstrate that mutation of EC-2 loop residue F268 to a tryptophan severely damages 

the binding affinity and efficacy of CP55,940, the terminal side-chain hydrogen of F268 

(atom name: HZ) was frozen in place. Freezing this hydrogen allowed F268 the most 

conformational freedom, allowing the side-chain to pivot about HZ while requiring F268 

to stay in close proximity to CP55,940. The second stage of the calculation was 

performed exactly as the first stage, except that HZ of F268 was unfrozen. 

 In the third stage, the loops were frozen but the ligand and the side chains of the 

TMHs were allowed to optimize. The minimization consisted of a conjugate gradient 

minimization using a distance-dependent dielectric, performed in 1000-step increments 

until the bundle reached the 0.05 kJ/mol gradient. Because a previously minimized TMH 

bundle was used as the starting structure in constructing this model (24), the backbone 

atoms of the transmembrane helices were frozen to prevent the bundle from over packing. 
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 In the fourth stage, the N and C termini were minimized using the same protocol 

used in second stage. In this stage, only the termini were minimized. In the fifth stage, the 

TMH bundle was minimized again, exactly as described in the third stage. 

 Mutant CB1 activated (R*) receptor models construction and minimization. 

Four mutant bundles were constructed: K373A, D2.63176A, D2.63176A-K373A, and 

D2.63176K-K373D. These mutant models were constructed using the final WT CB1 R* 

model (24) as the starting structure, using interactive computer graphics to perform the 

appropriate mutations. The N terminus was temporarily removed to prevent it from 

biasing the mutant loop refinement. Modeler was used (as before) to refine the EC-1 and 

EC-3 mutant loop structures. No harmonic distance constraint was used for the alanine-

substitution mutants (however, the same distance constraint used for WT was also used 

for D2.63176K-K373D). 

 The WT conformations of the EC-2 loop, the IC loops, and the termini were 

preserved. As with the WT CB1 R*, the chosen loop configurations for the mutant 

bundles were those that produced a low value of the Modeler objective function; the 

loops were minimized using stages 1 to 3 of the minimization protocol (see above). Next, 

the N terminus was reattached to the mutant bundles. The termini were minimized using 

stages 4 to 5 of the minimization protocol (see the earlier description). 

Assessment of Pairwise Interaction and Total Energies 

 Interaction energies between CP55,940 and the WT, K373A, D2.63176A, 

D2.63176A-K373A, or D2.63176K-K373D receptors were calculated using Macromodel 

(Schrodinger). After defining the atoms of CP55,940 as one group (group 1) and the 
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atoms corresponding to a residue that lines the binding site in the final ligand/CB1 R* 

complex as another group (group 2), Macromodel was used to output the pairwise 

interaction energy (Coulombic and van der Waals) for a given pair of atoms. The pairs 

corresponding to group 1 (ligand) and group 2 (residue of interest) were then summed to 

yield the interaction energy between the ligand and the receptor. 

Results 

 The binding of [3H]SR141716A to WT and mutant receptors stably expressed in 

HEK 293 cells was measured to generate an estimate of the Kd and Bmax values. Similar 

cell surface expression of WT and mutant cell lines was verified by immunofluorescence 

staining (unpublished data). 

Radioligand Binding Assays 

 Saturation binding analysis of [3H]SR141716A at the D2.63176A, K373A, 

D2.63176A-K373A, and D2.63176K-K373D mutations displayed Kd (CL) values of 4.2 

(0.1–9.8) nM, 1.7 (0.2–3.5) nM, 4.4 (0.1–9.1) nM, and 3.5 (0.1–24) nM, respectively (see 

Table 1). The Kd for the WT hCB1 receptor was 2.2 (0.4–3.9) nM. The Kd values for the 

mutants versus WT were not statistically significantly different. Similarly, the Bmax values 

for each cell line demonstrated that expression levels of these receptors between the 

different cell lines were comparable. The cell lines D2.63176A, K373A, D2.63176A-373A, 

and D2.63176K-K373D respective Bmax (CL) values were 2.3 (1.0–3.5) pmol/mg, 1.8 

(0.1–3.7) pmol/mg, 2.7 (1.7–3.7) pmol/mg, and 0.7 (0.1–2.4) pmol/mg. The WT CB1 cell 

line displayed a Bmax of 2.4 (1.9–2.9) pmol/mg. 
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Table 1 
 
Radioligand binding properties of wild-type and mutant cell lines 
 
The Kd and Bmax values were determined from saturation binding experiments using 
[3H]SR141716A on HEK293 cell membrane preparations stably transfected with the 
wild-type or mutant hCB1 receptor. Data represent the mean and corresponding S.E.M. of 
at least three independent experiments performed in triplicate. No statistically significant 
difference was observed between the wild-type and mutant binding properties as 
determined by a two-tailed Student’s t test. 
 

Radioligand Cell Line Kd (nM) 95% CL Bmax 95% CL 

    pmol/mg  

[3H]SR141716A WT hCB1 2.2 (0.4–3.9) 2.4 (1.9–2.9) 

 D2.63176A 4.2 (0.1–9.8) 2.3 (1.0–3.5) 

 K373A 1.7 (0.2–3.5) 1.8 (0.1–3.7) 

 D2.63176A-K373A 4.4 (0.1–9.1) 2.7 (1.7–3.7) 

 D2.63176K-K373D 3.5 (0.1–24) 0.7 (0.1–2.4) 

 

Competitive Binding Assays 

 We investigated the binding affinity of the bicyclic cannabinoid agonist CP55,940 

to displace [3H]SR141716A bound to the WT and mutant hCB1 receptors. The Ki values 

between WT and mutant receptors overlapped and were not statistically significantly 

different (see Fig. 4; Table 2). The Ki (CL) values for WT, D2.63176A, K373A, 

D2.63176A-K373A, and D2.63176K-K373D were 17 (5.3–53) nM, 4.9 (0.6–43) nM, 17 

(3.3–85) nM, 5.1 (0.63–42) nM, and 15 (3.0–69) nM, respectively. 
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Figure 4. Competitive displacement of [3H]SR141716A. 
  
CP55,940 was used as the displacing compound. [3H]SR141716A binding in membranes 
prepared from HEK293 cells stably transfected with wild-type, D2.63176A, K373A, or 
D2.63176A-K373A mutant CB1 receptors. Each data point represents the mean ± S.E.M. 
of at least three independent experiments performed in triplicate. 

 

Table 2 
 
The effects of amino acid mutations of recombinant hCB1 receptors on the displacement 
of [3H]SR141716A by CP55,940 
 
Data represent the mean and corresponding 95% confidence limits of at least three 
independent experiments performed in triplicate. The Ki value of CP55,940 at the mutant 
receptors was not statistically significantly different from wild-type CB1 receptors using 
a two-tailed Student’s t test. 
 

 [3H]SR141716A CP 55,940 (Ki) + 95% CL 

WT 17 nM (5.3–53) 

D2.63176A 4.9 nM (0.6–43) 

K373A 17 nM (3.3–85) 

D2.63176A-K373A 5.1 nM (0.6–42) 

D2.63176K-K373D 15 nM (3.0–69 
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Agonist Stimulated GTPγS Binding 

 We used [35S]GTPγS binding to measure the stimulation of WT and mutant 

cannabinoid receptors upon stimulation with different classes of cannabinoid ligands (see 

Fig. 5; Table 3). The EC50 and Emax values were generated for WT and mutant receptor 

activation in the presence of CP55,940 and WIN55,212-2. The EC50 values of CP55,940 

and WIN55,212-2 at WT CB1 were 12.6 nM and 36.7 nM, respectively. The D2.63176A 

mutation statistically significantly increased EC50 values for CP55,940 and WIN55,212-2 

to 67 nM (5.3-fold) and 231 nM (6.3-fold), respectively, and the maximum agonist 

responsiveness was lower. The K373A mutation resulted in similar effects on the EC50 

and Emax values. The K373A mutant generated a statistically significant increase in EC50 

values from WT for CP55,940 and WIN55,212-2 to 70 nM (5.6-fold) and 274 nM (7.5-

fold), respectively. 

 However, when the ionic interaction between D2.63176 and K373 was disrupted by 

double-alanine substitutions, the receptor activity was severely reduced. The  

D2.63176A-K373A mutant resulted in dramatic shifts of either or both the EC50 and Emax  

values and for CP55,940 and WIN55,212-2 to 39.8 nM (Emax = 29%) and 561 nM (Emax = 

59%), respectively. The largest shift observed was from WIN55,212-2, 15.3-fold above 

the WT value. In contrast, the charge-reversal mutant D2.63176K-K373D displayed an 

EC50 and Emax for WIN55,212-2 of 126 nM and 79%, respectively. Likewise, the 

D2.63176K-K373D mutant EC50 and Emax values for CP55,940 were 38 nM and 82%, 

respectively. 
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Figure 5. Activation of wild-type and mutant receptors.  
 
(A) CP55,940. (B) WIN55,212-2. Concentration-effect curves were obtained from 
[35S]GTPγS binding in HEK293 membrane preparations expressing wild-type or 
D2.63176A, K373A, or D2.63176A-K373A, D2.63176K-K373D mutant CB1 receptors. 
Each data point represents the mean ± S.E.M. of at least three independent experiments 
performed in triplicate. 
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Table 3 
 
Concentration-effect data for agonist stimulation of [35S]GTPγS binding of WT and 
mutant receptors stably expressed in HEK293 cells 
 
Data represent the mean of at least three independent experiments performed in triplicate. 
EC50 values were determined from concentration-effect curves using GraphPad Prism 
software. The values in parentheses are 95% confidence intervals. Statistical analysis was 
performed by comparing the log EC50 of the mutant receptor to the wild-type CB1 
receptors using a two-tailed Student’s t test to determine the level of significance. 
 

 Drug EC50 (95% CL) Emax/Top (95% CL) Mutant/WT EC50 
WT CP55,940 12.6 nM (3.6–43.7) 127% (109–145) NA 
 WIN55,212-2 36.7 nM (12.4–108.3) 95% (87–116) NA 
D2.63176A CP55,940 67 nM (17–259)* 59% (48–71)* 5.3* 
 WIN55,212-2 231 nM (27–1912)* 89% (60–118) 6.3* 
K373A CP55,940 70 nM (5.6–870)* 70% (44–100) 5.6* 
 WIN55,212-2 274 nM (61–1230)* 83% (53–112) 7.5* 
D2.63176A-K373A CP55,940 39.8 nM (10–153)* 29% (23–35)* 3.2* 
 WIN55,212-2 561 nM (60–5193)* 59% (38–81)* 15.3* 
D2.63K-K373D CP55,940 38 nM (6.9–209) 82% (73–93) 3 
 WIN55,212-2 126 nM (26–607) 79% (63–95) 3.4 

 

Modeling Studies 

 Modeler results: EC loop conformations in the WT CB1 R* and the 

D2.63176A, K373A, D2.63176A-K373A, and D2.63176K-K373D mutants. As described 

in Materials and Methods, low-energy WT and mutant loop conformations were added to 

our previous CB1 R* bundle (24). Consistent with the experimental results, the WT 

model includes an ionic interaction between D2.63176 and EC-3 loop residue K373 (see 

Fig. 6). This ionic interaction causes the EC-3 loop to pull across the top (EC side) of the 

receptor. Clearly, this specific ionic interaction cannot form in the D2.63176A, K373A, or 

the D2.63176A-K373A mutant. By not forming this ionic interaction, the EC-3 loops of 

the mutant receptors experience greater conformational freedom. As illustrated in Fig. 6, 
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the modeled loop conformations of D2.63176A, K373A, and D2.63176A-K373A position 

the EC-3 loop away from the center and are more directly above TMHs 6 and 7. It is 

noteworthy that these three mutants have very similar EC-3 loop conformations and that 

these conformations are fundamentally different from the WT EC-3 loop conformation. 

 

 
 
Figure 6. Extracellular (EC) loop conformations of WT and D2.63176A, K373A, or 
D2.63176A-K373A mutant CB1 receptors in the active (R*) state.  
 
CP55,940 is shown in cyan; D2.63176 and K373 are shown in yellow; WT EC loops are 
shown in yellow; D2.63176A, K373A, and D2.63176A-K373A mutant EC loops are shown 
in pink, lime, and lavender, respectively. In the WT model, the putative ionic interaction 
between D2.63176 and K373 has formed; this promotes an EC-3 loop conformation that is 
pulled over the top of the receptor. In the alanine-substitution models, the putative 
interaction does not form, and the EC-3 loops are away from the bundle core. (A) 
Viewpoint is from EC with intracellular (IC) portions of TMHs, IC loops, and the N and 
C termini omitted to simplify view. (B) Viewpoint is from lipid looking between TMH1 
and 7. Note: The IC portions of TMHs, IC loops, EC-1, EC-2, part of TMH1 and 7, and 
the N and C termini have been omitted here to simplify the view. 
 

 Unlike the D2.63176A, K373A, or the D2.63176A-K373A mutant, the D2.63176K-

K373D swap mutant can form the putative ionic interaction. In agreement with the  

experimental results, the model of this mutant includes an ionic interaction between 

D2.63176K and K373D (see Fig. 7). This ionic interaction causes the EC-3 loop to pull 
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across the top (EC side) of the receptor. As observed in Fig. 7, the WT and the 

D2.63176K-K373D EC loops have a remarkable degree of conformational similarity in 

their EC loops. The formation of the putative ionic interaction (despite having switched 

the residues at 2.63176 and 373) explains how the D2.63176K-K373D swap mutant is 

capable of promoting an EC-3 loop conformation that is very similar to the WT EC-3 

loop conformation. 

 

  
 
Figure 7. Extracellular (EC) viewpoint of EC loop conformations of WT CB1 R* and the 
D2.63176K-K373D swap mutant.  
 
CP55,940 is shown in cyan; WT D2.63176 and K373 are shown in yellow (mutant 
residues are shown in orange); WT EC loops are shown in yellow; the D2.63176K-K373D 
swap mutant EC-3 loop is shown in orange. (A) In the WT model, the putative ionic 
interaction between D2.63176 and K373 has formed; this promotes an EC-3 loop 
conformation that is pulled over the top of the receptor. (B) In the D2.63176K-K373D 
mutant model, the putative ionic interaction has been formed, promoting an EC-3 loop 
conformation that is very similar to WT.  
 

 In addition, the negatively charged K373D may be able to form ionic interactions 

with K370 and K7.32376 (see Fig. 1). These interactions may reduce the frequency of the 

D2.63176K-K373D ionic interaction. Energetically favorable interactions with K370 and 
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K7.32376 are highly unlikely for K373 (in WT), as its positive charge would be repelled 

by the positive charge on K370 and K7.32376. 

 CP55,940/Receptor pairwise and total interaction energies. The results of the 

saturation and competitive binding assays demonstrate that all mutations do not 

significantly affect the binding affinity of the ligands studied. Therefore, to test whether 

our models agreed with these results, pairwise and total interaction energies were 

calculated for the WT and mutant models (the total interaction energies are listed in Table 

4; the complete pairwise interaction energies are listed in Supplemental Tables 1–5). 

 
Table 4 
 
Total interaction energy of CP55,940 at the WT and mutant CB1 R* models 
 

 Total Interaction Energies (kcal/mol) 
Model Coulombic VdW Total 

CB1 WT -22.12 -38.84 -60.95 
D2.63176A -23.34 -36.94 -60.28 

K373A -23.34 -36.94 -60.28 
D2.63176A-K373A -23.61 -38.60 -62.22 
D2.63176K-K373D -24.72 -38.74 -63.46 

 

 Only five residues contribute at least 5% of the total interaction energy between 

CP55,940 and each of the models (Supplemental Tables 1–5). Strikingly, these five 

important residues are the same in the WT and mutant models (Q1.32116, F2.57170, 

K3.28192, S7.39383, and L7.43387). This consistency (in which residues contribute at least 

5% of the total interaction energy) qualitatively suggests that CP55,940 binds WT and 

mutant receptors similarly. Quantitatively, Table 4 shows that none of the mutations 

resulted in significant change in the total interaction energy between CP55,940 and the 
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receptor. These results indicate that our computational models are consistent with the 

results of the binding assays. 

 
Supplemental Table 1 
 
Pairwise interaction energies of CP55,940 at the CB1 wild-type R* model 
 

  kcal/mol:    
B/W #: Absolute #: Coulombic: VdW: Total: % total: 
K3.28 LYS-192 -13.79 0.64 -13.15 21.58 
Q1.32 GLN-116 -6.68 -0.69 -7.37 12.08 
L7.43 LEU-387 0.12 -4.48 -4.36 7.15 
S7.39 SER-383 -1.46 -2.50 -3.96 6.50 
F2.57 PHE-170 0.09 -3.38 -3.29 5.39 
S1.39 SER-123 -1.18 -1.70 -2.88 4.73 
F2.64 PHE-177 0.44 -3.09 -2.65 4.35 
V3.32 VAL-196 0.03 -2.63 -2.60 4.27 
A7.36 ALA-380 -0.38 -2.01 -2.39 3.92 
I1.35 ILE-119 -0.53 -1.80 -2.33 3.83 
S2.60 SER-173 -0.38 -1.66 -2.04 3.35 
F3.25 PHE-189 -0.22 -1.73 -1.95 3.20 
I2.56 ILE-169 0.11 -1.64 -1.52 2.50 
F3.36 PHE-200 0.06 -1.55 -1.49 2.45 
EC-3 ILE-375 0.05 -1.34 -1.29 2.12 
S7.46 SER-390 0.10 -1.07 -0.97 1.59 
C7.42 CYS-386 0.00 -0.87 -0.86 1.42 
M7.40 MET-384 -0.07 -0.60 -0.67 1.10 
S3.35 SER-199 -0.21 -0.44 -0.65 1.07 
N7.45 ASN-389 0.12 -0.75 -0.63 1.03 
D2.50 ASP-163 -0.25 -0.35 -0.60 0.98 
F7.35 PHE-379 -0.08 -0.50 -0.58 0.96 
L1.33 LEU-117 -0.33 -0.25 -0.58 0.95 
EC-3 MET-371 -0.30 -0.20 -0.50 0.82 
A1.36 ALA-120 1.56 -1.98 -0.42 0.69 
L1.40 LEU-124 -0.01 -0.26 -0.27 0.45 
L7.44 LEU-388 -0.01 -0.17 -0.18 0.30 
N/A WAT-344 -0.04 -0.14 -0.18 0.29 

F2.67 PHE-180 0.06 -0.21 -0.15 0.25 
G1.43 GLY-127 0.03 -0.18 -0.15 0.25 
EC-2 PHE-268 0.48 -0.61 -0.13 0.21 
EC-3 LYS-373 0.41 -0.49 -0.09 0.14 
Q1.31 GLN-115 0.07 -0.14 -0.08 0.13 
EC-2 ILE-267 0.06 -0.05 0.01 -0.02 

      
 Totals: -22.12 -38.84 -60.95 100.0 
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Supplemental Table 2 
 
Pairwise interaction energies of CP55,940 at the CB1 D2.63176A mutant R* model 
 

  kcal/mol:    
B/W #: Absolute #: Coulomb: VdW: Total: % total: 
K3.28 LYS-192 -14.28 1.09 -13.19 21.88 
Q1.32 GLN-116 -6.34 -0.72 -7.07 11.72 
S7.39 SER-383 -1.55 -3.02 -4.56 7.57 
L7.43 LEU-387 0.11 -4.60 -4.49 7.45 
F2.57 PHE-170 0.09 -3.43 -3.34 5.54 
F2.64 PHE-177 0.23 -3.23 -2.99 4.97 
S1.39 SER-123 -1.19 -1.60 -2.79 4.62 
V3.32 VAL-196 0.04 -2.77 -2.72 4.52 
I1.35 ILE-119 -0.55 -1.92 -2.47 4.10 
A7.36 ALA-380 -0.32 -1.97 -2.29 3.80 
S2.60 SER-173 -0.27 -1.83 -2.10 3.48 
I2.56 ILE-169 0.11 -1.63 -1.52 2.52 
F3.36 PHE-200 0.07 -1.46 -1.39 2.30 
S7.46 SER-390 0.08 -1.27 -1.19 1.97 
C7.42 CYS-386 0.00 -0.97 -0.97 1.61 
F7.35 PHE-379 -0.12 -0.79 -0.91 1.51 
EC-2 PHE-268 -0.21 -0.51 -0.72 1.20 

M7.40 MET-384 -0.08 -0.62 -0.70 1.15 
S3.35 SER-199 -0.22 -0.47 -0.69 1.15 
D2.50 ASP-163 -0.28 -0.40 -0.67 1.12 
N7.45 ASN-389 0.12 -0.79 -0.67 1.11 
L1.33 LEU-117 -0.31 -0.25 -0.56 0.93 
A1.36 ALA-120 1.55 -2.07 -0.52 0.86 
F3.25 PHE-189 -0.03 -0.36 -0.38 0.63 
EC-3 MET-371 -0.04 -0.32 -0.37 0.61 
L1.40 LEU-124 -0.01 -0.27 -0.28 0.47 
L7.44 LEU-388 -0.01 -0.18 -0.19 0.32 
N/A WAT-344 -0.04 -0.15 -0.18 0.30 

G1.43 GLY-127 0.03 -0.19 -0.16 0.26 
I6.54 ILE-362 -0.01 -0.12 -0.14 0.23 
Q1.31 GLN-115 0.08 -0.14 -0.06 0.11 

      
 Totals: -23.34 -36.94 -60.28 100.00 
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Supplemental Table 3 
 
Pairwise interaction energies of CP55,940 at the CB1 K373A mutant R* model 
 

  kcal/mol:    
B/W #: Absolute #: Coulomb: VdW: Total: % total: 
K3.28 LYS-192 -16.47 -2.40 -18.87 30.13 
Q1.32 GLN-116 -5.94 -1.08 -7.02 11.21 
S7.39 SER-383 -2.10 -2.25 -4.34 6.94 
L7.43 LEU-387 -0.41 -3.36 -3.77 6.02 
F2.57 PHE-170 0.00 -3.44 -3.44 5.49 
S1.39 SER-123 -0.99 -1.66 -2.66 4.24 
F2.64 PHE-177 -0.08 -2.40 -2.48 3.96 
S2.60 SER-173 -0.32 -1.80 -2.11 3.37 
C7.42 CYS-386 -0.04 -1.90 -1.94 3.10 
A1.36 ALA-120 0.14 -2.05 -1.91 3.05 
F7.35 PHE-379 -0.48 -1.39 -1.87 2.98 
F3.36 PHE-200 -0.64 -1.22 -1.86 2.97 
V3.32 VAL-196 0.11 -1.80 -1.68 2.69 
I2.56 ILE-169 0.17 -1.65 -1.48 2.36 
S7.46 SER-390 -0.27 -0.79 -1.06 1.70 
I1.35 ILE-119 0.97 -1.86 -0.89 1.42 
A7.36 ALA-380 0.36 -1.16 -0.81 1.29 
L1.33 LEU-117 -0.49 -0.23 -0.72 1.15 
EC-2 PHE-268 -0.40 -0.31 -0.71 1.14 
D2.50 ASP-163 -0.29 -0.39 -0.68 1.08 
F3.25 PHE-189 0.25 -0.92 -0.67 1.07 
N7.45 ASN-389 0.13 -0.72 -0.59 0.94 
L1.40 LEU-124 0.02 -0.27 -0.25 0.40 
M7.40 MET-384 0.07 -0.31 -0.23 0.38 
G1.43 GLY-127 0.00 -0.18 -0.19 0.30 
S3.35 SER-199 0.45 -0.59 -0.14 0.22 
I6.54 ILE-362 -0.08 -0.04 -0.12 0.19 
L7.44 LEU-388 0.45 -0.56 -0.11 0.18 
Q1.31 GLN-115 0.11 -0.14 -0.03 0.04 
EC-3 MET-371 0.00 0.00 0.00 0.00 
N/A WAT-344 0.00 0.00 0.00 0.00 

      
 Totals: -25.74 -36.87 -62.62 100.00 
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Supplemental Table 4 
 
Pairwise interaction energies of CP55,940 at the CB1 D2.63176A-K373A mutant R* 
model 
 

  kcal/mol:    
B/W #: Absolute #: Coulomb: VdW: Total: % total: 
K3.28 LYS-192 -14.07 0.88 -13.18 21.19 
Q1.32 GLN-116 -6.37 -0.94 -7.31 11.75 
L7.43 LEU-387 0.12 -4.60 -4.48 7.21 
S7.39 SER-383 -1.51 -2.92 -4.43 7.13 
F2.57 PHE-170 0.09 -3.43 -3.34 5.38 
F2.64 PHE-177 0.40 -3.22 -2.82 4.54 
S1.39 SER-123 -1.15 -1.61 -2.76 4.43 
V3.32 VAL-196 0.05 -2.75 -2.71 4.35 
I1.35 ILE-119 -0.49 -1.91 -2.39 3.85 
A7.36 ALA-380 -0.38 -2.00 -2.38 3.82 
S2.60 SER-173 -0.30 -1.82 -2.12 3.41 
EC-1 HID-181 -0.79 -1.06 -1.85 2.97 
I2.56 ILE-169 0.11 -1.63 -1.52 2.45 
F3.36 PHE-200 0.07 -1.45 -1.38 2.22 
S7.46 SER-390 0.08 -1.26 -1.17 1.88 
C7.42 CYS-386 0.00 -0.98 -0.97 1.56 
F3.25 PHE-189 0.16 -1.03 -0.87 1.40 
F7.35 PHE-379 -0.11 -0.67 -0.78 1.26 
EC-2 PHE-268 -0.25 -0.48 -0.74 1.18 
S3.35 SER-199 -0.22 -0.50 -0.72 1.15 
M7.40 MET-384 -0.08 -0.61 -0.68 1.10 
D2.50 ASP-163 -0.28 -0.39 -0.68 1.09 
N7.45 ASN-389 0.12 -0.78 -0.65 1.05 
A1.36 ALA-120 1.46 -2.09 -0.63 1.01 
L1.33 LEU-117 -0.31 -0.24 -0.56 0.90 
L1.40 LEU-124 -0.01 -0.27 -0.28 0.45 
L7.44 LEU-388 -0.01 -0.18 -0.19 0.30 
N/A WAT-344 -0.04 -0.14 -0.18 0.29 

K7.32 LYS-376 0.06 -0.23 -0.17 0.27 
G1.43 GLY-127 0.04 -0.19 -0.15 0.25 
I6.54 ILE-362 -0.01 -0.09 -0.10 0.16 
Q1.31 GLN-115 0.07 -0.14 -0.07 0.11 

      
 Totals: -23.61 -38.60 -62.22 100.00 
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Supplemental Table 5 
 
Pairwise interaction energies of CP55,940 at the CB1 D2.63176K-K373D mutant R* 
model 
 

  kcal/mol:    

B/W #: Absolute #: Coulomb: VdW: Total: % total: 

K3.28 LYS-192 -14.58 1.33 -13.26 20.89 
Q1.32 GLN-116 -7.09 -0.22 -7.31 11.51 
S7.39 SER-383 -1.60 -2.97 -4.57 7.20 
L7.43 LEU-387 0.11 -4.61 -4.50 7.09 
F2.57 PHE-170 0.10 -3.38 -3.29 5.18 
F2.64 PHE-177 0.14 -3.30 -3.16 4.97 
S1.39 SER-123 -1.17 -1.69 -2.87 4.51 
V3.32 VAL-196 0.03 -2.78 -2.75 4.33 
I1.35 ILE-119 -0.65 -1.92 -2.57 4.05 
A7.36 ALA-380 -0.21 -2.03 -2.24 3.52 
S2.60 SER-173 -0.23 -1.83 -2.05 3.24 
I2.56 ILE-169 0.11 -1.61 -1.50 2.36 
EC-3 ASP-373 -1.09 -0.41 -1.50 2.36 
F3.36 PHE-200 0.07 -1.46 -1.39 2.19 
S7.46 SER-390 0.08 -1.27 -1.19 1.87 
EC-3 ILE-375 -0.03 -1.14 -1.17 1.84 
F7.35 PHE-379 -0.14 -1.00 -1.14 1.80 
C7.42 CYS-386 -0.03 -0.97 -0.99 1.57 
EC-3 MET-371 -0.38 -0.59 -0.97 1.52 
S3.35 SER-199 -0.22 -0.48 -0.71 1.11 
M7.40 MET-384 -0.07 -0.62 -0.69 1.09 
N7.45 ASN-389 0.11 -0.79 -0.68 1.07 
D2.50 ASP-163 -0.26 -0.40 -0.65 1.03 
L1.33 LEU-117 -0.32 -0.26 -0.58 0.92 
F3.25 PHE-189 0.10 -0.66 -0.56 0.88 
A1.36 ALA-120 1.66 -1.98 -0.32 0.51 
L1.40 LEU-124 -0.02 -0.26 -0.28 0.44 
I6.54 ILE-362 -0.03 -0.17 -0.20 0.32 
L7.44 LEU-388 -0.01 -0.18 -0.19 0.30 
N/A WAT-344 -0.04 -0.15 -0.18 0.29 

F2.67 PHE-180 0.07 -0.25 -0.18 0.29 
G1.43 GLY-127 0.03 -0.18 -0.15 0.24 
EC-2 PHE-268 0.16 -0.26 -0.10 0.16 
Q1.31 GLN-115 0.09 -0.14 -0.06 0.09 
K2.63 LYS-176 0.59 -0.12 0.47 -0.75 

      
 Totals: -24.72 -38.74 -63.46 100.00 
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Discussion 

 In our present study, we have used computational methods together with model-

guided mutagenesis to evaluate the functional importance of a putative intramolecular 

ionic interaction within the CB1 receptor. Our previous mutation studies demonstrated the 

importance of a negative charge at residue 2.63176, possibly indicating its involvement in 

an essential ionic interaction (20). Our previous modeling studies indicated that the EC-3 

loop residue K373 might be the ionic partner to D2.63176. To test this hypothesis, four 

substitution mutant CB1 receptors were constructed—D2.63176A, K373A, D2.63176A-

K373A, and D2.63176K-K373D—to evaluate the effect of removing the putative ionic 

interaction. The charge-reversal mutant was designed to determine whether switching the 

positions of the ionic partners could rescue WT levels of function. Finally, computational 

methods were also used to explore how the putative ionic interaction influences receptor 

structure. 

 Ligand binding affinity was not significantly affected by any of the mutations 

performed here. These results are consistent with our prior characterization of D2.63176, 

which was shown to be crucial for signal transduction but did not participate in high 

affinity agonist binding (20). In addition, the binding affinity data reported here are 

consistent with the predictions made from our WT and mutant models. Specifically, 

CP55,940 was found to have a similar total interaction energy in the WT and mutant 

receptor models; this is not surprising, as neither D2.63176 nor the EC-3 loop are part of 

the predicted CP55,940 binding pocket. Indeed, reports of EC loop mutations that only 

affect agonist efficacy (and not ligand binding) are well documented in the GPCR 
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literature. Residues in EC-2 loop of the M3 muscarinic receptor could be mutated without 

affecting ligand binding; however, a significant reduction in agonist efficacy was 

observed (36). Similar results have been observed in the EC-1 loop of the adenosine A2B 

receptor (13). Analogously, our results suggest that the ionic interaction between D2.63176 

and K373 is not important for SR141716A (Table 1) or CP55,940 binding at the CB1 

receptor. Additionally, none of the mutations significantly affected the Bmax for 

[3H]SR141716A. These results suggest that the mutations reported here did not cause the 

receptor to fold incorrectly or fail to express at the cell surface. 

 In contrast to the binding affinity results, the D2.63176A, K373A, D2.63176A-

K373A or D2.63176K-K373D mutations caused a significant change in CP55,940s EC50 

compared with WT. However, the EC50s of the D2.63176A, K373A, or the D2.63176K-

K373D mutants when compared with the D2.63176A-K373A mutant were not 

significantly different. This is consistent with our hypothesis that it is the ionic interaction 

between the charged residues D2.63176 and K373 (and not the residues independently) 

that is important to agonist efficacy. If D2.63176 and K373 were independently important 

to function, one would expect that the EC50 of the double-alanine mutant would be higher 

than either of the single-alanine mutants. 

 We previously reported that presence of a negatively charged residue at position 

2.63176 is crucial for receptor function (20). In this study, we demonstrate that an ionic 

interaction between D2.63176 and K373 (not simply the negative charge on D2.63176 per 

se) is required for CB1 WT function. The Emax values for either CP55,940 or WIN55,212-

2 at the double-alanine mutant showed a significant decrease in function. This result 
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suggests that the interaction between D2.63176 and K373 is important for signaling at 

CB1. This result is also reinforced by results for the charge-reversal mutant D2.63176K-

K373D, as both CP55,940 and WIN55,212-2 showed a restoration of function compared 

with the double-alanine mutation. Therefore, the ability to switch the residues at 2.63176 

and 373 (dramatically flipping the polarity on both residues) and preserve near WT levels 

of efficacy strongly supports the existence of a functionally required ionic interaction 

between D2.63176 and K373. 

 The single-alanine mutants showed increased Emax values relative to the double-

alanine mutant (Emax = 59% at D2.63A and Emax = 29% for CP55,940; Emax = 89% at 

D2.63A and Emax = 59% for WIN55,212-2) that are larger than what might be expected 

for disruption of the same ionic interaction as seen in the double-alanine mutant. Our 

models suggest that residues near the putative ionic interaction may help rescue function 

in these single-alanine mutants. There are two additional lysines (K370 and K7.32376, see 

Fig. 1) that are in close proximity to K373. These lysines may be able to form an ionic 

interaction with D2.63176, thus partially rescuing function at the K373A mutant. 

Likewise, there is a negatively charged aspartate (D184) and two hydrophilic residues 

(H181 and D185) on the EC-1 loop that are in close proximity to D2.63176. These 

residues may be able to form an ionic interaction (or a simple hydrogen bond in the case 

of H181 and S185) that enables the partial rescue of function at the D2.63176A mutant. In 

the double mutant D2.63176A-K373A, no such rescue would be possible because the polar 

residues at each site (D2.63 or K373) have been replaced with a nonpolar residue (Ala). 
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Involvement of EC Loops in GPCR Activation 

 Results reported here suggest that the formation of an ionic interaction/salt bridge 

between the EC-3 loop and the EC end of TMH2 is important for CB1 signaling. The 

hallmark of class A GPCR activation by an agonist is the “tripping” of the toggle switch 

within the binding pocket that allows TMH6 to flex in the highly conserved Cys-Trp-any 

amino acid-Pro hinge region and straighten. This straightening breaks the “ionic lock” 

between R3.50 and E/D6.30 at the IC end of the receptor. The result is the formation of 

an IC opening of the receptor, exposing residues that can interact with the C terminus of 

the Gα-subunit of the G protein (37). There is increasing evidence that movements in the 

EC loops also occur subsequent to agonist binding and are integral to transmission of the 

activation “message” (or covalent ligand isomerization in the case of rhodopsin). Nuclear 

magnetic resonance studies of rhodopsin activation by light have indicated that activation 

triggers a simultaneous displacement of the EC-2 loop and TMH5. Motion of EC-2 may 

allow the EC end of the TMH6-EC-3-TMH7 segment to pivot toward the center of the 

protein and conversely allow the IC end of TMH6 to rotate outward (15). In some class A 

GPCRs, such as chemokine receptor 4, a specific interaction between the EC-3 loop and 

N terminus (disulfide bridge) acts as a “microswitch” that is crucial to the chemokine 

receptor 4 signaling (38). 

 The computational results reported here illustrate how the ionic interaction 

between D2.63176 and K373 causes the EC-3 loop to pull across the top (EC side) of the 

receptor. Notably, this EC-3 loop conformation is preserved in the charge-reversal mutant 

D2.63176K-K373D. As described in Results, a strikingly different EC-3 loop 
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conformation is observed in the three alanine-substitution mutants. These results suggest 

that the putative ionic interaction strongly influences the conformation of the EC-3 loop. 

This promoted EC-3 loop conformation could serve two important structural roles. First, 

this EC-3 loop conformation may contribute to forming a protected, closed EC surface, as 

has been reported in the crystal structures of rhodopsin (29) and the sphingosine 1-

phosphate receptor (30). Second, this ionic interaction creates a noncovalent “tether” 

between the EC ends of TMHs 2, 6, and 7, allowing conformational changes that occur 

on one side of the receptor to be transmitted to the other side of the receptor. Thus, the 

alanine-substitution mutants are less capable of transmitting conformational changes 

throughout the receptor, and efficacy is consequently impaired. In conclusion, we have 

identified the EC-3 loop conformation that is mechanistically important in the signaling 

cascade in CB1. 
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Abstract 

 The cannabinoid 1 (CB1) allosteric modulator, 5-chloro-3-ethyl-1H-indole-2-

carboxylic acid [2-(4-piperidin-1-yl-phenyl)-ethyl]-amide) (ORG27569), has the 

paradoxical effect of increasing the equilibrium binding of [3H](−)-3-[2-hydroxyl-4-(1,1-

dimethylheptyl)phenyl]-4-[3-hydroxylpropyl]cyclohexan-1-ol (CP55,940, an orthosteric 

agonist) while at the same time decreasing its efficacy (in G protein-mediated signaling). 

ORG27569 also decreases basal signaling, acting as an inverse agonist for the G protein-

mediated signaling pathway. In ligand displacement assays, ORG27569 can displace the 

CB1 antagonist/inverse agonist, N-(piperidiny-1-yl)-5-(4-chlorophenyl)-1-(2,4-

dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide(SR141716A). The goal of this 

work was to identify the binding site of ORG27569 at CB1. To this end, we used 

computation, synthesis, mutation, and functional studies to identify the ORG27569-

binding site in the CB1 TMH3-6-7 region. This site is consistent with the results of 

K3.28192A, F3.36200A, W5.43279A, W6.48356A, and F3.25189A mutation studies, which 

revealed the ORG27569-binding site overlaps with our previously determined binding 

site of SR141716A but extends extracellularly. Additionally, we identified a key 

electrostatic interaction between the ORG27569 piperidine ring nitrogen and K3.28192 

that is important for ORG27569 to act as an inverse agonist. At this allosteric site, 

ORG27569 promotes an intermediate conformation of the CB1 receptor, explaining 

ORG27569’s ability to increase equilibrium binding of CP55,940. This site also explains 

ORG27569’s ability to antagonize the efficacy of CP55,940 in three complementary 

ways. 1) ORG27569 sterically blocks movements of the second extracellular loop that 
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have been linked to receptor activation. 2) ORG27569 sterically blocks a key electrostatic 

interaction between the third extracellular loop residue Lys-373 and D2.63176. 3) 

ORG27569 packs against TMH6, sterically hindering movements of this helix that have 

been shown to be important for receptor activation. 

Introduction 

 The G protein-coupled receptor (GPCR) superfamily of integral membrane 

proteins is composed of ∼1000 members (39) and includes ∼3% of the human genome 

(40). Considering their ubiquity and fundamental importance to cellular function, it is not 

surprising that ∼60% of pharmaceuticals target GPCRs (41). Unfortunately, many of 

these drugs have numerous side effects, due to a lack of receptor subtype selectivity (42) 

and/or an interference with physiological signaling (43). This lack of receptor subtype 

selectivity is thought to be due (in part) to high sequence convergence at the orthosteric 

site, which is the binding site of most endogenous ligands and pharmaceutical drugs (44). 

 The discovery of ligands (i.e. allosteric modulators) that bind to an allosteric site 

has generated considerable interest. Allosteric sites are topographically distinct from the 

orthosteric site; classically, allosteric modulators are thought to influence the binding 

and/or efficacy of orthosteric ligands (45). Allosteric-based drugs could potentially have 

reduced side effects, due to the increased evolutionary divergence at allosteric sites (46). 

Additionally, allosteric modulators have been observed to direct signaling down specific 

second messenger pathways (i.e. biased agonism) (47). These results suggest that 

allosterically based therapies have the potential for unprecedented receptor subtype 

selectivity and functional control. 
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 The discovery of an allosteric site at the cannabinoid 1 (CB1) receptor has 

generated significant interest, due to the anticipated therapeutic potential of allosteric-

based drugs. The CB1 receptor is a member of the class A (rhodopsin-like) family of 

GPCRs; it is found primarily in the central nervous system (CNS) and is important in the 

regulation of neuronal activity. The CB1 receptor has been implicated in Alzheimer 

disease, cancer, obesity, and pain (6). Regrettably, drugs that target the orthosteric site of 

the CB1 receptor have failed due to unacceptable CNS-related side effects (7). CB1 

allosteric modulators could potentially avoid these side effects, due to an anticipated 

increase in receptor subtype selectivity, as well as a predicted improvement in functional 

control (48) ORG27569 (see Fig. 8), the prototypical CB1 allosteric modulator, has the 

paradoxical effect of increasing the equilibrium binding of CP55,940 (a CB1 agonist, see 

Fig. 8), while concurrently antagonizing its G protein-mediated efficacy (2). Additionally, 

ORG27569 acts as an inverse agonist of G protein-mediated signaling (49). 

 To understand these seemingly contradictory effects, we have used computational 

methods together with mutagenesis, synthesis, and pharmacological studies to identify an 

allosteric binding site for ORG27569 at the CB1 receptor and to probe its relationship to 

G protein signaling effects. We show here that the ORG27569-binding site is located in 

the TMH3-6-7 region of the CB1 receptor, partially overlapping the SR141716A-binding 

site but extending extracellularly. We identify receptor residues that are crucial not only 

for ORG27569 binding in the presence of CP55,940, but also residues important to the 

inverse agonism that ORG27569 exhibits when applied alone. Finally, we relate the 
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location of this binding site to the conformational changes associated with G protein 

activation on the extracellular side of CB1 that are blocked by ORG27569. 

 

 

Figure 8. Compounds evaluated in this study.  
 
Ring letters are used in the description of aromatic interactions. 
 

Experimental Procedures 

Amino Acid Numbering 

 The numbering scheme suggested by Ballesteros and Weinstein was employed 

here (21). In this system, the most highly conserved residue in each TMH is assigned a 

locant of 0.50. This number is preceded by the TMH number and followed by the 
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absolute sequence number in superscript. All other residues in a TMH are numbered 

relative to this residue. Sequence numbers used are human CB1 sequence numbers (22). 

Chemistry 

 Unless otherwise noted, all materials were obtained from commercial suppliers 

and used without further purification. Anhydrous solvents were obtained from Aldrich 

and used directly. All reactions involving air- or moisture-sensitive reagents were 

performed under a nitrogen atmosphere. Numbers in boldface refer to compounds shown 

in Scheme 1 (Fig. 9). 

 

  
 
Figure 9. Scheme 1. 
  

 Analytical thin layer chromatography (TLC) was carried out on plates precoated 

with silica gel GHLF (250 µm thickness). TLC visualization was accomplished with a 

UV lamp. Silica gel chromatography was performed using RediSep prepacked silica gel 
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cartridges. HPLC analyses were performed using a Waters Emperor chromatography 

system comprised of a 1525 Binary Pump, 2487 Dual 1 Absorbance Detector, and a 717 

Plus Autosampler using a Waters C-18 reverse phase XBridge column (5 µm; 4.6 × 100 

mm; 254 nm; 1 ml/min). 1H NMR spectra were run on a Bruker Advance 300 MHz NMR 

spectrometer. Low resolution mass spectra were run on a Sciex API 150 EX mass 

spectrometer (PerkinElmer Life Science) outfitted with atmospheric pressure chemical 

ionization or electrospray ionization (turbospray) sources in positive or negative modes. 

High resolution mass spectrometry (HRMS) was performed using a Waters Synapt 

HDMS quadrupole time of flight (Q-TOF) mass spectrometer interfaced to a Waters 

Acquity UPLC system. HRMS data were acquired in negative electrospray MS resolution 

mode. 

4-Cyclohexylbenzaldehyde (2) 

 This compound was prepared according to the patent procedure described in (50). 

To a dry 250-ml round bottom flask was added 1-bromo-4-cyclohexylbenzene (2.6 ml, 

14.0 mmol) and anhydrous THF (16 ml) under nitrogen. The solution was cooled in a dry 

ice/acetone bath, and n-butyllithium (1.6 M in hexane) (11 ml, 17.6 mmol, 1.26 eq) was 

added dropwise with stirring under nitrogen. The reaction mixture was stirred in the dry 

ice/acetone bath for 1 h. To the cold stirred reaction mixture was added dropwise 

anhydrous N,N-dimethylformamide (11 ml, 142 mmol, 10.1 eq). The reaction mixture 

was stirred in the dry ice/acetone bath for 1 h. The dry ice/acetone bath was replaced with 

an ice-water bath, and the reaction mixture was allowed to warm to 0 °C. To the stirred 

cold reaction mixture was added saturated ammonium chloride. The quenched reaction 
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mixture was transferred to a separatory funnel and extracted with EtOAc. The organic 

phase was separated, dried (MgSO4), and filtered, and the filtrate was concentrated to 

give the crude product as a yellow oil. The crude product was purified by flash 

chromatography over silica (120 g) with a hexane/EtOAc gradient (100:0 to 50:50) to 

give 2.4 g (91%) of the desired product as a pale yellow oil. Using 1H NMR (300 MHz; 

CDCl3), the following were observed: δ 9.97 (s, 1H), 7.81 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 

8.1 Hz, 2H), 2.59 (m, 1H), 1.69–1.98 (m, 5H), 1.16–1.54 (m, 5H). 

1-Cyclohexyl-4-[(E)-2-nitroethenyl]benzene (3) 

 This compound was prepared according to a procedure (51) described for another 

substituted benzaldehyde. 4-Cyclohexylbenzaldehyde (2.4 g, 0.0127 mol), ammonium 

acetate (1.74 g, 0.0226 mol, 1.78 eq), and nitromethane (25 ml) were combined in a 

round bottom flask, and the reaction mixture was heated at 100 °C with stirring under 

nitrogen for 2.5 h. The brown-orange reaction mixture was allowed to cool at room 

temperature and concentrated. The resulting oil was dissolved in EtOAc, and the solution 

was washed with 1 N HCl followed by saturated NaHCO3. The organic phase was 

separated, dried (MgSO4), and filtered, and the filtrate was concentrated to give an orange 

oil. The crude product was purified by flash chromatography over silica (80 g) with a 

hexane/EtOAc gradient (100:0 to 90:10) to give 1.27 g (43%) of the title compound as an 

orange oil. Using 1H NMR (300 MHz; CDCl3), the following were observed: δ 8.00 (d, J 

= 13.7 Hz, 1H), 7.57 (d, J = 13.7 Hz, 1H), 7.48 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.2 Hz, 

2H), 2.56 (m, 1H), 1.84 (m, 5H), 1.50–1.16 (m, 5H). 
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2-(4-Cyclohexylphenyl)ethan-1-amine (4) 

 This compound was prepared according to a procedure described previously (52) 

for the reduction of a nitrovinyl-substituted indole. To a dry round bottom flask was 

added 1-cyclohexyl-4-[(E)-2-nitroethenyl]benzene (396 mg, 1.7 mmol) and anhydrous 

THF (24 ml). To the stirred solution was added dropwise lithium aluminum hydride (1 M 

in THF) (8 ml, 8 mmol, 4.7 eq) at room temperature under nitrogen. The reaction mixture 

was heated at reflux for 1 h. The reaction mixture was allowed to cool at room 

temperature and then cooled in an ice-water bath. To the stirred cold reaction mixture was 

slowly added water dropwise (0.3 ml) (H2 was evolved) followed by 15% NaOH (0.3 ml) 

and water (0.9 ml). The aqueous mixture was filtered through a pad of celite, and the pad 

was washed with EtOAc. The filtrate was partially concentrated in vacuo, washed with 

saturated NaHCO3 followed by brine, dried (MgSO4), and filtered, and the filtrate was 

concentrated to give 0.314 g (90%) of the crude product as a gold-yellow oil. The crude 

product was used directly without further purification. ES-MS was 204 (MH+). 

Ethyl 3-Acetyl-5-chloro-1H-indole-2-carboxylate (6) 

 This compound was prepared according to a procedure described previously (53) 

for the corresponding 5-bromoindole analog. To a dry 500-ml round bottom flask was 

added ethyl-5-chloroindole-2-carboxylate (1.71 g, 0.0076 mol). The flask was capped 

with a rubber septum and purged with nitrogen. The indole ester was partially dissolved 

in anhydrous CH2Cl2 (40 ml). The stirred mixture was cooled in an ice-water bath, and 

diethylaluminum chloride (1 M in hexane) (15 ml, 0.015 mol, 2.0 eq) was added slowly 

dropwise. The reaction mixture was stirred with cooling for 30 min. To the cold stirred 
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reaction mixture was added dropwise a solution of acetyl chloride (1.1 ml, 0.0154 mol, 

2.0 eq) in CH2Cl2 (40 ml). The reaction mixture was stirred under nitrogen in the ice-

water bath for 6 h and then allowed to slowly warm to room temperature overnight. The 

reaction mixture was cooled in an ice-water bath, and saturated NaHCO3 (100 ml) was 

slowly added. The quenched reaction mixture was extracted with CH2Cl2. The organic 

phase was separated, washed with brine, dried (MgSO4), and filtered, and the filtrate was 

concentrated to give a gold-yellow solid. The crude product was purified by flash 

chromatography over silica (80 g) with dichloromethane to give 1.12 g (56%) of the 

desired product as a pale yellow solid. Using 1H NMR (300 MHz; CDCl3), the following 

were observed: δ 9.12 (br s, 1H), 8.12 (s, 1H), 7.34 (m, 2H), 4.48 (q, J = 7.1 Hz, 2H), 

2.74 (s, 3H), 1.46 (t, J = 7.1 Hz, 3H). ES-MS was 266 (M + H+), 288 (M + Na+), and 264 

(M − H+). 

Ethyl 5-Chloro-3-ethyl-1H-indole-2-carboxylate (7) 

 This compound was prepared according to a procedure described previously (53) 

for the corresponding 5-bromoindole analog. To a stirred solution of ethyl 3-acetyl-5-

chloro-1H-indole-2-carboxylate (1.1 g, 0.0041 mol) in trifluoroacetic acid (10 ml) was 

added dropwise triethylsilane (2.6 ml, 0.0163 mol, 4 eq) at room temperature under 

nitrogen. After 4 h, the reaction mixture was poured into water, and the aqueous mixture 

was extracted with EtOAc. The organic extract was washed with water followed by brine, 

dried (MgSO4), and filtered, and the filtrate was partially concentrated to give a 

suspension. To the suspension was added EtOAc. Fumes were released upon addition of 

EtOAc, which suggested that trifluoroacetic acid remained. The organic solution was 
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washed with saturated NaHCO3 followed by brine. The organic phase was separated, 

dried (MgSO4), and filtered, and the filtrate was concentrated to give a wet yellow solid. 

The solid was washed with hexane to give 0.893 g (87%) of the desired product as a pale 

yellow solid. Using 1H NMR (300 MHz; CDCl3), the following were observed: δ 8.71 (br 

s, 1H), 7.66 (m, 1H), 7.30 (d, J = 8.7 Hz, 1H), 7.26 (dd, J = 1.9 Hz, 8.8 Hz, 1H), 4.43 (q, 

J = 7.1 Hz, 2H), 3.07 (q, J = 7.5 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H), 1.26 (t, J = 7.5 Hz, 

3H). ES-MS was 250 (M − H+). 

5-Chloro-3-ethyl-1H-indole-2-carboxylic Acid (8)  

 To a stirred solution of ethyl 5-chloro-3-ethyl-1H-indole-2-carboxylate (405 mg, 

1.61 mmol) in 1,4-dioxane (12 ml) was added 1 N NaOH (8 ml, 8 mmol, 5 eq). The 

reaction mixture was heated under nitrogen at 120 °C for 30 min. The reaction mixture 

was allowed to cool at room temperature. To the stirred reaction mixture was added 1 N 

HCl to pH ∼3 (indicator strip). The acidic mixture was transferred to a separatory funnel 

and extracted with EtOAc. The organic phase was separated, washed with brine, dried 

(MgSO4), and filtered, and the filtrate was concentrated to give 0.39 g of a white solid. 

The solid was dried at 80 °C under vacuum to give 0.376 g. 1H NMR indicated the 

sample contains 1,4-dioxane (14% by weight). Final yield of the desired product (less 

1,4-dioxane) was 0.323 g (90%). Using 1H NMR (300 MHz; CDCl3), the following were 

observed: δ 8.73 (br s, 1H), 7.69 (m, 1H), 7.30 (m, 2H), 3.13 (q, J = 7.5 Hz, 2H), 1.30 (t, 

J = 7.5 Hz, 3H). ES-MS was 222 (M − H+). 
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5-Chloro-N-[2-(4-cyclohexylphenyl)ethyl]-3-ethyl-1H-indole-2-carboxamide (9) 

 To a stirred mixture of 5-chloro-3-ethyl-1H-indole-2-carboxylic acid (77 mg, 0.34 

mmol), 1,3-dicyclohexylcarbodiimide (81 mg, 0.39 mmol, 1.15 eq), and 1-

hydroxybenzotriazole hydrate (52 mg, 0.38 mmol, 1.13 eq) in anhydrous 

dichloromethane (12 ml) was added dropwise a solution of crude 2-(4-

cyclohexylphenyl)ethan-1-amine (147 mg) in CH2Cl2 (4 ml) at room temperature under 

nitrogen. After 22 h, the reaction mixture was filtered through a pad of celite, and the pad 

was washed with dichloromethane. The filtrate was concentrated to give a cloudy yellow 

oil. To the oil was added dichloromethane, and the turbid mixture was filtered. The 

filtrate was applied to a silica column (24 g) and purified by flash chromatography with a 

hexane/EtOAc gradient (100:0 to 50:50) to give a white solid that was dried under 

vacuum at 70 °C. 

HPLC Conditions 

 Waters XBridge C-18 reverse phase column (5 µm; 4.6 × 100 mm; 1 ml/min; 

CH3CN/water (90:10)) indicated the compound was 94% pure. The solid was triturated at 

room temperature with EtOAc followed by MeOH (two times) and hexane (two times) 

and then dried under vacuum at 70 °C to give 23.2 mg (17%) of the title compound as a 

white solid. HPLC analysis indicated the compound was 98.4% pure. Using 1H NMR 

(300 MHz; CDCl3), the following were observed: δ 7.57 (d, J = 1.9 Hz, 1H), 7.33 (d, J = 

8.7 Hz, 1H), 7.17 (m, 5H), 3.63 (t, J = 7.3 Hz, 2H), 2.93 (m, 4H), 2.47 (m, 1H), 1.79 (m, 

5H), 1.53–1.22 (m, 5H), 1.16 (t, J = 7.5 Hz, 3H). HRMS analysis was calculated for 

C25H28ClN2O as 407.1890 (M − H+) and observed as 407.1904. 
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HEK293 Cells 

 HEK293 cells were stably transfected with varying CB1 receptor mutations: 

K3.28192A, F3.36200A, W5.43279A, W6.48356A, F3.25189A, and wild-type (WT). These 

transfected cell lines express the receptor at ∼1 pmol/mg protein as described previously 

(23,54). Cells were maintained at 37 °C and 5% CO2 in DMEM + 4.5g/liter glucose 

supplemented with 10% fetal bovine serum, 0.7 mg/ml G418, and 0.6% 

penicillin/streptomycin. These cells were passed approximately twice a week using 

nonenzymatic cell dissociation solution. When using these cells in the [35S]GTPγS 

binding assay, cells were starved of fetal bovine serum for 24 h before being scraped and 

frozen in a pellet at −20 °C. 

[35S]GTPγS Binding Assay 

 0.5 mg/ml cell membranes were incubated with the agonist with vehicle or 

modulator for 60 min at 30 °C in assay buffer (50 mM Tris-HCl; 50 mM Tris base; 5 mM 

MgCl2; 1 mM EDTA; 100 mM NaCl; 1 mM DTT; 0.1% BSA) in the presence of 0.1 nM 

[35S]GTPγS and 30 µM GDP, in a final volume of 500 µl. Binding was initiated by the 

addition of [35S]GTPγS. Nonspecific binding was measured in the presence of 30 µM 

GTPγS. The reaction was terminated by rapid vacuum filtration (50 mM Tris-HCl; 50 

mM Tris base; 0.1% BSA) using a 24-well sampling manifold (cell harvester; Brandel, 

Gaithersburg, MD) and GF/B filters (Whatman, Maidstone, UK) that had been soaked in 

buffer (50 mM Tris-HCl; 50 mM Tris base; 0.1% BSA) for at least 24 h. Each reaction 

tube was washed five times with a 1.2-ml aliquot of ice-cold wash buffer. The filters were 
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oven-dried for at least 60 min and then placed in 4 ml of scintillation fluid (Ultima Gold 

XR, Packard). Radioactivity was quantified by liquid scintillation spectrometry. 

Molecular Modeling: Conformational Analysis of Allosteric Modulators 

 A complete conformational analysis of ORG27569 and PHR015 was performed 

using ab initio Hartree-Fock calculations at the 6–31G* level as encoded in the Spartan 

molecular modeling program (Wavefunction, Inc., Irvine, CA), as described previously 

(55). Specifically, HF 6–31G* 6-fold conformer searches were performed for all rotatable 

bonds. In each conformer search, local energy minima were identified by rotation of a 

subject torsion angle through 360° in 60° increments (6-fold search), followed by HF 6–

31G* energy minimization of each rotamer generated. To calculate the difference in 

energy between the global minimum energy conformer of each compound and its final 

docked conformation, rotatable bonds in the global minimum energy conformer were 

driven to their corresponding value in the final docked conformation, and the single-point 

energy of the resultant structure was calculated at the HF 6–31G* level. The global 

minimum energy conformers of ORG27569 and PHR015 were compared by 

superimposing the two structures on all heavy atoms (see Fig. 14C). 

Docking of ORG27569 in the Presence of CP55,940  

 The results of equilibrium binding assays from Kendall and co-workers (47), Ross 

and co-workers (2), and Fay and Farrens (56), as well as recent structural studies also 

from Fay and Farrens (56), strongly suggest that ORG27569 is inducing an R** 

conformation of the CB1 receptor (i.e. an intermediate receptor conformation that can 

bind agonists, yet does not signal in G protein-mediated pathways). However, before 
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docking the allosteric modulators in our previously published model of the CB1R* (active 

state) receptor (with CP55,940 docked in its global minimum energy conformation, with 

respect to its ring systems) (57), the extracellular (EC) loops were temporarily removed 

from the model; this was done to allow a better exploration of potential allosteric binding 

sites. In addition, the N (residues 1–111) and C (residues 414–472) termini were 

truncated in our model, as mutation results from Fay and Farrens (56) have shown that 

ORG27569 is able to antagonize the efficacy of CP55,940 at WT levels (in G protein-

mediated pathways) at mutant CB1 receptors in which both the N and C termini have 

been truncated. 

 ORG27569 (in its global minimum energy conformation) was manually docked in 

the TMH3-6-7 region of the receptor; this is consistent with the results of equilibrium 

binding assays that suggest that ORG27569 displaces SR141716A (but not other 

orthosteric ligands) (2). The automatic docking program, Glide (version 5.7, Schrödinger, 

LLC, New York), was then used to explore other possible receptor binding modes of 

ORG27569. Glide was used to generate a grid based on the centroid of select residues in 

the binding site (from the manual dock). Standard precision was selected for the docking 

setup. Recently, ORG27569 has been observed to act as an inverse agonist in G protein-

mediated pathways (47,49); thus, we hypothesized that ORG27569 may interact with 

K3.28192, a residue that we have previously reported to be critical to the inverse agonism 

of SR141716A (58,59). The geometry of the global minimum energy conformation of 

ORG27569 (as well as receptor topography near K3.28192) suggested that its piperidine 

nitrogen would be the most likely hydrogen bond acceptor to interact with K3.28192. 
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Therefore, the formation of a hydrogen bond between ORG27569’s piperidine nitrogen 

and K3.28192 was the only constraint used for the automatic docking of ORG27569. The 

26 lowest energy conformations (≤0.67 kcal/mol above global min) of ORG27569 were 

docked using Glide; the Glide dock with the best geometry between ORG27569’s 

piperidine nitrogen and K3.28192 was selected for additional calculations. 

Modeling of EC Loops 

 Using interactive computer graphics, the EC loops (EC-1, Phe-180–Ser-185; EC-

2, Gly-254–Glu-273; and EC-3, Gly-369–Lys-376) were manually added to the chosen 

Glide dock. The program Modeler was then used to refine loop structures (26,27). 

Because of their close spatial proximity, the conformations of all three EC loops were 

calculated together. Chosen loop conformations were those that produced a low value of 

the Modeler objective function. The model was then minimized using a three-stage 

minimization protocol (described below). 

Docking of PHR015 in the Presence of CP55,940 

 The geometry of the global minimum energy conformers of ORG27569 and 

PHR015 is quite similar (see Fig. 14C). Therefore, we manually docked PHR015 using 

the ORG27569-selected Glide output as a guide. The primary difference between the 

ORG27569 and PHR015 docks is that PHR015 did not form an electrostatic interaction 

with K3.28192. The model was then minimized using a three-stage minimization protocol 

(described below). 
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Docking of ORG27569 Alone in the R (Inactive) Conformation of Wild-type and 

F3.25189A CB1 

 As mentioned previously, ORG27569 acts as an inverse agonist (i.e. reduces basal 

signaling) of the G protein-mediated pathway when applied alone. This suggests that 

ORG27569, when applied alone, preferentially binds to an inactive (R) conformation of 

CB1. However, before docking ORG27569 in our previously published model of CB1 in 

its inactive conformation (59), the helices and loops were pulled apart 2 Å in the x-y 

plane (a plane that would be parallel to the plane of a lipid bilayer). This was necessary 

because the binding region of the inactive model of CB1 was more compact than the 

active model, and thus pulling the helices apart allowed a better exploration of possible 

ORG27569 binding modes. The F3.25189A inactive model was constructed by mutating 

F3.25189 to an alanine after the helices had been pulled apart. Performing the mutation at 

this point (after pulling the model apart, but before subsequent calculations) provided the 

model the conformational freedom to respond to the structural consequences of the 

mutation. 

 In addition, in recent functional studies from Fay and Farrens (56), it was 

observed that ORG27569 did not act as an inverse agonist (when applied alone) when the 

N and C termini were truncated. Therefore, the N (Ser-88–Asn-112) and C (Ser-414–Leu-

471) termini were modeled using Modeler (as described above). Structures with a low 

value of the Modeler objective function were chosen. In running Modeler on the C 

terminus, only the unstructured regions were explored; Ala-440–Met-461 were modeled 

as an α-helix that would be parallel to a lipid bilayer (i.e. the same plane as Helix 8); this 
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is consistent with NMR results that suggest the existence of “Helix 9” in the C terminus 

(34). 

 Glide was then used to dock the 26 lowest energy conformations (≤0.67 kcal/mol 

above global min) of ORG27569, in both the WT R and F3.25189A R models, exactly as 

described above. The minimization protocol used to minimize these inactive models is 

described below, with one alteration as follows: only stages 2 and 3 were performed 

(stage 1 was omitted, as the TMHs needed to first pull together, before allowing the 

loops/termini to relax). 

Receptor Model Energy Minimization Protocol 

 The energy of the ligand(s)-CB1 complex, including loop regions, was minimized 

using the OPLS 2005 force field in Macromodel 9.9 (Schrödinger LLC). An 8.0-Å 

extended nonbonded cutoff (updated every 10 steps), a 20.0-Å electrostatic cutoff, and a 

4.0-Å hydrogen bond cutoff were used in each stage of the calculation. The minimization 

was performed in three stages. In the first stage of the calculation, the ligand(s) and TMH 

bundle were frozen, but the loops were allowed to relax. The generalized Born/surface 

area continuum solvation model for water as implemented in Macromodel was used. This 

stage of the calculation consisted of a Polak-Ribier conjugate gradient minimization in 

1000-step increments until the bundle reached the 0.05 kJ/mol gradient. In the second 

stage, a harmonic constraint was placed on all the TMH backbone torsions (ϕ, ψ, and ω), 

with this constraint gradually reduced to zero in 500-step increments (using a total of 

2500 steps to reach zero). In addition, a 500 kcal/mol harmonic constraint was placed on 

the backbone torsions of the loops. No constraints were placed on the ligand(s) during 
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this stage. The minimization consisted of a conjugate gradient minimization using a 

distance-dependent dielectric, performed in 1000-step increments until the bundle 

reached the 0.05 kJ/mol gradient. The third stage was performed exactly like the first 

stage; this was done to allow the loops to adjust to changes that occurred in the TMH 

region (during the second stage of the minimization). 

Assessment of Pairwise Interaction and Total Energies 

 Interaction energies between the allosteric modulator and the CB1R**-CP55,940, 

WT CB1R, and F3.25189A CB1R complexes were calculated using Macromodel, as 

described previously (57). Specifically, after defining the atoms of the allosteric 

modulator as one group (group 1) and the atoms corresponding to a residue that lines the 

binding site in the final ligand-CB1R** complex as another group (group 2), Macromodel 

was used to output the pairwise interaction energy (Coulombic and van der Waals) for a 

given pair. 

Molecular Dynamics Simulation of ORG27569 Docked in the CB1R**-CP55,940 

Complex and of CP55,940 Alone at CB1R* 

 The minimized model of ORG27569 docked in CB1 R** (in the presence of 

CP55,940), as well as the model of CP55,940 (alone) at CB1R*, was further studied using 

molecular dynamics. The OPLS2005 force field was utilized with a distance-dependent 

dielectric (coefficient of 2.0 to match the docking studies). The extended nonbonded 

treatment was employed, as in the minimization procedure discussed above. The 

dynamics module of Macromodel 9.1 was invoked, using stochastic dynamics at 300 K 

with the use of SHAKE constraints for bonds to hydrogen allowing a 1.5-fs time step. 
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The models were first minimized for 500 steps with restraints on all the heavy atoms, 

using a large force constant of 4184 kJ/mol. The molecular dynamics was then initialized 

to 300 K, and an initial 100 ps of molecular dynamics was run. Subsequently, these 

restraints were slowly released for the side chain heavy atoms (4184–0.05 kJ/mol halving 

in each step for a total of 16 steps), and at each step 150 ps of dynamics was performed. 

Finally, a 22.5-ns molecular dynamics simulation was conducted. Because the goal of this 

simulation was to explore the dynamic behavior of both ORG27569 and CP55,940 in the 

binding pocket (as well as CP55,940 alone in its binding site), in these simulations only 

the amino acid side chains and ligands were free to move. Macromodel was used to 

calculate the docking energy of ORG27569 and CP55,940, as a function of simulation 

time, with a resolution of 1 ns. 

Results 

Chemistry 

 A synthesis of a novel cyclohexyl analog of ORG27569, 5-chloro-N-[2-(4-

cyclohexylphenyl)ethyl]-3-ethyl-1H-indole-2-carboxamide (PHR015, 9), wherein the 

piperidine ring is replaced with a cyclohexyl ring was developed for this study. The 

synthesis of the analog was not known and that of the parent ORG27569 had not yet been 

reported (60). Thus, commercially available 1-bromo-4-cyclohexylbenzene (1) was 

metallated via a metal-halogen exchange with n-butyllithium and the metallated 

intermediate captured with dimethylformamide to afford the corresponding aldehyde (2) 

following the patent procedure (50) in 91% yield after chromatographic purification. 

Condensation of 2 with nitromethane (51) provided the nitrostyrene 3 in 43% yield. The 
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1H NMR spectrum exhibited trans-coupled vinyl protons. Reduction (52) of the 

nitrostyrene 3 with lithium aluminum hydride gave the amine 4 in 90% unpurified yield. 

The electrospray mass spectrum (ES-MS) showed the expected M + 1 molecular ion. 

 The indole portion of the molecule was prepared from commercially available 

ethyl 5-chloroindole-2-carboxylate 5 in essentially the method recently reported (53,60). 

Thus, 5 was acylated with acetyl chloride catalyzed by diethylaluminum chloride to 

provide the 3-acetylindole 6 in 56% yield after chromatographic purification (53). 

Selective reduction of the keto carbonyl of 6 with triethylsilane in the presence of 

trifluoroacetic acid gave the ethyl group of compound 7 an 87% yield after extractive 

work up (53). Saponification of the ester 7 afforded the acid 8 in a 90% yield. The 1H 

NMR and ES-MS supported the assigned structures of 5–7. 

 Coupling amine 4 with acid 8, mediated by dicyclohexylcarbodiimide and 

hydroxybenztriazole, provided the target amide 9 in 17% yield after purification by 

chromatography and trituration. The compound was >98% pure by HPLC analysis, and 

the structure was supported by 1H NMR and HRMS. 

Generation of CB1 Receptor Mutants 

 Because previous studies have demonstrated that in ligand displacement assays 

ORG27569 can displace the CB1 antagonist/inverse agonist, SR141716A, mutation 

studies focused on residues shown to be important for SR141716A binding as follows: 

K3.28192A, F3.36200A, W6.48356A, and W5.43279A (22,23,54,58), as well as an aromatic 

binding pocket residue shown not to be important for SR141716A binding, F3.25189A 

(23,54). 
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[35S]GTPγS Binding Assays: Functional Analysis of ORG27569 at WT and Mutant 

CB1 Receptors 

 [35S]GTPγS binding assays were used to measure the stimulation of GTPγS 

binding at WT and mutant CB1 receptors upon addition of CP55,940, in the presence (or 

absence) of ORG27569; [35S]GTPγS binding assays were also used to measure the ability 

of ORG27569 to act as an inverse agonist at WT and mutant CB1 receptors. In WT cells, 

ORG27569 (1 µM) abolished the effect of CP55940, such that there was a reduction in 

basal [35S]GTPγS binding (see Fig. 10A). In line with this, ORG27569 behaved as an 

inverse agonist in WT cells, displaying a level of inverse efficacy in line with that of 

SR141716A (see Fig. 10B). 

K3.28192A 

 CP55,940 has an EC50 value of 225 nM (95% CL, 55–923) when applied alone at 

the K3.28192A mutant; this EC50 value is significantly larger than WT (1.3 nM; 95% CL, 

0.3–5) and suggests that this mutation does influence the activity of CP55,940. This result 

is consistent with CB1 K3.28192A mutation studies that showed a significant loss of 

binding affinity and efficacy for the classical cannabinoid, HU-210, the nonclassical 

cannabinoid, CP55,940, and the endogenous cannabinoid, anandamide (61). In cells 

expressing the K3.28192A mutant, ORG27569 lost the ability to completely antagonize 

the efficacy of CP55,940 (see Fig. 10C). Thus, 1 µM ORG27569 produced a complete 

antagonism in WT cells (see Fig. 10A) but only an inhibition of 41% at the same 

concentration in cells expressing the K3.28192A mutant (see Table 5 and Fig. 10C). 

  



57 

 
 
Figure 10. Effect of ORG27569 on CP55,940-induced [35S]GTPγS binding, as well as the 
effect on basal levels of [35S]GTPγS binding, in wild-type and hCB1R cells expressing 
the K3.28192A mutant.  
 
A, CP55,940-induced [35S]GTPγS binding when applied alone (DMSO) or in the 
presence of ORG275659 (1 µM). The effect of CP55940 is expressed as a percentage of 
the Emax value of CP55940 in the presence of vehicle. B, effect of ORG27569 and 
SR141617A on basal levels of [35S]GTPγS binding in wild-type (WT) cells. C, 
CP55,940-induced [35S]GTPγS binding when applied alone (DMSO) or in the presence 
of ORG275659 (1 µM) in K3.28192A mutant hCB1R cells. The effect of CP55940 is 
expressed as a percentage of the Emax value of CP55940 in the presence of vehicle. D, 
effect of ORG27569 on basal levels of [35S]GTPγS binding in WT and K3.28192A mutant 
hCB1R cells is illustrated here. Data were analyzed via one sample t test compared with 
zero where **, p ≤ 0.01; ***, p ≤ 0.001. 
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Table 5 
 
CP55,940-induced [35S]GTPγS binding in wild-type and mutant hCB1R cells, when 
applied alone (DMSO) or in the presence of an allosteric modulator (1 µM) 
 

Cell line DMSO/allosteric Emaxa (%) (95% CL) 
WT DMSO 100 (72–122) 

 ORG27569 Inverse effectb 
 PHR015 31 (9–53)c 

K3.28192A DMSO 100 (75–125) 
 ORG27569 41 (17–66)c 
 PHR015 15 (−10–39)c 

F3.36200A DMSO 100 (56–144) 
 ORG27569 Inverse effectb 

W5.43279A DMSO 100 (73–127) 
 ORG27569 103 (45–160) 

W6.48356A DMSO 100 (56–144) 
 ORG27569 Inverse effectb 

F3.25189A DMSO 100 (78–123) 
 ORG27569 19 (−10–48)c 

a Maximal agonist effect is expressed as a % of the maximum effect of CP55940 in the presence of vehicle, 
as determined using nonlinear regression analysis. Values represent the mean with 95% confidence interval 
of four to six experiments. 
b Data decrease in the basal binding indicative of inverse effect. 
c Data are significantly different (nonoverlapping confidence limits) from the DMSO vehicle. 
 

 Fig. 10D shows that for WT CB1, ORG27569 at concentrations of 0.1, 1, and 10 

µM produced a statistically significant decrease in basal [35S]GTPγS binding, rendering it 

an inverse agonist. Fig. 10D also suggests a trend toward inverse agonism for ORG27569 

at the K3.28192A mutant; however, the decrease in basal [35S]GTPγS binding even at the 

highest concentration of 10 µM did not reach statistical significance. We were not able to 

test higher concentrations of ORG27569 due to solubility issues. Regardless, these results 

clearly illustrate that inverse agonism of ORG27569 is greatly attenuated at the 

K3.28192A mutant. Altogether, these results suggest that K3.28192 is part of the 

ORG27569-binding site; in addition, these results suggest that an interaction with 
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K3.28192 may be important (although not unequivocally required) for ORG27569’s 

inverse agonism. 

F3.36200A and W6.48356A 

 ORG27569 completely antagonized the efficacy of CP55,940 at both the 

F3.36200A and W6.48356A mutant (see Table 5 and Fig. 11, A and C). If ORG27569 

interacted significantly with either of these residues, one would expect that these 

mutations would reduce the ability of ORG27569 to antagonize the efficacy of CP55,940. 

Also like WT, ORG27569 acted as an inverse agonist when applied alone (at either of 

these mutants), as well as in the presence of CP55,940 (see Fig. 11, B and D and A and C, 

respectively). Therefore, these results suggest that neither F3.36200 nor W6.48356 is part of 

the ORG27569-binding site. 

W5.43279A 

 ORG27569 was unable to antagonize the efficacy of CP55,940 at the W5.43279A 

mutant at a concentration that abolished the effect of CP55940 in WT cells (see Table 5 

and Fig. 12A). If ORG27569 interacted significantly with W5.43279, one would expect 

that the W5.43279A mutation would reduce the ability of ORG27569 to antagonize the 

efficacy of CP55,940, but not completely eliminate its ability to antagonize CP55,940. 

Also unlike WT, ORG27569 was unable to act as an inverse agonist when applied alone 

at the W5.43279A mutant (see Fig. 12B) nor in the presence of CP55,940 (see Fig. 12A). 

W5.43279 is a large central binding pocket residue in the TMH3-4-5 region of CB1. We 

have shown previously that although the W5.43279A mutation does not affect CP55,940 

binding or signaling, it has a profound effect on SR141716A and WIN55,212-2 binding 
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and function (23,54). This is most likely because of a structural change in the TMH3-4-5 

binding pocket region. The fact that ORG27569 was unable to affect CP55,940 signaling 

or act as an inverse agonist at this mutant suggests that it has also been impacted by the 

structural change produced by the w5.43279A mutation. This may be because the mutation 

has altered its binding pocket. 

 

 

Figure 11. [35S]GTPγS binding in F3.36200A and mutant W6.48356A  hCB1R cells.  
 
A, CP55,940-induced [35S]GTPγS binding in F3.36200A mutant hCB1R cells, when 
applied alone (DMSO) or in the presence of ORG27569 (1 µM). B, effect of ORG27569 
alone on [35S]GTPγS basal binding in WT and F3.36200A hCB1 cells. C, CP55,940-
induced [35S]GTPγS binding in W6.48356A mutant hCB1R cells, when applied alone 
(DMSO) or in the presence of ORG27569 (1 µM). D, effect of ORG27569 alone on basal 
[35S]GTPγS binding in WT and W6.48356A hCB1 cells. Symbols represent mean values 
±S.E. from three to six experiments carried out in duplicate. Effect of CP55940 is 
expressed as a percentage of the Emax value of CP55940 in the presence of vehicle.  
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Figure 12. [35S]GTPγS binding in F5.43279A and mutant F3.25189A  hCB1R cells. 
 
A, CP55,940-induced [35S]GTPγS binding in W5.43279A mutant hCB1R cells, when 
applied alone (DMSO) or in the presence of ORG27569 (1 µM). B, effect of ORG27569 
alone on [35S]GTPγS basal binding in WT and W5.43279A hCB1 cells. C, CP55,940-
induced [35S]GTPγS binding in F3.25189A mutant hCB1R cells, when applied alone 
(DMSO) or in the presence of ORG27569 (1 µM). D, effect of ORG27569 alone on basal 
[35S]GTPγS binding in WT and F3.25189A cells. Symbols represent mean values ± S.E. 
from three to six experiments carried out in duplicate. Effect of CP55940 is expressed as 
a percentage of the Emax value of CP55940 in the presence of vehicle. 
 

F3.25189A 

 CP55,940 has an EC50 value of 35 nM (95% CL, 9-131) (see Fig. 12C) when 

applied alone at the F3.25189A mutant; this EC50 value is significantly different from WT 

and suggests that this mutation does influence CP55,940’s efficacy. In addition, 
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ORG27569 antagonized the efficacy of CP55,940 at the F3.25189A mutant (see Table 5 

and Fig. 12C). If ORG27569 interacted significantly with F3.25189, one would expect that 

the F3.25189A mutation would significantly reduce the ability of ORG27569 to antagonize 

the efficacy of CP55,940. Therefore, these results suggest that F3.25189 does not form a 

significant interaction with ORG27569 (while in the presence of CP55,940) that is 

important for the ability of ORG2759 to antagonize CP55,940’s efficacy. However, 

unlike WT, ORG27569 was unable to act as an inverse agonist when applied alone at the 

F3.25189A mutant (see Fig. 12D). These results suggest that ORG27569, when applied 

alone, may form an interaction with F3.25189. 

Functional Analysis of PHR015 at WT and K3.28192A CB1 

 The results of characterizing ORG27569 at the K3.28192A mutant suggested that 

ORG27569 may form an interaction with K3.28192 that is important for its ability to 

antagonize the efficacy of CP55,940, as well as act as an inverse agonist. Our 

computational results suggested that ORG27569’s piperidine ring nitrogen was the most 

likely hydrogen bond acceptor to interact with K3.28192. Therefore, we synthesized and 

characterized (using [35S]GTPγS binding assays, at WT and K3.28192A CB1) an analog of 

ORG27569 (PHR015, see Fig. 8), in which ORG27569’s piperidine ring has been 

replaced with a cyclohexyl ring, eliminating the hydrogen bond accepting capability in 

this ring. 

 PHR015 was unable to completely antagonize the efficacy of CP55,940 at WT 

CB1 (see Table 5 and Fig. 13A), and the results for PHR015 at the K3.28192A mutant were 

quite similar (see Table 5 and Fig. 13B). It should be noted that CP55940’s signaling is 
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affected by the K3.28192A mutation, so the curves in Fig. 13B are shifted to higher 

concentrations. Fig. 13C shows that PHR015 does not have a statistically significant 

effect on basal [35S]GTPγS binding either at WT CB1 or the K3.28192A mutant. Because 

the effects of PHR015 at WT CB1 and the K3.28192A mutant were quite similar, these 

results suggest that PHR015 may lack the ability to interact with K3.28192. 

 

 
 
Figure 13. Characterization of PHR015.  
 
A, CP55,940-induced [35S]GTPγS binding when applied alone (DMSO) or in the 
presence of PRH015 (1 µM). B, CP55,940-induced [35S]GTPγS binding when applied 
alone (DMSO) or in the presence of PHR015 (1 µM) in K3.28192A mutant cells. C, effect 
of PHR015 alone on basal [35S]GTPγS binding in WT and K3.28192A mutant hCB1R 
cells. Symbols represent mean values ± S.E. from three to six experiments carried out in 
duplicate. Effect of CP55940 is expressed as a percentage of the Emax of CP55940 in the 
presence of vehicle. 
 

Mutant Cycle 

 Figs. 10, A and C, and 13, A and B, describe the equivalent of a mutant cycle set 

of experiments. Here, functional effects (rather than effects on binding affinity) are used 

to determine whether a direct interaction between ligand and receptor occurs. In a mutant 

cycle, a set of complementary chemical groups is deleted from both ligand (ORG27569 
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→ PHR015) and receptor (WT CB1 → K3.28192A). If there is a direct interaction between 

the ORG27569 piperidine nitrogen and K3.28192, then one would expect similar effects if 

the ligand is “mutated,” i.e. ORG27569 → PHR015, and tested at WT CB1 or the amino 

acid is mutated, WT CB1 → K3.28192A, and tested with ORG27569. 

 As discussed previously, PHR015 was unable to completely antagonize the 

efficacy of CP55,940 at WT CB1 nor was ORG27569 able to completely antagonize the 

efficacy of CP55940 at the K3.28192A mutant. More importantly, these two Emax values 

are not statistically different from each other (Emax = 31% (9–53) for PHR015 and Emax = 

41% (17–66) for ORG27569). The decrease in efficacy due to the deletion of ligand 

functionality may result from a loss in binding energy, whereas a decrease in efficacy due 

to receptor residue substitution may come from conformational contributions. These 

losses may have similar magnitudes, even if the deleted groups do not directly interact 

with each other (62). Therefore, the key to determination of whether deletions have 

occurred between two groups that interact indirectly or directly is the effect produced by 

simultaneous deletion of both groups (i.e. PHR015 tested at K3.28192A). If the modified 

groups do not interact directly with each other in the WT state then the effect of the two 

simultaneous changes will be additive. If the interaction is a direct one, deletion of ligand 

functionality plus mutation of the amino acid will not be additive but should be 

comparable with either of the single changes. PHR015 decreased the Emax value of 

CP55940 to an extent at the K3.28192A mutant (Emax = 15% (−10−39) (see Table 5 and 

Fig. 13B) that is not statistically significantly different from the single change cases listed 
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above. Therefore, these results suggest that a direct interaction occurs between the 

ORG27569 piperidine nitrogen and residue K3.28192 in WT CB1. 

 The same conclusion can be reached by considering the effect on [35S]GTPγS 

binding produced by ORG27569 versus PHR015 at WT CB1 or the K3.28192A mutant 

when each compound is applied alone. Fig. 10D shows that at concentrations of 0.1, 1, 

and 10 µM, ORG27569 has a statistically significant inverse effect on basal [35S]GTPγS 

signaling. In contrast, although ORG27569 at the K3.28192A mutant showed a trend 

toward an inverse effect on basal [35S]GTPγS binding at higher concentrations, this effect 

did not achieve statistical significance (Fig. 10D). Fig. 13C shows that PHR015 has no 

dose-dependent effect upon basal [35S]GTPγS signaling at WT CB1 when applied alone 

(see Fig. 13C). Therefore, using the logic of the mutant cycle as described previously, the 

key to the determination of whether deletions have occurred between two groups that 

interact indirectly or directly is the effect produced by simultaneous deletion of both 

groups (i.e. PHR015 at CB1 K3.28192A). Fig. 13C shows that PHR015 has no dose-

dependent effect on [35S]GTPγS binding at the K3.28192A mutant when applied alone. 

This result suggests a direct interaction between the piperidine nitrogen of ORG27569 

and K3.28192 in WT CB1 is important for ORG27569 to act as an inverse agonist. 

Modeling Studies: Conformational Analysis 

 Fig. 14A illustrates the global minimum energy conformer (hereafter named 

“global min”) of ORG27569 (lime), superimposed on its final docked conformer 

(orange); it is clear from this figure that the docked conformation of ORG27569 is quite 
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similar to its global min. The energetic cost of ORG27569 adopting its final docked 

conformation was calculated to be 0.72 kcal/mol. 

 Fig. 14B illustrates the global min of PHR015 (lavender), superimposed on its 

final docked conformer (pink); it is clear from this figure that the docked conformation of 

PHR015 is quite similar to its global min. The energetic cost of PHR015 adopting its 

final docked conformation was calculated to be 0.44 kcal/mol. 

 

 

Figure 14. Comparison of the global minimum energy conformers (global min) and 
docked conformers of ORG27569 and PHR015. 
 
A, final docked conformer of ORG27569 (orange) is shown overlaid on its global min 
(lime); the energy expense of ORG27569 to adopt its docked conformation was 
calculated to be 0.72 kcal/mol. B, final docked conformer of PHR015 (pink) is shown 
overlaid on its global min (lavender); the energy expense of PHR015 to adopt its docked 
conformation was calculated to be 0.44 kcal/mol. C, global min of PHR015 (lavender) is 
shown overlaid with the global min of ORG27569 (lime). 
  

 Finally, Fig. 14C illustrates the global min of ORG27569 (lime), superimposed on 

the global min of PHR015 (lavender); it is clear from this figure that the global min of 
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ORG27569 and PHR015 is quite similar. These results indicate that ORG27569 and 

PHR015 may assume similar conformations, suggesting that both ligands may bind at a 

similar region of CB1. 

Creation of the CB1R** Complex: Docking ORG27569 (in the Presence of 

CP55,940) in the CB1R* Model 

 The CB1R** model represents a receptor state that is promoted by ORG27569 in 

the presence of CP55,940. As such, it exists only in complex with ORG27569 and 

CP55,940. This state is one that would promote the binding of agonist, yet not signal via 

G protein-mediated pathways. The CB1R** complex model was derived from our 

previously published activated state CB1R* model (57), and differs from the R* model 

primarily on the extracellular side of the receptor in the conformations of the EC-2 and 

EC-3 loops and the EC end of TMH6. The conformations of these components are 

restricted by the presence of ORG27569 and CP55,940. 

 Before docking ORG27569, the global min of CP55,940 (with respect to its ring 

systems) was docked at its previously identified binding site (24), i.e. the TMH1-2-3-7 

region of CB1 (i.e. the “classical/endogenous cannabinoid” binding site). In general, 

CP55,940 is oriented so that its three hydroxyl groups are near the extracellular face of 

the receptor; in contrast, its hydrophobic dimethylheptyl tail is positioned lower, within 

the transmembrane core. Most interestingly, CP55,940 forms an important hydrogen 

bond with K3.28192; this is consistent with mutation studies that indicate CP55,940 has a 

reduced binding affinity at the K3.28192A mutant (61). For additional information 

regarding the CP55,940-binding site at the CB1 receptor, see (24). 
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 Fig. 15 illustrates ORG27569 (orange) docked at its binding site, in the presence 

of CP55,940 (cyan). Residues that contribute 5.5% (or more) of ORG27569’s total 

interaction energy with the CB1R** receptor-CP55,940 complex are shown in lavender; 

K3.28192 is shown in yellow. ORG57569’s net interaction energy with the receptor-

CP55,940 complex is −56.22 kcal/mol. 

 

 

Figure 15. Dock of ORG27569 (orange) at the CP55,940 (cyan)-CB1R** complex. 
 
The view is from the lipid bilayer looking toward TMH3. TMH2 and the EC-1 loop have 
been omitted for clarity. Residues that contribute ≥5.5% of ORG27569’s total interaction 
energy are shown in lavender. K3.28192 contributes 11.09% of ORG27569’s total 
interaction energy and is shown in yellow; K3.28192 is shown forming a hydrogen bond 
(yellow dashes) with both ORG27569 and CP55,940. 
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 The binding site of ORG27569 was identified by Glide docking studies to be in 

the TMH3-6-7 region of CB1 (see Fig. 15); this is consistent with our recently published 

mutation results that suggest that ORG27569 does not bind at the W5.43279A mutant CB1 

receptor (49). Ligands that bind at the TMH3-4-5-6 region of the CB1 receptor have little 

to no binding affinity at the W5.43279A mutant; this is likely due to a gross 

conformational change that occurs in this region of the receptor upon removal of this 

large central residue (23,54). 

 Fig. 16 illustrates that the ORG27569-binding site overlaps with our previously 

identified binding site for SR141716A (23,58,59); this is consistent with the results of 

equilibrium binding studies that suggest that ORG27569 displaces SR141716A (2). 

 

 

Figure 16. Overlay of ORG27569 (orange) and SR141716A (lavender) in the CB1R** 
model. 
 
A, SR141716A (contoured at its van der Waals radii) occupies the TMH3-4-5-6 aromatic 
microdomain of CB1, extending its piperidine ring into the TMH2/7 region. B, 
SR141716A and ORG27569 are illustrated here in their CB1 binding sites, with docks 
superimposed. As indicated by the red circle, there is severe steric overlap between these 
ligands. This steric overlap may explain why ORG27569 displaces SR141716A in 
equilibrium binding assays. Here, it is also clear that the binding site of ORG27569 
extends higher in the TMH bundle toward EC loops than the binding site of SR141716A. 
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However, the ORG27569-binding site is more extracellular than the SR141716A-binding 

site. These results are consistent with the results of our mutation studies that illustrate that 

ORG27569’s ability to influence CP55,940’s binding and signaling is unaffected at the 

F3.36200A and W6.48356A mutants (see Table 5, Fig. 12, A and C), suggesting that 

ORG27569 does not bind low enough in the receptor to directly interact with F3.36200 or 

W6.48356. In contrast, we have previously reported that these residues are part of the 

SR141716A-binding site (23). 

 The results of our pairwise interaction energy calculations suggest that 

ORG27569’s most important interaction is with residue F7.35379; this is likely because 

ORG27569 forms several aromatic stacking interactions with F7.35379 (see Fig. 15). 

F7.35379 forms an off-set parallel aromatic stack with ORG27569’s indole ring (both 

rings A and B, see Fig. 8); the ring centroid to centroid distances are 6.02 and 4.75 Å, and 

the angles between the ring planes are 5.71 and 9.42° (for rings A and B, respectively). 

F7.35379 also forms an aromatic T-stack interaction with ORG27569’s phenyl ring (ring 

C); the ring centroid to centroid distance is 5.60 Å, and the angle between the ring planes 

is 64.60° (see Figs. 8 and 15). Together, these aromatic interactions help position 

ORG27569 in the receptor, placing a significant amount of ORG27569’s steric bulk 

against the EC end of TMH6. These results are consistent with recently published 

structural studies from Fay and Farrens (56) that suggest that ORG27569 antagonizes 

CP55,940’s efficacy (in part) by preventing a necessary conformational change of TMH6 

during receptor activation. 
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 The ORG27569 indole ring (both rings A and B) also forms an aromatic T-stack 

interaction with Phe-268 (an EC-2 loop residue, see Fig. 15); the ring centroid to centroid 

distances are 5.63 and 4.95 Å, and the angles between the ring planes are 66.70 and 

69.79° (for rings A and B, respectively). The importance of the interaction between 

ORG27569 and Phe-268 is discussed below (see under “ORG27569 Prevents 

Extracellular Loop Conformational Changes Critical for Signal Transduction”). 

 Additionally, the ORG27569 piperidine nitrogen forms an important hydrogen 

bond with K3.28192; the N–N distance is 3.00 Å and N-H··N angle is 124.5°. This 

interaction is almost as important to ORG27569’s interaction energy as F7.35379 (−6.32 

kcal/mol and −7.30 kcal/mol, respectively; see Fig. 15). The predicted importance of this 

residue’s interaction with ORG27569 is consistent with our mutation results that suggest 

that ORG27569 has a significantly reduced ability to antagonize CP55,940’s efficacy at 

the K3.28192A mutant (see Table 5 and Fig. 10, A and C). We also hypothesized that this 

interaction may be important for ORG27569’s ability to act as an inverse agonist; this is 

because we have previously shown that K3.28192 was required for the inverse agonism of 

SR14716A (54,58,59). Our mutation results are consistent with this hypothesis; at  

concentrations up to 10 µM, ORG27569 was unable to significantly act as an inverse 

agonist at the K3.28192A mutant (see Fig. 10D).  

 Finally, ORG27569 has significant van der Waals interactions (in order of 

importance) with CP55,940, I6.54362, Met-371, and Y6.57365; ORG27569 also forms 

significant Coulombic and van der Waals interactions with D6.58366 (see Fig. 15). 

Interestingly, with the exception of CP55,940, all of these residues are found on TMH6 or 
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the EC-3 loop; again, this is consistent with results from Fay and Farrens (56) that 

suggest that ORG27569 antagonizes CP55,940’s efficacy (in part) by preventing a 

necessary conformational change of TMH6 during receptor activation. 

Docking of PHR015 (in the Presence of CP55,940) in the CB1R** Complex 

 The chemical structures of ORG27569 and PHR015 are extremely similar (the 

only difference between them is that ORG27569 has a piperidine ring and PHR015 has a 

cyclohexyl ring, see Fig. 8); therefore, it is not surprising that the global min of these two 

structures are nearly identical (see Fig. 14C). Thus, PHR015 was docked in the same 

general region (TMH3-6-7) of the receptor as ORG27569 (see Fig. 17). 

 

 

Figure 17. Dock of PHR015 (pink) at the CP55,940 (cyan)-CB1R** complex. 
 
The view is from the lipid bilayer toward TMH3 with TMH2 and the EC-1 loop omitted 
for clarity. Residues that contribute ≥5.5% of the PHR015 total interaction energy are 
shown in lavender. K3.28192 (lime) forms two hydrogen bonds (yellow dashes) with 
CP55,940, but it does not interact with PHR015. 
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 Fig. 17 illustrates PHR015 (pink) docked at its binding site, in the presence of 

CP55,940 (cyan); residues that contribute 5.5% (or more) of PHR015’s total interaction 

energy with the CB1R** receptor-CP55,940 complex are shown in lavender; K3.28192 is 

shown in lime (and does not significantly contribute to PHR015’s total interaction 

energy). PHR015’s net interaction energy with the CB1R** receptor-CP55,940 complex 

is −49.69 kcal/mol. 

 The results of our total interaction energy calculations suggest that PHR015 has a 

significantly reduced net interaction energy with the receptor-CP55,940 complex 

compared with ORG27569 (−49.69 and −56.22 kcal/mol, respectively). The results of our 

pairwise interaction energy calculations suggest that this difference in net interaction 

energy is due almost exclusively to each ligand’s respective ability/inability to form a 

hydrogen bond with K3.28192 (i.e. PHR015 has a weaker net interaction energy than 

ORG27569, because its cyclohexyl ring cannot form a hydrogen bond with K3.28192; see 

Figs. 15 and 17). These observations are consistent with the results of the [35S]GTPγS 

binding assays; PHR015 was not able to completely antagonize the efficacy of CP55,940 

(see Table 5 and Fig. 13A). 

 We have previously shown that K3.28192 is required for the inverse agonism of 

SR14716A (54,58,59), and we have shown here that ORG27569 also acts as an inverse 

agonist and interacts with K3.28192. Our docking studies indicate that although PHR015 

occupies the same binding pocket location as ORG27569, removal of the piperidine 

nitrogen renders PHR015 incapable of interacting with K3.28192. This would suggest that 

PHR015 should not be an inverse agonist. Consistent with this hypothesis, in [35S]GTPγS 
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binding assays (see Fig. 13C) PHR015 did not act as an inverse agonist. Together, these 

results for ORG27569 and PHR015 strongly suggest that an interaction between 

ORG27569’s piperidine nitrogen and K3.28192 is important for the ability of ORG27569 

to bind at the CB1 receptor and that this interaction is important for ORG27569 to act as 

an inverse agonist. 

 Analogous to ORG27569, the results of our pairwise interaction energy 

calculations suggest that PHR015’s most important interaction is with residue F7.35379; 

this is likely because PHR015 forms several aromatic stacks with F7.35379 (see Fig. 17). 

F7.35379 forms an off-set parallel aromatic stack with PHR015’s indole ring (both rings A 

and ring B, see Figs. 8 and 17); the ring centroid-ring centroid distances are 5.56 and 4.24 

Å, and the angles between the ring planes are 7.50 and 8.26° (for rings A and B, 

respectively). F7.35379 also forms an aromatic T-stack interaction with PHR015’s phenyl 

ring (ring C); the ring centroid-ring centroid distance is 6.00 Å, and the angle between the 

ring planes is 61.36° (see Fig. 8). Together, these aromatic interactions help position 

PHR015 in the receptor, placing a significant amount of PHR015’s steric bulk against 

TMH6. These results suggest that (like ORG27569) PHR015 antagonizes CP55,940’s 

efficacy (in part) by preventing a necessary conformational change of TMH6. 

 Like ORG27569, PHR015’s indole ring (both rings A and B) also forms an 

aromatic T-stack interaction with Phe-268 (a EC-2 loop residue) (see Fig. 17); the ring 

centroid-ring centroid distances are 6.14 and 5.68 Å, and the angles between the ring 

planes are 86.46 and 87.54° (for rings A and B, respectively). The importance of the 

interaction between PHR015 and Phe-268 is discussed below (see “ORG27569 Prevents 
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Extracellular Loop Conformational Changes Critical for Signal Transduction”). 

PHR015’s phenyl ring also forms a T-stack aromatic interaction with F3.25189 (see Fig. 

17); the ring centroid-ring centroid distance is 5.79 Å, and the angle between the ring 

planes is 84.95°. 

 Finally, PHR015 has significant van der Waals interactions (in order of 

importance) with I6.54362, CP55,940, Ile-375, and Y6.57365. PHR015 also forms 

significant Coulumbic and van der Waals interactions with D6.58366 and K7.32376 (see 

Fig. 17). Interestingly, with the exception of CP55,940 and K7.32376, all of these residues 

are found on TMH6 or the EC-3 loop; again, these results suggest that (like ORG27569) 

PHR015 antagonizes CP55,940’s efficacy (in part) by preventing a necessary 

conformational change of TMH6. 

ORG27569 Prevents Extracellular Loop Conformational Changes Critical for 

Signal Transduction 

 We have previously reported that two EC loop conformational changes must 

occur in order for the CB1 receptor to signal via G protein-mediated pathways (57). 

Specifically, our modeling results, based on mutation studies from Kendall and co-

workers (3,19), suggested that the EC-2 loop moves down toward the transmembrane 

core upon receptor activation (see Fig. 18A). Fig. 18A illustrates that this EC-2 loop 

conformational change places Phe-268 in close proximity to CP55,940 (57). In addition, 

we also reported that upon receptor activation an important ionic interaction forms 

between TMH2 and the EC-3 loop (specifically, an interaction forms between residues 

D2.63176 and Lys-373); this ionic interaction is necessary for signal transduction and 
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promotes a conformation of the EC-3 loop that is pulled over the top (extracellular face) 

of the receptor (see Fig. 19A) (57). 

 

 

Figure 18. EC-2 conformations of various states of the CB1 receptor.  
 
A, EC-2 loop conformation of the CB1 receptor in its inactive (R; lavender) and active 
(R*; yellow) state conformations. CP55,940 is shown in cyan contoured at its van der 
Waals radii. The EC-2 loop residue, Phe-268 contoured at its van der Waals radii, is 
shown in lavender for R and yellow for R*. This residue is not in close proximity to 
CP55,940 in the CB1R state, but it is in close proximity to CP55,940 in the activated 
state. This image illustrates that the EC-2 loop moves down, toward the transmembrane 
core upon activation. B, EC-2 loop conformation in the presence of ORG27569 docked at 
the CP55,940-CB1 complex. ORG27569 is shown in orange green; CP55,940 is shown in 
cyan; the EC-2 loop and F268 are shown in pink. This image illustrates that ORG27569 
is sterically preventing the EC-2 loop from adopting its active conformation. Here, Phe-
268 has formed an aromatic T-stack with the ORG27569 indole ring. This steric block of 
the EC-2 loop may explain how ORG27569 antagonizes the efficacy of CP55,940. 
 

 As described under “Experimental Procedures,” low energy EC loop 

conformations were added to our model of ORG27569 docked at the CB1R** receptor (in 

the presence of CP55,940). Importantly, none of the EC-2 loop Modeler output 

conformations placed the EC-2 loop near the transmembrane core nor Phe-268 in close 

proximity to CP55,940. Fig. 18B clearly illustrates why these results were observed; 
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ORG27569’s indole ring sterically blocks the EC-2 loop from moving toward the 

transmembrane core. Specifically, Phe-268 has formed an aromatic T-stack interaction 

with ORG27569’s indole ring, preventing the EC-2 loop from adopting its active 

conformation. 

 

 
 
Figure 19. EC-3 loop conformations (and interactions) of various states of the CB1 
receptor. 
 
The view is from lipid looking toward TMH3 with TMH1, the EC-1 loop, and the EC-2 
loop omitted for clarity. A, EC-3 loop conformations of the CB1 receptor in its R* 
conformation. CP55,940 is shown in cyan, contoured at its van der Waals radii. D2.63176 
and Lys-373 (yellow tube) are shown forming a hydrogen bond (yellow dashes). We have 
recently reported (25) that, upon activation, this interaction promotes an EC-3 loop 
conformation that is pulled across the extracellular face of the CB1 receptor. B, EC-3 loop 
conformation of the CP55,940 (cyan, van der Waals)-CB1 complex, in the presence of 
ORG27569 (orange, van der Waals). D2.63176 and Lys-373 shown here in lavender. This 
image shows ORG27569 sterically blocking D2.63176 and Lys-373 from forming a 
hydrogen bond, preventing this interaction from promoting an active conformation of the 
EC-3 loop. This steric hindrance of the D2.63176 and Lys-373 (and indeed, the EC-3 loop 
in general) may provide an additional reason for ORG27569 antagonism of CP55,940 
efficacy. 
 

 Likewise, none of the EC-3 loop Modeler output conformations had the D2.63176 

and Lys-373 interaction formed, nor did any of the output structures have the EC-3 loop 
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pulled over the top (extracellular face) of the receptor. Fig. 19B clearly illustrates why 

these results were observed; ORG27569’s indole ring sterically blocks the EC-3 loop 

from pulling across the top of the receptor. Consequently, the presence of ORG27569’s 

steric bulk makes it essentially impossible for the interaction between D2.63176 and Lys-

373 to form. Together, these results suggest that ORG27569 antagonizes the efficacy of 

CP55,940 by sterically blocking the necessary conformational changes of the EC-2 and 

EC-3 loops during activation (in addition to sterically blocking conformational changes 

of TMH6, as described previously). 

CP55,940/Receptor Pairwise and Total Interaction Energies 

 The results of recently published binding assays illustrate that ORG27569 does 

not significantly affect the Kd value of CP55,940, but it does significantly increase the 

measured Bmax (in a concentration-dependent manner) (49). This suggests that 

ORG27569 may increase the equilibrium binding of CP55,940 by shifting the population 

of receptors from an inactive conformation (R) to an intermediate conformation (R**) 

and that ORG27569 is NOT increasing the binding affinity of CP55,940. To test if our 

models agreed with these results, CP55,940’s total interaction energies were calculated 

for the following: CP55,940 alone at the CB1R* receptor; CP55,940 (in the presence of 

ORG27569) in the CB1R** complex, and CP55,940 (in the presence of PHR015) in the 

CB1R** complex. CP55,940’s net interaction energy (includes conformational expense) 

was calculated to be −53.37, −53.38, and −51.87 kcal/mol for CP55,940 alone in the 

receptor and in the presence of ORG27569 and PHR015, respectively. These results 

suggest that neither the presence of ORG27569 nor PHR015 resulted in a significant 
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change in the net interaction energy between CP55,940 and the receptor-allosteric 

modulator complex. Together, these results indicate that our computational models are 

consistent with the results of the equilibrium binding assays. 

Molecular Dynamics Simulation of ORG27569 Docked in the CB1R**-CP55,940 

Complex and of CP55,940 Alone at CB1R* 

 To elucidate the dynamic behavior of ORG27569 and CP55,940 with the receptor 

(as well as each other), a 22.5-ns molecular dynamics simulation was run on the final 

CB1R**-CP55,940-ORG27569 complex (shown in Fig. 15). Specifically, the simulations 

were run for three reasons as follows: 1) to observe if the interaction (as proposed in the 

static model) between ORG27569 and K3.28192 persists in a dynamic simulation; 2) to 

observe if the interaction (as proposed in the static model) between CP55,940 and 

K3.28192 persists in a dynamic simulation; and 3) to observe how the interaction energy 

of ORG27569 and CP55,940 evolves throughout the simulation. 

 As predicted by the static model (of CB1R**-CP55,940-ORG27569 complex), the 

interaction between ORG27569’s piperidine nitrogen and K3.28192 persisted throughout 

the entire simulation. The average distance between ORG27569’s piperidine nitrogen and 

K3.28192’s terminal nitrogen was 3.19 Å; furthermore, this distance did not significantly 

deviate from the average over the course of the trajectory. Together, the static and 

dynamic models are consistent with our experimental results that suggest that 

ORG27569’s piperidine nitrogen forms an important and persistent interaction with 

K3.28192. 
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 Interestingly, the interaction between CP55,940 (in the presence of ORG27569) 

and K3.28192 did not persist throughout the simulation. This interaction breaks early in 

the simulation and does not reform. The average distance between CP55,940’s alkyl-

hydroxyl (southern aliphatic hydroxyl, SAH) oxygen and the terminal nitrogen of 

K3.28192 was 6.80 Å; the average distance between CP55,940’s phenolic oxygen and the 

terminal nitrogen of K3.28192 was 5.83 Å. To determine whether the loss of this 

interaction was due to the presence of ORG27569, a molecular dynamics simulation was 

run of our static model of CP55,940 alone docked at CB1R* (employing the same 

methodology used for the CB1R**-CP55,940-ORG27569 complex). In this simulation, 

the interaction between CP55,940 and K3.28192 persisted throughout the entire 

simulation. The average distance between CP55,940’s SAH oxygen and the terminal 

nitrogen of K3.28192 was 3.41 Å (note, the hydrogen bond between CP55,940’s SAH and 

K3.28192 breaks briefly between 15 and 18 ns (observed as a sharp increase in distance); 

however, this interaction quickly reforms and persists for the rest of the simulation). The 

average distance between CP55,940’s phenolic oxygen and the terminal nitrogen of 

K3.28192 was 3.12 Å. Furthermore, these distances did not significantly deviate from their 

averages over the course of the trajectory. This result is consistent with our experimental 

results that suggest that when CP55,940 is applied alone, it forms a significant interaction 

with K3.28192. Together, these results suggest that ORG27569 may weaken the 

interaction between CP55,940 and K3.28192, resulting in a more transient interaction 

between CP55,940 and K3.28192. Intriguingly, the loss of the interaction between 
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CP55,940 and K3.28192 did not decrease CP55,40’s total interaction energy with the 

model, as described below. 

 To determine whether the presence of ORG27569 affects the interaction energy of 

CP55,940 in a dynamic system, we calculated the interaction energy of CP55,940 in the 

CB1R**-CP55,940-ORG27569 complex as a function of time. As predicted by the static 

model, CP55,940’s interaction energy did not significantly change over the course of the 

trajectory; CP55,940’s average interaction energy (over the course of the trajectory) was 

−54.62 kcal/mol. Furthermore, the energy did not significantly deviate from the average 

over the course of the trajectory. This was surprising considering CP55,940’s loss of an 

interaction with K3.28192. However, after inspecting the simulation, the reason became 

clear; the tremendous flexibility of CP55,940’s SAH substituent allows it to easily and 

consistently find other hydrogen bond partners to compensate. 

 In addition, the interaction energy of CP55,940 alone in CB1R* was calculated 

over the course of its trajectory; CP55,940’s average interaction energy (over the course 

of the trajectory) was −53.19 kcal/mol. Consistently, CP55,940’s interaction energy did 

not significantly change over the course of the trajectory nor was it significantly different 

from CP55,940’s interaction energy in the CB1R**-CP55,940-ORG27569 complex. 

Finally, the interaction energy of ORG27569 (in the CB1R**-CP55,940-ORG27569 

complex) was calculated as a function of time; ORG27569’s average interaction energy 

(over the course of the trajectory) was −53.19 kcal/mol. ORG27569’s interaction energy 

did not significantly change over the course of the trajectory. Together, the results of our 
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static and dynamic models are consistent with our experimental results that suggest that 

ORG27569 does not influence CP55,940’s binding affinity for the CB1 receptor. 

Docking of ORG27569 (Alone) in the WT and F3.25189A CB1R (Inactive) Models 

 As discussed previously, our experimental results suggest that when applied alone 

at wild-type CB1, ORG27569 acts as an inverse agonist (in G protein-mediated 

pathways). In addition, the results of our mutant cycle suggest that this inverse agonism is 

related to the formation of an interaction between ORG27569’s piperidine nitrogen and 

K3.28192. However, we observed that ORG27569 was also unable to act as an inverse 

agonist at the F3.25189A mutant, whereas it was still able to antagonize CP55,940’s 

efficacy at this mutant. These results may suggest that ORG27569 may form somewhat 

different interactions when applied alone as opposed to in the presence of CP55,940. To 

explore this possibility, we used Glide to dock ORG27569 at our WT and F3.25189A 

CB1R (inactive) models. 

 Fig. 20 illustrates ORG27569 (orange) docked alone at its binding site in the WT 

CB1R (inactive) model. Residues that contribute 5.5% (or more) of ORG27569’s total 

interaction energy with the CB1R model are shown in lavender in Fig. 20; K3.28192 is 

shown in yellow in Fig. 20. ORG57569’s net interaction energy with the receptor is 

−52.06 kcal/mol. The ORG27569-binding site in CB1R is quite similar to its binding site 

in the CB1R**-CP55,940-ORG27569 complex. The binding site of ORG27569 was 

identified to be in the TMH3-6-7 region of CB1 (see Fig. 20); this is consistent with our 

recently published mutation results that suggest that ORG27569 does not bind at the 

W5.43279A mutant CB1 receptor (49). Ligands that bind at the TMH3-4-5-6 region of the 
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CB1 receptor have little to no binding affinity at the W5.43279A mutant: this is likely due 

to a gross conformational change that occurs in this region of the receptor upon removal 

of this large central residue (23,54). 

 

 

Figure 20. Dock of ORG27569 (orange) at the WT CB1R (inactive) model. 
 
The view is from the lipid bilayer looking toward TMH6-7. The EC ends of TMH6-7 and 
the EC-3 loop have been omitted for clarity. Residues that contribute ≥5.5% of 
ORG27569’s total interaction energy are shown in lavender. This includes F3.25189. 
K3.28192 is shown in yellow; K3.28192 is shown forming a hydrogen bond (yellow 
dashes) with ORG27569. 
  

 As in the CB1R**-CP55,940 model, the ORG27569-binding site (when docked 

alone) is more extracellular than the SR141716A-binding site. These results are 
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consistent with the results of our mutation studies that illustrate that ORG27569’s ability 

to act as an inverse agonist is unaffected at the F3.36200A and W6.48356A mutants (see 

Table 5 and Fig. 11, B and D), suggesting that ORG27569 does not bind low enough in 

the receptor to directly interact with F3.36200 or W6.48356. In contrast, we have previously 

reported that these residues are part of the SR141716A-binding site (23). 

 The results of our pairwise interaction energy calculations suggest that, when 

docked alone, ORG27569’s most important interaction is with residue D6.58366. In 

addition, as in the CB1R** complex, ORG27569’s piperidine nitrogen forms an important 

hydrogen bond with K3.28192 (see Figs. 15 and 20, respectively). The N-N distance is 

2.90 Å and N-H··N angle is 152.8°. This interaction is almost as important to 

ORG27569’s interaction energy as D6.58366 (−7.43 and −9.39 kcal/mol, respectively; see 

Fig. 20). We also hypothesized that this interaction may be important for ORG27569’s 

ability to act as an inverse agonist; this is because we have previously shown that 

K3.28192 was required for the inverse agonism of SR14716A (54,58,59). Our mutation 

results are consistent with this hypothesis; at concentrations up to 10 µM, ORG27569 

was unable to significantly act as an inverse agonist at the K3.28192A mutant (see Fig. 

10D). 

 In addition, ORG27569 forms aromatic interactions with three residues. First, 

ORG27569’s indole ring (both rings A and B) also forms an aromatic T-stack interaction 

with Phe-268 (an EC-2 loop residue; see Fig. 20); the ring centroid to centroid distances 

are 5.25 and 4.86 Å, and the angles between the ring planes are 84.28° and 95.60° (for 

rings A and B, respectively). Second, ORG27569’s indole ring (ring A) forms an aromatic 
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T-stack interaction with Phe-108 (an N terminus residue); the ring centroid to centroid 

distance is 4.97 Å, and the angle between the ring planes is 128.48°. 

 Finally, unlike in the CB1R** model, Fig. 20 illustrates that in the CB1R model, 

the indole ring of ORG27569 (ring A, see Fig. 8); forms a significant aromatic stack with 

F3.25189: the ring centroid to centroid in this interaction is 5.51 Å, and the angle between 

the ring planes is 43.71°. F3.25189 also forms an aromatic T-stack interaction with 

ORG27569’s phenyl ring (ring C); the ring centroid to centroid distance is 5.36 Å, and 

the angle between the ring planes is 119.72° (see Fig. 20). Although this aromatic stack 

does significantly contribute to ORG27569’s interaction energy with the CB1R model, it 

may serve a more important structural role. Specifically, this aromatic interaction 

between ORG27569 and F3.25189 may help sterically orient ORG27569 in the receptor so 

that it can form a hydrogen bond with K3.28189. 

 To test this hypothesis, we also used Glide to dock ORG27569 at the F3.25189A 

mutant CB1R model, using the exact same protocol as used for the WT model. Fig. 21 

illustrates ORG27569 (orange) docked alone at its binding site in the F3.25189A mutant 

CB1R model. Residues that contribute 5.5% (or more) of ORG27569’s total interaction 

energy with the CB1R receptor are shown in lavender; K3.28192 is shown in lime (and 

does form a modest hydrophobic interaction with ORG27569, although it does not form a 

hydrogen bond with ORG27569’s piperidine nitrogen). ORG57569’s net interaction 

energy with the receptor is −37.17 kcal/mol. Fig. 21 illustrates that ORG27569- binding 

site at the F3.25189A mutant is similar to WT. Nonetheless, there is a profound difference; 

without the steric bulk provided by F3.25189, ORG27569 positions its indole ring much 
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closer the backbone of TMH3. This orientation greatly damages ORG27569’s ability to 

form several aromatic interactions that form in the WT model, resulting in a significantly 

reduced interaction energy compared with the WT model. 

 

 

Figure 21. Dock of ORG27569 (orange) at the F3.25189A mutant CB1R (inactive) model. 
 
The view is from the lipid bilayer looking toward TMH6-7. The EC ends of TMH6-7 and 
the EC-3 loop have been omitted for clarity. The net result of the F3.25189A mutation is a 
change in the WT CB1 binding position of ORG27569 (compare with Fig. 12). Residues 
that contribute ≥5.5% of ORG27569’s total interaction energy are shown in lavender. 
K3.28192 is shown in lime (and does not form a hydrogen bond with ORG27569 due to 
the relocation of ORG27569 in this mutant. 
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 However, ORG27569 does form an aromatic T-stack interaction with Phe-268; 

the ring centroid-centroid distance is 5.74 Å, and the angle between the ring planes is 

89.73°. In addition, this orientation also makes it sterically impossible for ORG27569’s 

piperidine nitrogen to form a significant interaction with K3.28192. This lack of an 

interaction with K3.28192 is consistent with our mutation results that suggest ORG27569 

cannot act as an inverse agonist at the F3.25189A mutant receptor. Altogether, our 

computational and experimental results suggest that ORG27569 forms a significant 

interaction with F3.25189 when applied alone (that it does not necessarily form in the 

presence of CP55,940) and that this interaction is important in sterically orienting 

ORG27569 so that its piperidine nitrogen can form a hydrogen bond with K3.28192. 

Discussion 

Identification of the ORG27569-binding Site at the CB1 Receptor 

 In this study, we have used computational methods together with mutagenesis, 

synthesis, and pharmacological studies to identify an allosteric binding site for 

ORG27569 at the CB1 receptor and to probe its relationship to G protein signaling 

effects. Our results suggest that ORG27569 binds in the TMH3-6-7 region of the CB1 

receptor. In this region, the ORG27569-binding site overlaps with our previously reported 

binding site for SR141716A (but not CP55,940) (54,58,59), consistent with the results of 

equilibrium binding assays that illustrate that SR141716A is displaced by ORG27569 (2). 

This allosteric site is also consistent with our results that suggest that, at the W5.43279A 

mutant, ORG27569 cannot antagonize the efficacy of CP55,940 nor act as an inverse 

agonist. To our knowledge, all cannabinoids that bind in the TMH3-4-5-6 region have 
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little or no affinity (nor efficacy) at the W5.43279A mutant, suggesting that this mutation 

may cause a gross conformational change in this region of the receptor (23,54). Finally, 

our results suggest that ORG27569 forms a distinct interaction with F3.25189 when 

applied alone (that it does not necessarily form when applied with CP55,940). More 

importantly, we observed that this interaction is important for sterically orienting 

ORG27569 so that its piperidine nitrogen can form a hydrogen bond with K3.28192. 

Interaction between ORG27569 Piperidine Nitrogen and K3.28192 Is Important for 

ORG27569 Potent Antagonism of CP55,940 and Important for Its Inverse Agonism 

 We report here that ORG27569 acts as an inverse agonist at CB1 when applied 

alone by reducing basal activity. Our previous combined mutation cycle/modeling studies 

have identified the binding site of the CB1 antagonist, SR141716A (54,58,59). These 

studies identified an interaction between the carboxamide oxygen of SR141716A and 

K3.28192 that is possible only in the inactive state of CB1. It is this interaction that gives 

SR141716A a higher affinity for the inactive state of CB1, thereby rendering it an inverse 

agonist. At a K3.28192A mutant, SR141716A acts as a neutral antagonist. Analogs that 

lack the carboxamide oxygen such as 5-(4-chlorophenyl)-3-[(E)-2-cyclohexylethenyl]-1-

(2,4-dichlorophenyl)-4-methyl-1H-pyrazole (VCHSR) and 5-(4-chlorophenyl)-1-(2,4-

dichlorophenyl)-4-methyl-3-{lsqb](E)-piperidinoiminomethyl]-1H-pyrazole (PIMSR) are 

neutral antagonists at WT CB1 (58,59). 

 Similarly, we report here the results of a mutant cycle performed to study the 

model-proposed interaction between ORG27569’s piperidine nitrogen and K3.28192. We 

observed that ORG27569’s ability to antagonize CP55,940 was reduced at the K3.28192A 
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mutant (see Fig. 10C). This result suggests that an interaction with K3.28192 is important 

for ORG27569’s ability to antagonize CP55,940 efficacy. PHR015 was designed to test if 

the piperidine nitrogen was the interaction site for K3.28192, and the results reported here 

are consistent with this hypothesis. Specifically, PHR015 did not antagonize CP55,940 as 

well as ORG27569 at WT CB1 (see Fig. 13A). Importantly, PHR015’s ability to 

antagonize CP55,940 was unaffected by the K3.28192A mutation (see Fig. 13). These 

results strongly suggests that an interaction between ORG27569’s piperidine nitrogen and 

K3.28192 is important for ORG27569’s ability to antagonize CP55,940; this is because 

removal of either ORG27569’s piperidine nitrogen or removal of K3.28192 reduced 

ORG27569’s ability to antagonize CP55,940, but the effects of removing both the 

piperidine nitrogen and K3.28192 were not additive. 

 Likewise the same mutant cycle was performed to explore whether an interaction 

with K3.28192 is important for ORG27569’s ability to reduce basal signaling. Although 

ORG27569 is an inverse agonist at WT CB1, at the K3.28192A mutant, ORG27569 shows 

a trend toward inverse agonism at high concentrations, but the effect did not reach 

statistical significance (see Fig. 10D). Furthermore, PHR015 did not act as an inverse 

agonist at WT CB1 (see Fig. 13C) nor at the K3.28192A mutant. Using the same logic of 

the mutant cycle (as just described), these results suggest that an interaction between 

ORG27569’s piperidine nitrogen and K3.28192 may be important (although not 

unequivocally required) for ORG27569 to act as an inverse agonist. Thus, there is a 

parallel between SR141716A and ORG27569 action, suggesting that ORG27569 is both a 
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negative allosteric modulator in the presence of CP55,940, but also an inverse agonist 

when applied alone. 

Binding Site of ORG27569 Is More Extracellular than the Binding Site of 

SR141716A 

 Our results suggest that the ORG27569-binding site overlaps with the 

SR141716A-binding site, but it extends more extracellularly than that of SR141716A; 

specifically, ORG27569 does not bind low enough in the receptor to significantly interact 

with F3.36200 or W6.48356. In contrast, we have reported that both of these residues are 

part of the binding site of SR141716A (23,54). Therefore, these results support our 

hypothesis that the ORG27569-binding site is more extracellular than the binding site of 

SR141716A. 

ORG27569 Does Not Sterically Block CP55,940 from Exiting the CB1 Receptor 

 It is not surprising that our results suggest that ORG27569 binds at a partially 

extracellular region of the CB1 receptor, considering that many allosteric binding sites of 

Class A GPCRs have also been found in EC regions (42). This is perhaps best 

exemplified by the muscarinic family of receptors, in which a common allosteric binding 

site has been reported in all five muscarinic receptor subtypes; this site is located in an 

EC region (63). It has been hypothesized that by binding more extracellularly than 

orthosteric agonists, allosteric modulators may sterically hinder an orthosteric agonist 

from exiting the receptor (64-66). 

 However, unlike many GPCRs that bind hydrophilic ligands that enter the 

receptor via the receptor’s extracellular surface, the cannabinoid receptors bind 
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hydrophobic lipid-derived ligands; this fundamental difference in hydrophobicity may 

suggest that these hydrophobic ligands enter by an alternative route. For example, we 

have previously reported that sn-2-arachidonoylglycerol enters the CB2 receptor (via 

TMH6-7) from the lipid bilayer (67). Likewise, Hanson et al. (30) have reported that 

ligands may enter the sphingosine 1-phosphate receptor (another lipid-binding GPCR) 

between TMH1 and TMH7 (from the lipid bilayer). These observations may suggest that 

an allosteric ligand that binds in an extracellular region of a GPCR may not block the 

entry or exit of orthosteric ligands that enter/exit from the lipid bilayer. 

 Consistent with this hypothesis, we have recently reported that ORG27569 does 

not significantly decrease CP55,940’s dissociation rate (koff) nor does ORG27569 

significantly affect CP55,940’s equilibrium binding constant (49). The results of our 

docking studies are consistent with the results of the dissociation experiments. 

Specifically, our models suggest that ORG27569 docks in an extracellular region of CB1. 

By docking in an extracellular region, ORG27569 would not be able to hinder the 

entry/exit of orthosteric ligands that enter/exit via the lipid bilayer. 

 In addition, because ORG27569 does not significantly impact the Kd value of 

CP55,940, this can be taken as evidence that ORG27569 does not sterically block 

CP55,940 from exiting the CB1 receptor. This is because if ORG27569 sterically blocked 

CP55,940 from exiting, this would be observed as a significant change in the Kd value of 

CP55,940 (i.e. if ORG27569 blocked CP55,940 from exiting, the Kd value of CP55,940 

would increase). The results of our energy calculations performed on both the static 

models and dynamic simulations are consistent with these observations. Specifically, 
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CP55,940 was found to have a similar total interaction energy, regardless of whether it 

was docked alone in the receptor or in the presence of ORG27569 (or PHR015). 

Altogether, these results suggest that ORG27569 does not sterically block CP55,940’s 

exit from the CB1 receptor. 

ORG27569 Promotes an Intermediate (R**) Conformation of the CB1 Receptor 

 In contrast, ORG27569 was observed to significantly increase the Bmax of 

CP55,940; this may suggest that ORG27569 increases the number of available binding 

sites for CP55,940 (49). These observations suggest that ORG27569 may be promoting a 

shift in the receptor population, i.e. from receptors in an inactive (R) conformation to 

receptors in an intermediate (R**) conformation (i.e. a conformation that preferentially 

binds agonist but cannot signal in G protein-mediated pathways). This hypothesis is 

consistent with structural results from the work of Fay and Farrens (56) that suggest that 

ORG27569 promotes an intermediate receptor conformation (i.e. a receptor conformation 

that is in between inactive and active). Interestingly, Kendall and co-workers (47) have 

reported that ORG27569 causes a modest (but significant) increase in CP55,940’s 

binding affinity for the CB1 receptor; in addition, they did not observe a significant 

change in the Bmax values of CP55,940 when in the presence of ORG27569. The origins 

of these conflicting results are unclear at the present time. This difference will likely be 

resolved by the characterization of more potent CB1 allosteric modulators (which may 

have a more obvious pharmacological profile). 
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ORG27569 Sterically Blocks EC Loop Movements and Interactions Critical to 

Signal Transduction 

 Recently, the relationship between where an allosteric modulator binds and its 

mechanism of action has enjoyed intense interest (42,68,69). For example, the EC-2 and 

EC-3 loops have been reported to be important for the binding and efficacy of allosteric 

modulators at the adenosine A1 receptor (70). In the muscarinic field, not only have the 

EC loops been implicated in the binding and efficacy of allosteric modulators, but they 

have also been reported to play a role in receptor subtype specificity (i.e. sequence 

differences in the EC loop regions help determine allosteric modulator-receptor subtype 

preference) (71). This correlation between allosteric modulator binding/efficacy and the 

EC region of GPCRs is not surprising, given the fundamental importance of the EC loops 

to signal transduction (12). 

 Our results suggest that upon receptor activation, the EC-2 loop moves down 

toward the transmembrane core; this movement places Phe-268 in close proximity to 

CP55,940. In addition, we have presented evidence that suggests that ORG27569 may 

sterically block this movement, specifically by the formation of an aromatic interaction 

between ORG27569’s indole ring and Phe-268. This correlation between a 

conformational change in the EC-2 loop and receptor activation has been observed in 

numerous GPCRs. For example, the results of NMR studies have suggested that upon 

activation, rhodopsin’s EC-2 loop undergoes a necessary conformational change that is 

coupled to the breaking of the intracellular “ionic lock” (i.e., an ionic interaction between 

R3.50 and D/E6.30 that promotes an inactive GPCR conformation) (15). Additionally, the 
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results of recent mutation studies of the angiotensin II type 1 receptor suggest that the 

EC-2 loop undergoes ligand-specific conformational changes that are required for 

receptor activation (72,73). Finally, circular dichroism and steady-state fluorescence 

studies have been used to illustrate that the EC-2 loop of the serotonin 5-HT4(a) receptor 

adopts specific loop conformations that are determined by the receptor’s activation state 

(74). 

 We have recently reported that the EC-3 loop and TMH2 form an ionic interaction 

(specifically, Lys-373 and D2.63176) that is necessary for G protein-mediated signaling of 

CB1 (57). Our computational results suggest that ORG27569 may sterically block the 

EC-3 loop from being able to reach across the top (extracellular face) of the receptor, 

preventing this interaction from forming. In analogy to the EC-2 loop, there appears to be 

a strong correlation between conformational changes of the EC-3 loop and GPCR 

activation. For example, mutation studies of the CXC chemokine receptor type 4 (i.e. 

CXCR4) suggest that an interaction between the EC-3 loop and the N terminus may form 

an “activation microswitch”; additionally, these results suggest that the conformation of 

the EC-3 loop may influence both basal and agonist-induced G protein-mediated 

signaling (38). In addition, mutation studies of the δ-opioid receptor suggest that its EC-3 

loop may form a tight hairpin structure and that the disruption of this conformation may 

trigger receptor activation (75). 
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ORG27569 May Sterically Prevent TMH6 from Undergoing an Important 

Conformational Change 

 The hallmark of Class A GPCR activation by an agonist is the “tripping” of the 

toggle switch within the binding pocket that allows TMH6 to flex in the CWXP hinge 

region and straighten. This straightening breaks the “ionic lock” between R3.50 and 

D/E6.30 at the intracellular end of the receptor. The result is the formation of an 

intracellular opening of the receptor, exposing residues that can interact with the C 

terminus of the G protein’s Gα subunit (37). 

Our docking studies suggest that ORG27569 interacts with several residues on TMH6-7 

and the EC-3 loop. These interactions position ORG27569 so that it packs tightly against 

TMH6; these results may suggest that ORG27569 antagonizes the efficacy of CP55,940 

by preventing TMH6 from undergoing a necessary conformational change. These results 

are consistent with structural studies by Fay and Farrens (56) that suggest ORG27569 

prevents an agonist-induced conformational change at the intracellular end of TMH6. 

Indeed, there is a significant amount of evidence in the literature that indicates that the 

extracellular end of TMH6 moves toward the transmembrane core, as the intracellular 

end of TMH6 moves away from the receptor (76). Therefore, ORG27569 may antagonize 

the efficacy of CP55,940 by preventing TMH6 from undergoing necessary 

conformational changes. 

Non-G Protein-mediated Signaling by ORG27569 

 In addition to its effects on G protein-mediated signaling, ORG27569 has recently 

been reported to also signal via the ERK pathway when applied alone or in the presence 
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of an orthosteric agonist (47,49). This signaling has been reported to be mediated 

specifically by β-arrestin 1 (77). In this work, we have confined our study to how 

ORG27569 exerts its effects on G protein-mediated signaling only. Future studies will 

explore conformational changes induced by ORG27569 in other receptor regions that 

may correlate with β-arrestin-mediated ERK signaling.



97 

 
CHAPTER III 

 
RATIONAL DESIGN OF NEUTRAL ALLOSTERIC MODULATORS OF THE 

CB1 RECEPTOR WITH IMPROVED RECEPTOR INTERACTIONS AND 
UNIQUE PHARMACOLOGY  

 
 

Derek M. Shore1, Gemma L. Baillie2, 3, Frank Navas III4, Jahan Marcu5, Mary E. Abood5, 
Herbert H. Seltzman4, Ruth A. Ross2, 3, and Patricia H. Reggio1 
Biophysical Society 57th Annual Meeting, 2013 (poster presentation, February 5, 2013) 
International Cannabinoid Research Society Symposium, 2013 (oral presentation, June 
22, 2013) 
 
Patent Information (applies to compounds PHR016, PHR017, PHR018, and 
PHR019): 
 
P.H. Reggio, D.M. Shore and D. P. Hurst. “Beta-Arrestin-Biased Cannabinoid CB1 
Receptor Agonists and Methods for Making and Using Them” U.S. Patent Application 
No.: 62/015,28, Filed: June 20, 2014      Applicant: The University of North Carolina at 
Greensboro. 
 
1Department of Chemistry and Biochemistry, University of North Carolina, Greensboro, 
NC 27402 
2Institute of Medical Sciences, University of Aberdeen, Aberdeen AB25 2ZD, Scotland, 
United Kingdom 
3Department of Pharmacology and Toxicology, University of Toronto, Toronto, Ontario 
M5S 1A8, Canada 
4Research Triangle Institute, Research Triangle Park, NC 27402 
5Department of Anatomy and Cell Biology and Center for Substance Abuse Research, 
Temple University, Philadelphia, PA 19140 
 
Abbreviations: GPCR – G protein-coupled receptor, CB1 – cannabinoid-1, GTPγS – 
guanosine 5′-3-O-(thio)triphosphate, TMH – transmembrane helix, EC – extracellular, 
HRMS – high resolution mass spectrometry, SAH – southern aliphatic hydroxyl, CL – 
confidence limit, SAR – structure-activity relationship 
 



98 

Abstract 

AS PRESENTED VERBATIM IN: International Cannabinoid Research Society 
Symposium, 2013, oral presentation, June 22, 2013. 
 
 The CB1 allosteric modulator, ORG27569, has the paradoxical effect of increasing 

the equilibrium binding of CP55,940 (an orthosteric agonist), while at the same time 

decreasing its efficacy. In addition, ORG27569 also acts as an inverse agonist at the CB1 

receptor by reducing basal activity (in G protein-mediated pathways). We have previously 

used computational methods combined with synthesis, mutation, and functional studies to 

identify the binding site of ORG27569 in the THM3/TMH6/TMH7 region. At this site, 

ORG27569 promotes an active-like conformation of the CB1 receptor, explaining 

ORG27569’s ability to increase CP55,940’s equilibrium binding. Moreover, this site 

explains ORG27569’s ability to antagonize CP55,940’s efficacy in three complimentary 

ways: 1) ORG27569 sterically blocks movements of the second extracellular loop that 

have been linked to receptor activation, 2) ORG27569 sterically blocks a key electrostatic 

interaction between the third extracellular loop residue K373 and D2.63176, and 3) 

ORG27569 packs against TMH6, sterically hindering movements of TMH6 that the 

Farrens lab have shown to be important to receptor activation. Additionally, we identified 

a key interaction between ORG27569’s piperidine ring nitrogen and K3.28192 that is 

required for ORG27569 to act as an inverse agonist.  

 Using our model of ORG27569 docked in our active state model (in the presence 

of CP55,940), we designed, synthesized, and functionally characterized 4 analogs of 

ORG27569 that were designed to test our model and have improved interactions with the 

receptor. The analogs were functionalized with 3 different goals: 1) to form electrostatic 
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interactions with D6.58366, 2) to form an aromatic stack with F3.25189, or 3) to test 

packing with TMH6-7. Our strategy to form new interactions with D6.58366 was the most 

successful in making a more efficacious allosteric modulator (as compared to 

ORG27569). Our strategy to form an interaction with F3.25189 resulted in an analog that 

potently antagonized the efficacy of CP55,940, but did not influence CP55,940’s 

equilibrium binding; these results illustrate that is possible to design allosteric modulators 

of the CB1 receptor that impact an orthosteric  ligand’s efficacy independently of its 

binding. Our third strategy resulted in an analog that supports our hypothesis that 

ORG27569 packs tightly against TMH6-7. Interestingly, none of the analogs acted as 

inverse agonists, suggesting the potential therapeutic promise of CB1’s allosteric site.  

Introduction 

 The human cannabinoid-1 (CB1) receptor is a Class A, rhodopsin-like G protein-

coupled receptor (GPCR) (4). As described in Chapter I, while the CB1 receptor has been 

implicated in numerous pathologies (e.g. Alzheimer’s disease, cancer, obesity, and pain) 

(6), attempts to therapeutically target CB1 have failed due to unacceptable central nervous 

system (CNS)-related side effects (e.g. depression and suicidal fixation) (7). As described 

in Chapter II, the discovery of an allosteric site at the CB1 receptor generated much 

interest (2), due to the anticipated superior therapeutic potential of allosteric-based drugs. 

Due to the increased evolutionary divergence at allosteric sites (46), as well as evidence 

that allosteric modulators can act as biased agonists (47), allosterically-based therapies 

may yield unprecedented receptor subtype selectivity and functional control.  
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 ORG27569 (see Figure 22) is the prototypical CB1 allosteric modulator; it was 

one of the first (and most efficacious) CB1 allosteric modulators discovered (2) and it is 

the most thoroughly characterized CB1 allosteric modulator. ORG27569 has the 

seemingly paradoxical effect of antagonizing CP55,940’s (a CB1 agonist) G protein-

mediated signaling, while concurrently increasing CP55,940’s equilibrium binding (2). 

We have recently reported results that suggest where ORG27569 binds at CB1, as well as 

a possible mechanism of action, that together may explain ORG27569’s paradoxical 

pharmacology (78). First, consistent with recent structure studies from Fay and Farrens 

(56), the results of our computational studies suggest that ORG27569 promotes an 

intermediate conformation of CB1 (R**). This intermediate conformation preferentially 

binds agonists, but cannot signal in G protein-mediated pathways. Thus, ORG27569 

causes a shift in population from an inactive conformation (R) to an intermediate 

conformation (R**) thereby increasing the number of receptors available to bind 

agonists; this is consistent with the observation the ORG27569 causes an increase in 

Bmax, but does not alter an agonist’s Kd (49). Altogether, these results explain how 

ORG27569 increases the equilibrium binding of CP55,940. Second, our computational 

and experimental results suggest ORG27569 binds in the TMH3-6-7 region of CB1, 

extending extracellularly (78). By placing steric bulk in an extracellular region, 

ORG27569 may block functionally-important conformational changes of the second and 

third extracellular loops. Thus, ORG27569 may antagonize CP55,940’s G protein-

mediated signaling by sterically blocking conformational changes in the extracellular 

region of CB1 that are necessary for signal transduction.     
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Figure 22. Compounds evaluated in this study. 
 

 Unfortunately, the therapeutic usefulness of ORG27569 may be limited for 

several reasons. First, ORG27569 is not a ‘classical’ allosteric modulator. A classical 

allosteric modulator alters an orthosteric ligand’s binding and/or efficacy, while having 

no effect when applied alone. ORG27569 has at least two different functional effects 

when applied alone: 1) ORG27569 acts as an inverse agonists of the G protein signaling 

pathway (i.e. ORG27569 reduces basal G protein signaling) (49), and 2) ORG27569 acts 

as an agonist of the ERK signaling pathway (mediated by β arrestin-1) (47,49,77). In 

addition, it has not been possible to determine ORG27569’s binding affinity directly, due 

to problems involving nonspecific binding and compound solubility. Therefore, due to 
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ORG27569’s myriad of functional effects, as well as difficulty in characterizing its 

binding properties, ORG27569 may have limited clinical value. Finally, there have been 

concerns that ORG27569 may induce similar psychiatric side effects as to what has been 

observed with SR141716A. This is because it has been speculated that SR141716A’s side 

effects may be due to its action as an inverse agonist (however, to our knowledge, no 

direct evidence of this has been reported). Hopefully, this question will be addressed in 

future work. 

    Here, we have used our previously reported model (78) of ORG27569 docked in 

our intermediate (R**) state CB1 model (in the presence of CP55,940) to design, 

synthesize, and characterize four analogs of ORG27569. These analogs were designed to 

have improved interactions with the receptor-CP55,940 complex, as well as to test the 

reported ORG27569 binding mode. To accomplish these two goals, 3 different strategies 

were used in functionalizing the analogs (see Figure 22): 1) the analog PHR016 was 

designed to form new aromatic interaction with F3.25189, 2) analogs PHR017 and 

PHR018 were designed to form a new hydrogen bond with D6.58366, and 3) the analog 

PHR019 was designed to test steric packing between the allosteric modulator and TMH6-

7.  

 Interestingly, the four analogs exhibited a rich and diverse pharmacological 

profile. Only PHR017 and PHR018 had functional effects that were similar, but not 

identical, to that of ORG27569; both of these two analogs increased the equilibrium 

binding of CP55,940, yet antagonized its G protein-mediated signaling (with PHR018 

being more efficacious than ORG27569). Also like ORG27569, PHR017 and PHR018 
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also act as agonist of the ERK signaling pathway. In contrast, PHR016 was observed to 

act as a classical allosteric modulator; this analog antagonized CP55,940’s G protein-

mediated signaling, but did not impact CP55,940’s equilibrium binding. In addition, 

PHR016 did not act as an agonist, and may act as an inverse agonist, of the ERK 

pathway. Finally, PHR019 was not observed to act as an allosteric modulator in any 

capacity, as it does not cause a significant change in CP55,940’s equilibrium binding nor 

G protein-mediated signaling. Most interestingly, PHR019 was observed to act as a 

completely biased agonist of the ERK pathway. Finally, none of the ORG27569 analogs 

acted as inverse agonists of G protein signaling, suggesting the potential therapeutic 

promise of CB1 allosteric-based drugs.     

Methods 

Experimental 
 
 Chemistry, general. Unless otherwise noted, all materials were obtained from 

commercial suppliers and used without further purification. Anhydrous solvents were 

obtained from Aldrich and used directly. All reactions involving air- or moisture-sensitive 

reagents were performed under a nitrogen atmosphere. Analytical thin-layer 

chromatography (TLC) was carried out on plates precoated with silica gel GHLF (250 

µM thickness). TLC visualization was accomplished with a UV lamp. Silica gel 

chromatography was performed using RediSep prepacked silica gel cartridges.  HPLC 

analyses were performed using a Waters Emperor chromatography system comprised of a 

1525 Binary Pump, 2487 Dual l Absorbance Detector, and a 717 plus Autosampler using 

a Waters C-18 reverse phase XBridge column (5 m; 4.6 x 100 mm; 254 nm; 1 mL/min). 
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1
H NMR spectra were run on a Bruker Advance 300 MHz NMR spectrometer. Low 

resolution mass spectra were run on a Perkin-Elmer Sciex API 150 EX mass spectrometer 

outfitted with APCI (atmospheric pressure chemical ionization) or ESI (turbospray) 

sources in positive or negative modes. High resolution mass spectrometry (HRMS) was 

performed using a Waters Synapt HDMS quadrupole time of flight (Q-TOF) mass 

spectrometer interfaced to a Waters Acquity UPLC system.  HRMS data were acquired in 

negative electrospray MS resolution mode. 

tert-Butyl N-[(2S)-2-(4-bromophenyl)-2-hydroxyethyl]carbamate (A3) 

 To a 20-dram vial was added a stir bar, 4-nitrobenzoic acid (0.228 g, 0.00135 

mol), (R,R)-(−)-N,N′-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminocobalt(II) 

(0.510 g, 0.000844 mol) and methyl t-butyl ether (2.30 mL).  The thick red solution was 

sonicated for 30 sec, capped (under air), then stirred at room temp until the thick solution 

became a dark brown color (about 20 min).  t-Butyl carbamate (0.918 g, 0.00768 mol) 

and methyl t-butyl ether (0.77 mL) were then added.  The contents of the vial were 

sonicated for 30 sec, then allowed to stir at room temp for 5 min.  2-(4-

Bromophenyl)oxirane (3.50 g, 0.0169 mol) was then added in one portion.  The contents 

of the vial were sonicated for 30 sec, capped (under air), then stirred at room temp for 60 

h.  At this point the reaction was determined to be complete by TLC [MK6F SiO2, 9:1 

CH2Cl2:EtOAc, phosphomolybdic acid (PMA) stain visualization].  The system was 

evaporated in vacuo until a residue remained.  The material was chromatographed on an 

ISCO Automated Chromatograph [220 g column; 0-10% linear gradient EtOAc in 

CH2Cl2; crude dissolved in 100% CH2Cl2]. The product-containing fractions were 
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evaporated in vacuo, azeotropically evaporated with CH2Cl2 (3 x 50 mL) and high-

vacuum dried to yield a tan solid (1.03 g, 42%, 13508-17-41). The NMR data obtained 

matched the published data.  1H NMR (300 MHz; CDCl3):  δ 7.45-7.50 (m, 2H), 7.23-

7.27 (m, 2H), 4.90 (bs, 1H), 4.76-4.84 (m, 1H), 3.40-3.50 (m, 1H), 3.28 (bs, 1H), 3.16-

3.26 (m, 1H), 1.45 (s, 9H). 

tert-Butyl N-[(2S)-2-hydroxy-2-[4-(piperidin-1-yl)phenyl]ethyl]carbamate (A4) 

 To a glass vial was added tert-butyl N-[(2S)-2-(4-bromophenyl)-2-

hydroxyethyl]carbamate (30 mg, 0.95 mmol), CuI (28 mg, 0.147 mmol, 15.5 mol%), L-

proline (29 mg, 0.25 mmol, 26.5 mol%), potassium carbonate (326 mg, 2.36 mmol, 2.5 

eq), and anhydrous DMSO (2.5 mL).  The vial was flushed with nitrogen and piperidine 

(0.36 mL, 3.6 mmol, 3.8 eq) was added.  The vial was sealed with a cap that was 

equipped with a pressure-release safety septum and the stirred reaction mixture was 

heated at 90 oC for four days.  The reaction mixture was allowed to cool at room 

temperature and partitioned between water and EtOAc.  The layers were separated and 

the aqueous phase was extracted with EtOAc.  The organic extracts were combined, 

washed with brine, dried (MgSO4), filtered, and the filtrate was concentrated to give 0.34 

g of the crude product as an oil.  The crude product was combined with 0.11 g of crude 

product obtained from an earlier run of the reaction wherein tert-butyl N-[(2S)-2-(4-

bromophenyl)-2-hydroxyethyl]carbamate (100 mg, 0.32 mmol), CuI (8.4 mg, 0.044 

mmol, 13.8 mol%), L-proline (8.5 mg, 0.074 mmol, 23.0 mol%), potassium carbonate 

(97 mg, 0.70 mmol, 2.2 eq), anhydrous DMSO (0.67 mL) and piperidine (0.090 mL, 0.91 

mmol, 2.8 eq) were employed.  The crude product was purified by flash chromatography 



106 

over SiO2 (24 g) with a Hex:EtOAc gradient (100:0 to 40:60) to give 135 mg (33%) of 

the desired product as a pale peach solid.  1H NMR (300 MHz; CDCl3):  δ 7.23 (d, J = 8.7 

Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 4.90 (br s, 1H), 4.73 (m, 1H), 3.43 (m, 1H), 3.25 (m, 

1), 3.15 (m, 4H), 2.65 (br s, 1H), 1.70 (m, 4H), 1.57 (m, 2H), 1.45 (s, 9H). 

(1S)-2-Amino-1-[4-(piperidin-1-yl)phenyl]ethan-1-ol (A5) 

 To a stirred solution of tert-butyl N-[(2S)-2-hydroxy-2-[4-(piperidin-1-

yl)phenyl]ethyl]carbamate (126 mg, 0.39 mmol) in CH2Cl2 (2 mL) was added dropwise 

trifluoroacetic acid (0.80 mL) under nitrogen at room temperature.  After 1 h the reaction 

mixture was concentrated and the crude product was partitioned between 15% NaOH and 

CH2Cl2.  The layers were separated and the aqueous phase was extracted with CH2Cl2.  

The organic extracts were combined, washed with brine, dried (MgSO4), filtered, and 

concentrated to give 119 mg (>100%) of the crude product as a tan amorphous solid.  The 

crude product was used directly without further purification.  1H NMR (300 MHz; 

DMSO-d6):  δ 7.14 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 5.14 (br s, 1H), 4.36 (br 

s, 1H), 3.08 (m, 4H), 2.63 (m, 2H), 1.60 (m, 4H), 1.53 (m, 2H).  ES MS 221 (M+H)+, 203 

(M+H–H2O)+. 

5-Chloro-3-ethyl-N-[(2S)-2-hydroxy-2-[4-(piperidin-1-yl)phenyl]ethyl]-1H-indole-2-

carboxamide (PHR017) 

 Crude (1S)-2-amino-1-[4-(piperidin-1-yl)phenyl]ethan-1-ol (0.39 mmol), 5-

chloro-3-ethyl-1H-indole-2-carboxylic acid (90 mg, 0.40 mmol, 1 eq), 1-

hydroxybenzotriazole hydrate (min 20% H2O) (96 mg, 0.57 mmol, 1.5 eq), triethylamine 

(0.16 mL, 1.15 mmol, 2.9 eq) and DMF (4 mL) were combined and the solution was 
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cooled in an ice-water bath under nitrogen.  To the stirred cold solution was added 1-

ethyl-(3-dimethylamino)propyl)carbodiimide hydrochloride (120 mg, 0.70 mmol, 1.8 eq) 

followed by DMF (2 mL) and the reaction mixture was allowed to warm to room 

temperature.  After 4 d the solvent was removed in vacuo and the crude product was 

partitioned between saturated NaHCO3 and EtOAc.  The organic phase was separated, 

dried (MgSO4), filtered, and concentrated to give a red solid (340 mg).  Dichloromethane 

was added to the solid and the suspension was filtered.  The filtered red solid (85 mg) 

was set aside and the filtrate was purified by flash chromatography over SiO2 (12 g), with 

a Hex:EtOAc gradient (100:0 to 30:70) to give an off-white solid which was dried at  

70 oC under high vacuum to give 20.5 mg (12%) of pure desired product. Additional 

product was obtained by extraction of the above aqueous solution with EtOAc, adding the 

less pure fractions of the above flash column as well as the filtered red solid described 

above to give 92 mg of product that was 89% pure according to HPLC [HPLC 

Conditions:  XBridge C-18 reverse phase column; 5 m; 4.6 x 100 mm; 254 nm; 1 

mL/min; CH3CN:H2O with 0.05% TFA (60:40).]  1H NMR (500 MHz, DMSO-d6, 60 oC): 

δ   11.29 (br s, 1H), 7.63 (m, 2H), 7.39 (d, J = 8.5 Hz, 1H), 7.22 (d, J = 9.0 Hz, 2H), 7.17 

(dd, J = 2.3 Hz, 8.8 Hz, 1H), 6.88 (d, J = 8.5 Hz, 2H), 4.67 (dd, J = 4.8 Hz, 7.8 Hz, 1H), 

3.57 (dm, J = 13.0 Hz, 1H), 3.36 (ddd, J = 4.5 Hz, 7.5 Hz, 13.0 Hz, 1H), 3.11 (m, 4H), 

2.96 (q, J = 7.5 Hz, 2H), 1.61 (m, 4H), 1.53 (m, 2H), 1.14 (t, J = 7.5 Hz, 3H).  HRMS 

ES+ Calc. m/z for C24H29ClN3O2:  426.1943.   Observed:  426.1941.   
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5-Chloro-3-ethyl-N-[(2R)-2-hydroxy-2-[4-(piperidin-1-yl)phenyl]ethyl]-1H-indole-2-

carboxamide (PHR018) 

 The title compound was prepared as described for PHR017 except for using the 

enantiomeric catalyst (R,R)-(−)-N,N′-Bis(3,5-di-tert-butylsalicylidene)-1,2-

cyclohexanediaminocobalt(II).    

 The material was 98.3% pure by HPLC [HPLC Conditions:  XBridge C-18 

reverse phase column; 5 µm; 4.6 x 100 mm; 254 nm; 1 mL/min; CH3CN:H2O with 0.05% 

TFA (40:60).]  1H NMR (300 MHz; DMSO-d6):  δ 11.42 (s, 1H), 7.83 (m, 1H), 7.66 (m, 

1H), 7.40 (d, J = 8.7 Hz, 1H), 7.22 (d, J = 8.7 Hz, 2H), 7.18 (m, 1H), 6.90 (d, J = 8.7 Hz, 

2H), 5.41 (d, J = 4.1 Hz, 1H), 4.66 (m, 1H), 3.56 (m, 1H), 3.30 (m, 1H), 3.10 (m, 4H), 

2.97 (q, J = 7.5 Hz, 2H), 1.61 (m, 4H), 1.53 (m, 2H), 1.12 (t, J = 7.5 Hz, 3H).  ES+ MS 

Calcd:  426.19 (M+H)+; Found:  426.3.  ES- MS Calcd:  424.19 (M-H)+; Found:  

424.5.HRMS ES+ Calc. m/z for C24H29ClN3O2:  426.1943.   Observed:  426.19 

2-Bromo-4-(piperidin-1-yl)benzaldehyde  (C2) 

 2-Bromo-4-fluorobenzaldehyde (2.0 g, 0.0099 mol), piperidine (1.03 mL, 0.0104 

mol, 1.05 eq), potassium carbonate (1.57 g, 0.0114 mol, 1.15 eq) and anhydrous DMF 

(20 mL) were combined and the stirred reaction mixture was heated at 110 oC under 

nitrogen for 18 h.  The reaction mixture was allowed to cool at room temperature, 

concentrated, and partitioned between water and EtOAc.  The organic phase was 

separated, washed with brine, dried (MgSO4), filtered, and concentrated.  The crude 

product was purified by flash chromatography over SiO2 (40 g) with a hexane:EtOAc 

gradient (100:0 to 60:40) to give 2.55 g (96%) of the title compound as a yellow oil.  1H 
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NMR (300 MHz, CDCl3): δ 10.07 (s, 1H), 7.78 (d, J = 8.9 Hz, 1H), 6.96 (d, J = 2.0 Hz, 

1H), 6.80 (d, J = 8.8 Hz, 1H), 3.40 (s, 4H), 1.68 (s, 6H). 

2-Cyclopropyl-4-(piperidin-1-yl)benzaldehyde  (C3) 

 2-Bromo-4-(piperidin-1-yl)benzaldehyde (1.46 g, ) 0.00544 mol), 

cyclopropylboronic acid (0.732 g, 0.00852 mol, 1.56 eq), tricyclohexylphosphine (0.172 

g, 0.00061 mol, 11.2 mol%), potassium phosphate monohydrate (tribasic) (2.5 g, 0.0109 

mol, 2 eq), toluene (23 mL) and water (0.20 mL, 0.0111 mmol, 2 eq) were combined and 

the stirred mixture was heated at 100 oC under nitrogen.  Palladium acetate (0.077 g, 0.34 

mmol, 6.3 mol%) was added to the reaction mixture and heating was continued for 5 h.  

The reaction mixture was allowed to stand overnight at room temperature, filtered 

through a pad of celite, and the pad was washed with EtOAc.  The filtrate was 

concentrated and the crude product was purified by flash chromatography over SiO2 (40 

g) with a hexane:EtOAc gradient (100:0 to 60:40) to give 1.14 g (91%) of the desired 

product as a yellow oil.  1H NMR (300 MHz, CDCl3): δ 10.32 (s, 1H), 7.71 (d, J = 8.7 Hz, 

1H), 6.73 (d, J = 8.6 Hz, 1H), 6.51 (s, 1H), 3.37 (s, 4H), 2.60 (m, 1H), 1.66 (s, 6H), 1.02 

(m, 2H), 0.74 (m, 2H). 

1-{3-Cyclopropyl-4-[(E)-2-nitroethenyl]phenyl}piperidine  (C4) 

 2-Cyclopropyl-4-(piperidin-1-yl)benzaldehyde (1.1 g, 0.0048 mol), ammonium 

acetate (0.785 g, 0.0102 mol, 2.1 eq) and nitromethane (12 mL) were combined in a 

round bottom flask and the reaction mixture was heated at 100 oC under nitrogen for 4 h.  

The reaction mixture was allowed to cool at room temperature, concentrated, and 

partitioned between saturated NaHCO3 and EtOAc.  The organic phase was separated, 
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washed with brine, dried (MgSO4), filtered, and concentrated.  The crude product was 

purified by flash chromatography over SiO2 (40 g) with a hexane :EtOAc gradient (100:0 

to 70:30) to give 0.81 g (62%) of the desired product as a dark red-brown solid. 1H NMR 

(300 MHz, CDCl3): δ 8.60 (d, J = 13.4 Hz, 1H), 7.55 (d, J = 13.4 Hz, 1H), 7.44 (d, J = 8.8 

Hz, 1H), 6.71 (dd, J = 2.6 Hz, 8.9 Hz, 1H), 6.64 (d, J = 2.5 Hz, 1H), 3.34 (m, 4H), 2.04 

(m, 1H), 1.66 (s, 6H), 1.05 (m, 2H), 0.71 (m, 2H).    

2-[2-Cyclopropyl-4-(piperidin-1-yl)phenyl]ethan-1-amine (C5) 

 To a stirred solution of 1-(3-cyclopropyl-4-[(E)-2-nitroethenyl]phenyl)piperidine 

(810 mg, 3 mmol) in anhydrous THF (50 mL) was added dropwise lithium aluminum 

hydride (1 N in THF) (16 mL,16 mmol, 5.3 eq) at room temperature under nitrogen.  The 

reaction mixture was heated at reflux for 1 h.  The reaction mixture was allowed to cool 

at room temperature and then cooled in an ice-water bath.  To the stirred cold turbid 

mixture was added dropwise water (0.6 mL), followed by 15% NaOH (0.6 mL) and 

finally water (1.8 mL).  The quenched mixture was filtered through a pad of celite and the 

pad was washed with EtOAc.  The filtrate was washed with saturated NaHCO3 followed 

by brine, dried (MgSO4), filtered, and the filtrate was concentrated to give 0.534 g (73%) 

of the desired product as a yellow oil.  1H NMR indicates one or more impurities are 

present.  The compound was used directly without further purification.  1H NMR (300 

MHz, CDCl3): δ 7.03 (d, J = 8.2 Hz, 1H), 6.71 (dd, J = 2.7 Hz, 8.3 Hz, 1H), 6.58 (d, J = 

2.6 Hz, 1H), 3.08 (m, 4H), 2.95 (m, 2H), 1.98 (m, 5), 1.69 (m, 4H), 1.56 (m, 2H), 0.92 

(m, 2H), 0.65 (m, 2H). 
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5-Chloro-N-(2-[2-cyclopropyl-4-(piperidin-1-yl)phenyl]ethyl)-3-ethyl-1H-indole-2-

carboxamide (PHR019) 

 To an ice-water cooled stirred mixture of 5-chloro-3-ethyl-1H-indole-2-carboxylic 

acid (73 mg, 0.326 mmol), 1-hydroxybenzotriazole (61 mg, 0.45 mmol, 1.38 eq), 

triethylamine (0.12 mL, 0.86 mmol, 2.6 eq) and DMF (3 mL) was added 1-ethyl-(3-(3-

dimethylamino)propyl)-carbodiimide hydrochloride (78 mg, 0.41 mmol, 1.25 eq) 

followed by DMF (1 mL). The reaction mixture was stirred at room temperature 

overnight.  After 24 h, the reaction mixture was concentrated and partitioned between 

water and EtOAc.  The organic phase was separated, washed with brine, dried (MgSO4), 

filtered, and concentrated.  The crude product was partially purified by flash 

chromatography over SiO2 (12 g) with a hexane:EtOAc gradient (100:0 to 60:40) to give 

67 mg of a pale tan solid.  The solid was dissolved in EtOAc and the solution was 

partially concentrated in vacuo.  The suspension was filtered and the filtered solid was 

washed with Et2O and dried to give 27 mg (18%) of the desired product as a white solid.  

The filtrate was concentrated and dried to give 39 mg of slightly impure product as a pale 

tan solid. HPLC analysis of the white solid indicates the product is 99% pure.  [HPLC 

Conditions:  Waters XBridge C-18 reverse phase column; 5 mm; 4.6 x 100 mm; 254 nm; 

1 mL/min; CH3CN:H2O with 0.05% TFA (80:20)].  1H NMR (300 MHz, CDCl3): δ 11.34 

(br s, 1H), 8.03 (br t, J = 5.6 Hz, 1H), 7.66 (d, J = 1.9 Hz, 1H), 7.40 (d, J = 8.7 Hz, 1H), 

7.18 (dd, J = 2.0 Hz, 8.7 Hz, 1H), 7.01 (d, J = 8.4 Hz, 1H), 6.68 (dd, J = 2.5 Hz, 8.3 Hz, 

1H), 6.45 (d, J = 2.4 Hz, 1H), 3.49 (m, 2H), 3.03 (m, 4H), 2.95 (m, 4H), 2.04 (m, 1H), 



112 

1.59 (m, 4H), 1.51 (m, 2H), 1.14 (t, J = 7.4 Hz, 3H), 0.90 (m, 2H), 0.65 (m, 2H).  ES+ 

HRMS Calcd:  450.2307 (M+H)+; Found:  450.2310. 

1-[4-(2-Nitroethenyl)phenyl]piperidine (D2) 

 To a 250-mL round-bottomed flask containing a stir bar was added 4-piperidin-1-

yl-benzaldehyde (4.90 g, 0.0259 mol), ammonium acetate (3.66 g, 0.0461 mol), and 

nitromethane (51.0 mL).  The system was fitted with a reflux condenser, placed under a 

N2 atmosphere and heated to reflux for 3.5 h.  At this point the system was cooled to 

room temperature and evaporated in vacuo until a residue remained.  The red-brown solid 

was dissolved in ethyl acetate (250 mL) and 1 N HCl (200 mL).  The layers were 

separated, re-extracting the aqueous layer with ethyl acetate (3 x 200 mL).  The organic 

layers were combined and then washed with a saturated solution of sodium bicarbonate 

(200 mL).   The aqueous layer was back-extracted once with ethyl acetate (200 mL).  The 

organic layers were combined, dried over sodium sulfate, filtered, evaporated in vacuo, 

and high-vacuum dried to yield a bright red solid.  The crude product was 

chromatographed via ISCO Automated Chromatography [220 g column; 0-25% linear 

gradient EtOAc in hexanes, then isocratic 25% EtOAc in hexanes; crude dissolved in 

100% CHCl3].  The desired fractions were evaporated in vacuo and high-vacuum dried to 

yield a bright red solid (3.16 g, 53%). 

2-[4-(Piperidin-1-yl)phenyl]ethan-1-amine (D3) 

 To a 500-mL round-bottomed flask containing 1-[4-(2-nitroethenyl)phenyl] 

piperidine (1.50 g, 0.00646 mol), which had been high-vacuum dried overnight, was 

added a stir bar and anhydrous THF (91.2 mL).  The system was placed under a N2 
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atmosphere.  Lithium aluminum hydride (30.4 mL of a 1 M solution in THF, 0.0304 mol) 

was added dropwise at room temperature over 2 min.  The system was fitted with a reflux 

condenser, placed under a N2 atmosphere and heated to reflux for 1 h.  At this point the 

system was cooled to room temperature.  The system was cooled to 0 oC and water (1.15 

mL) was added dropwise with vigorous stirring.  A 15% solution of NaOH (1.15 mL) was 

added followed by more water (3.46 mL).  A white precipitate was formed which was 

filtered away via a pad of Celite, washing with ethyl acetate.  The clear yellow filtrate 

was evaporated to a total volume of 60 mL.  A saturated solution of sodium bicarbonate 

(80 mL) was added and the layers separated, re-extracting the aqueous layer with ethyl 

acetate (2 x 50 mL).  The organic layers were combined and washed with brine (200 mL).  

The aqueous layer was re-extracted with ethyl acetate (2 x 60 mL).   The organic layers 

were combined, dried over sodium sulfate, filtered, evaporated in vacuo, azeotroped with 

CH2Cl2 (3 x 100 mL) and high-vacuum dried to yield an orange oil (1.11 g, 83%). 

Ethyl 3-benzoyl-5-chloro-1H-indole-2-carboxylate (D5) 

 A 500-mL round-bottomed flask containing a stir bar was heat-dried under a 

stream of N2 using a heat gun.  Ethyl-5-chloroindole-2-carboxylate (1.70 g, 0.00760 mol) 

and anhydrous dichloromethane (40.0 mL) were added and the system cooled to 0 oC.  

Diethylaluminum chloride (15.0 mL of a 1 M solution in heptanes, 0.0150 mol) was then 

added dropwise over 5 min.  The system was stirred at 0 oC for 45 min, then a solution of 

benzoyl chloride (2.14 g, 0.0152 mol) in anhydrous dichloromethane (40.0 mL) was 

added dropwise over 5 min.  The system was allowed to warm to room temp overnight.  

At this point the system was cooled to 0 oC.  With vigorous stirring, a saturated solution 
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of sodium bicarbonate (100 mL) was added slowly.  Dichloromethane (100 mL) and 

brine (100 mL) were added in an unsuccessful attempt to break up the resulting emulsion.  

The mixture was filtered over a pad of Celite, washing with dichloromethane.  The 

resulting biphasic filtrate was evaporated in vacuo to remove some of the solvent.  The 

layers were separated, re-extracting the aqueous layer with CH2Cl2 (300 mL).  The 

organic layers were combined and washed with brine (200 mL).  The aqueous layer was 

re-extracted with CH2Cl2 (200 mL).   The organic layers were combined, dried over 

sodium sulfate, filtered, evaporated in vacuo, and high-vacuum dried.  The crude material 

(3.00 g) was chromatographed on an ISCO Automated Chromatograph [120 g column; 0-

50% linear gradient EtOAc in hexanes; crude dissolved in 100% CH2Cl2].  The desired 

fractions were evaporated in vacuo, azeotroped once with CH2Cl2 (50 mL), and high-

vacuum dried to yield a light yellow solid (0.780 g, 31%). 

Ethyl 3-benzyl-5-chloro-1H-indole-2-carboxylate (D6) 

 To a 20-dram vial containing a stir bar was added ethyl 3-benzoyl-5-chloro-1H-

indole-2-carboxylate (0.450 g, 0.00137 mol) and TFA (5.4 mL).  The system was fitted 

with a septum cap and placed under a N2 atmosphere.  Triethylsilane (0.639 g, 0.00549 

mol) was added dropwise over 30 sec.  The resulting dark yellow solution was then 

stirred under N2 at room temp.   After 30 min the system was a mustard-yellow slurry.  

After stirring for a total of 3.5 h the layers were separated and the aqueous layer was 

extracted with ethyl acetate (60 mL).  The organic layers were combined and washed 

with brine (75 mL).  The aqueous layer was re-extracted with ethyl acetate (60 mL).   The 
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organic layers were combined, dried over sodium sulfate, filtered, evaporated in vacuo, 

and high-vacuum dried to yield an off-white solid (0.410 g, 95%). 

3-Benzyl-5-chloro-1H-indole-2-carboxylic acid (D7) 

 To a 100-mL round-bottomed flask containing a stir bar was added ethyl 3-

benzyl-5-chloro-1H-indole-2-carboxylate (0.380 g, 0.00121 mol) and 1,4-dioxane (9.0 

mL).  Sodium hydroxide (6.06 mL of a 1 N solution, 0.00606 mol) was then added in one 

portion.  The system was fitted with a reflux condenser and heated at reflux temperature 

under an atmosphere of N2 for 40 min.  At this point the system was cooled to room 

temperature.  Aqueous HCl (30 mL of a 1 N solution) was added slowly to quench.  The 

resulting suspension was stirred at room temperature for 5 min. Ethyl acetate (40 mL) 

was added to dissolve the solid.  The layers were separated, re-extracting the aqueous 

layer with ethyl acetate (2 x 40 mL).  The organic layers were combined, dried over 

sodium sulfate, filtered, evaporated in vacuo, and high-vacuum dried to yield the product 

as a peach-colored solid (0.339 g, 98%). 

3-Benzyl-5-chloro-N-(2-[4-(piperidin-1-yl)phenyl]ethyl)-1H-indole-2-carboxamide  

(PHR016) 

 To a 20-dram vial containing a stir bar was added 2-[4-(piperidin-1-

yl)phenyl]ethan-1-amine (0.138 g, 0.000676 mol), 3-benzyl-5-chloro-1H-indole-2-

carboxylic acid (0.165 g, 0.000577 mol), and DMF (5.3 mL).  1-Hydroxybenzotriazole 

hydrate (0.139 g of a 20% water by weight solid, 0.000797 mol) was then added in one 

portion.  The system was placed under an atmosphere of N2 and then triethylamine (0.152 

g, 0.00150 mol) was added dropwise over 1 min.  The resulting solution was cooled to    
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0 oC.  A slurry of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (0.138 

g, 0.000722 mol) in N,N-dimethylformamide (1.8 mL) was then added in one portion.  

The resulting suspension was warmed to room temp, where it became an orange-colored 

solution.  The system was allowed to stir at room temperature for 3 days.  At this point 

the contents of the vial were transferred to a 100 mL round-bottomed flask with ethyl 

acetate and evaporated in vacuo until a residue remained.  The residue was partitioned 

between ethyl acetate (50 mL) and brine (50 mL).  The layers were separated, re-

extracting the aqueous layer with ethyl acetate (3 x 50 mL).  The organic layers were 

combined, dried over sodium sulfate, filtered, evaporated in vacuo, and high-vacuum 

dried.  The crude material (0.463 g) was chromatographed on an ISCO Automated 

Chromatograph [24 g column; 0-50% linear gradient EtOAc in hexanes, then isocratic 

100% EtOAc; crude dissolved in 100% CH2Cl2].  One fraction yielded white needles 

upon standing.  This fraction was filtered, washed with hexanes, and high-vacuum dried 

to yield a white solid (0.022 g, 8%).  Further product from other fractions was also 

obtained (0.042 g, 15%), bringing the total yield for this step to 23%.  The crystalline 

material was 98.6% pure by HPLC [HPLC Conditions:  XBridge C-18 reverse phase 

column; 5 µm; 4.6 x 100 mm; 254 nm; 1 mL/min; CH3CN:H2O with 0.05% TFA 

(70:30).]  1H NMR (300 MHz; CDCl3):  δ 9.23 (br s, 1H), 7.55 (d, J = 1.9 Hz, 1H), 7.36 

(d, J = 8.6 Hz, 1H), 7.23 (m, 5H), 6.99 (m, 2H), 6.93 (m, 2H), 6.87 (m, 1H), 5.83 (m, 

1H), 4.12 (s, 2H), 3.54 (m, 2H), 3.12 (m, 4H), 2.64 (t, J = 6.8 Hz, 2H), 1.72 (m, 4H), 1.56 

(m, 2H).  ES+ MS Calcd:  472.21 (M+H)+; Found:  472.7.  ES- MS Calcd:  470.21 (M-

H)+; Found:  470.7. 
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Pharmacology 

 HEK293 cells. HEK293 cells were stably transfected with wild-type, human CB1 

receptor. These transfected cell lines express the receptor at approximately 1 pmol/mg 

protein as previously described (23,54). Cells were maintained at 37°C and 5% CO2 in 

DMEM + 4.5g/L Glucose supplemented with 10% Foetal bovine serum, 0.7 mg/ml G418 

and 0.6% penicillin-streptomycin. These cells were passed approximately twice a week 

using non-enzymatic cell dissociation solution. When using these cells in the [35S]GTPγS 

binding assay, cells were starved of foetal bovine serum for 24 hours before being 

scraped and frozen in a pellet at -20°C. 

 Mouse brain membrane preparation. As previously described (49), whole 

brains from adult male MF1 mice were suspended in centrifugation buffer (320 mM 

sucrose, 2 mM EDTA, 5 mM MgCl2) and the tissues were homogenized with an Ultra-

Turrax homogenizer (Sigma-Aldrich, UK). Tissue homogenates were centrifuged at 

1600g for 10 minutes and the resulting supernatant collected. This pellet was resuspended 

in centrifugation buffer, centrifuged as before, and the supernatant collected. 

Supernatants were combined before undergoing further centrifugation at 28,000g for 20 

minutes. The supernatant was discarded and the pellet resuspended in buffer A (50 mM 

Tris, 2 mM EDTA, 5 mM MgCl2 at pH 7.0) and incubated at 37°C for 10 minutes. 

Following the incubation, the suspension was centrifuged for 20 minutes at 23,000g. 

After resuspending the pellet in buffer A, the suspension was incubated for 40 minutes at 

room temperature before a final centrifugation for 15 minutes at 11,000g. The final pellet 

was resuspended in buffer B (50 mM Tris, 1 mM EDTA, 3 mM MgCl2) and the final 
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protein concentration, determined by Bio-Rad Dc kit, was 1 mg/ml. All centrifugation 

procedures were carried out at 4°C. Prepared brain membranes were stored at −80°C and 

defrosted on the day of the experiment. 

Radioligand Binding Experiments 

 Competition and Saturation Binding Assays (Mouse Brain Membranes). 

Binding assays were performed with the CB1 receptor agonist [3H]CP55940 (0.7 nM for 

equilibrium or 0.1–10 nM for saturation) in 1 mg/ml BSA and 50 mM Tris buffer, total 

assay volume 500 µl. Binding was initiated by the addition of mouse brain membranes 

(30 µg). Assays were carried out at 37°C for 60 minutes before termination by addition of 

ice-cold wash buffer (50 mM Tris buffer, 1 mg/ml BSA) and vacuum filtration using a 

24-well sampling manifold (Brandel Cell Harvester, PerkinElmer) and Whatman GF/B 

glass-fiber filters that had been soaked in wash buffer at 4°C for 24 hours. Each reaction 

tube was washed five times with a 1.2-ml aliquot of buffer. The filters were oven-dried 

for 60 minutes and then placed in 4 ml of scintillation fluid (Ultima Gold XR, Packard), 

and radioactivity quantitated by liquid scintillation spectrometry. Specific binding was 

defined as the difference between the binding that occurred in the presence and absence 

of 1 µM of the corresponding unlabeled ligand and was 70–80% of the total binding. 

Signaling Assays 

 [35S]GTPγS binding assay. As previously described (49), 0.5 mg/ml cell 

membranes were incubated with the CP55,940 with vehicle or modulator (1µM) for 60 

min at 30 °C in assay buffer (50 mM Tris-HCl; 50 mM Tris base; 5 mM MgCl2; 1 mM 

EDTA; 100 mM NaCl; 1 mM DTT; 0.1% BSA) in the presence of 0.1 nM [35S]GTPγS 
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and 30 µM GDP, in a final volume of 500 µl. Binding was initiated by the addition of 

[35S]GTPγS. Nonspecific binding was measured in the presence of 30 µM GTPγS. The 

reaction was terminated by rapid vacuum filtration (50 mM Tris-HCl; 50 mM Tris base; 

0.1% BSA) using a 24-well sampling manifold (cell harvester; Brandel, Gaithersburg, 

MD) and GF/B filters (Whatman, Maidstone, UK) that had been soaked in buffer (50 mM 

Tris-HCl; 50 mM Tris base; 0.1% BSA) for at least 24 h. Each reaction tube was washed 

five times with a 1.2-ml aliquot of ice-cold wash buffer. The filters were oven-dried for at 

least 60 min and then placed in 4 ml of scintillation fluid (Ultima Gold XR, Packard). 

Radioactivity was quantified by liquid scintillation spectrometry. 

 Western Analysis for Determination of ERK Activity. As previously described 

(79), CB1-expressing U2OS cells were grown to sub-confluence in 60-mm plates and 

serum-starved overnight before assay. After drug treatment the cells were disrupted in a 

lysis buffer (50 mM Hepes, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 

1% Triton X-100, 10 µM MgCl2, 20 mM p-nitrophenyl phosphate, 1 mM Na3VO4, 25 

mM NaF, and a protease inhibitor mixture (1:25, pH 7.5). Lysates were immediately 

placed on ice for 10 min and then centrifuged at 16,000 × g for 30 min at 4 °C. 

Supernatants, corresponding to the cytosolic fraction, were collected, and protein 

concentrations were determined by the Bradford assay (Bio-Rad) using bovine serum 

albumin as a standard. Cytosolic fractions (20 µg) were separated on a 10% gel by SDS-

PAGE followed by immunoblotting (80). Antibodies against double-phosphorylated 

ERK1/2 (1:5000) were detected using a Fuji imager LAS-1000 (Fujifilm Life Science, 

Woodbridge, CT). A monoclonal antibody against actin (1:10,000) was used to confirm 
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equal protein loading. Densitometric analysis was performed using ImageJ software 

(rsb.nih.gov/ij). The value obtained for both ERK1 and ERK2 was normalized to anti-

actin levels. The data were normalized to control and presented as percentage stimulation. 

Computational 

 Conformational analyses of PHR016, PHR017, PHR018, and PHR019. To 

generate libraries of low-energy conformers of the ORG27569 analogs (PHR016, 

PHR017, PHR018, and PHR019) the Spartan molecular modeling program’s 

Conformation Distribution protocol was used (Wavefunction, Inc., Irvine, CA). In this 

protocol, the algorithm systematically searches through all of rotatable bonds (for each 

compound). In addition, the algorithm also samples ring conformations (e.g. alternate 

chair conformations for flexible rings). The energy of each conformer generated was 

calculated using the Merck Molecular Force Field (MMFF94S). These calculations 

yielded libraries of unique conformations for each compound (where each analog had a 

library with a different number of conformers—this is due to the inherent differences in 

each compound’s conformational freedom). The geometry and energy of these 

conformations was refined by performing ab initio HF-6-31G* energy minimizations on 

each conformer. To calculate the difference in energy between the global minimum 

energy conformer and its final docked conformation, rotatable bonds in the global 

minimum energy conformer were driven to their corresponding value in the final docked 

conformation and the single-point energy of the resultant structure was calculated at the 

HF 6-31G* level. 
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 Docking the ORG27569 analogs. The low energy conformations explored by 

ORG27569 and the ORG27569 analogs are quite similar. Therefore, we first identified a 

low-energy conformation of each ORG27569 analog that was conformationally similar to 

the docked conformation of ORG27569 (in the presence of CP55,940). These chosen 

low-energy conformers (one for each of the ORG27569 analogs) were manually docked 

in the receptor-CP55,940 complex, using the reported ORG27569-CP55,940-CB1 model 

as a guide (78).  

 Receptor model energy minimization. The energy of the ligand(s)/CB1 R** 

complex, including loop regions, was minimized using the OPLS 2005 force field in 

Macromodel 9.9 (Schrödinger, LLC, New York, NY, 2011). An 8.0-Å extended 

nonbonded cutoff (updated every 10 steps), a 20.0-Å electrostatic cutoff, and a 4.0- Å 

hydrogen bond cutoff were used in each stage of the calculation. The minimization was 

performed in two stages. In the first stage, a harmonic constraint was placed on all the 

TMH backbone torsions (ϕ, ψ, and ω), with this constraint gradually reduced to zero in 

500-step increments (using a total of 2500 steps to reach zero). In addition, a 500 

kcal/mol harmonic constraint was placed on the backbone torsions of the loops. No 

constraints were placed on the ligand(s) during this stage. The minimization consisted of 

a conjugate gradient minimization using a distance-dependent dielectric, performed in 

1000-step increments until the bundle reached the 0.05 kJ/mol gradient. In the second 

stage of the calculation, the ligand(s) and TMH bundle were frozen, but the loops were 

allowed to relax. The generalized Born/surface area continuum solvation model for water 

as implemented in Macromodel was used. This stage of the calculation consisted of a 
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Polak-Ribier conjugate gradient minimization in 1000-step increments until the bundle 

reached the 0.05 kJ/mol gradient.   

 Assessment of pairwise interaction and total energies. Interaction energies 

between the allosteric modulator and the CB1 R**-CP55,940 complex were calculated 

using Macromodel, as previously described (78). Specifically, after defining the atoms of 

the allosteric modulator as one group (group 1) and the atoms corresponding to a residue 

that lines the binding site in the final ligand-CB1R** complex as another group (group 2), 

Macromodel was used to output the pairwise interaction energy (Coulombic and van der 

Waals) for a given pair. 

Results 

Chemistry 

 The syntheses of four analogs of ORG27569, which were designed to test and 

evolve the computational model of the allosteric site of the hCB1 receptor, are  

described.  These are the 2-hydroxylated enantiomeric analogs (PHR017 and PHR018), 

the 2-cyclopropylphenyl analog (PHR019), and the 3-benzylindole analog (PHR016).  

The syntheses involve coupling a modified 4-(1-piperidino)phenethylamine with the 

previously reported 5-chloro-3-ethyl-1H-indole-2-carboxylic acid (60,81) or its similarly 

prepared 3-benzyl analog D7.  PHR017 and PHR018 enantiospecifically introduce 

hydroxyl groups during the synthesis as discussed below. 

 The synthesis of PHR017, shown in Figure 23 (Scheme A/B), started with a 

kinetic resolution of racemic 2-(4-bromophenyl)oxirane A1 via ring opening with t-

butylcarbamate A2 mediated via a chiral catalyst (R,R-salen) following the reported 
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method (81,82). This gave the chiral Boc protected (S)-aminoalcohol  A3 in 42% yield 

and > 99% (83) enantiomeric excess (literature ee). 

 

 
 
Figure 23. Scheme A/B. 
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The optical rotation (+ 46 °) of the product matched that reported for the reported (S)-

aminoalcohol A3.  Similarly, treatment of A1 with (S,S-salen) provided the epimeric Boc 

protected (R)-aminoalcohol B3 that exhibited an optical rotation (- 45 °) supportive of the 

stereochemistry at the respective chiral carbons as S and R respectively.  However, these 

literature assignments are based on analogous data and trends with past salen chemistry 

and not on a rigorous assignment (e.g. x-ray). 

 A second, independent, chiral synthesis of A3 was also examined via a chiral 

CBS-oxazaborolidine reduction (83) wherein reduction of ketones is precedented to give 

the S-stereochemistry product  from the S- oxazaborolidine.  Thus, reduction of 4’-

bromo-2-chloroacetophenone (A7), followed by amination with ammonia gave the amino 

alcohol A8 which was converted to the Boc protected amine A3.   The product A3 from 

this sequence afforded an optical rotation (+ 42 °) close to that of the R,R-salen product 

A3 above, adding support to the stereochemical assignment.   

As it would be preferable to link compound A3 to a structure of established 

stereochemistry, A8 from the CBS-oxazaborolidine reduction was catalytically reduced to 

remove the bromine and provide 2-hydroxy-2-phenethylamine.  The optical rotation of 

the resulting product was measured and found to agree with authentic ((S)-2-hydroxy-2-

phenethyl)amine from a commercial source.  This confirmed the desired stereochemistry 

of A3 and by extension of B3.   

The synthesis was continued by Ullman amination of A3 from the salen route 

with piperidine mediated with copper iodide, which provided A4 in 33% yield.  

Treatment of A4 with trifluoroacetic acid cleaved the Boc group to afford the (S)-
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aminoalcohol A5 in 100% yield.  The corresponding (R)-aminoalcohol  B5 was prepared 

in the same manner.   

The indole 2-carboxylic acid A6, prepared as referenced above, was coupled to 

each of the amines A5 and B5 to afford the corresponding amides PHR017 and PHR018 

respectively in 65% yield.  The analogs were characterized for purity by HPLC and 

identity by 1H NMR and high resolution mass spectrometry.   

The 2-cyclopropylphenyl analog (PHR019) was prepared in five steps starting 

from commercially available 2-bromo-4-fluorobenzaldehyde C1 (Scheme C; see Figure 

24).  Displacement of fluoride from C1 with piperidine at elevated temperature provided 

the desired N-aryl piperidine C2 in 96% yield.  Suzuki coupling between the aryl 

bromide C2 and cyclopropyl boronic acid gave the cyclopropyl substituted benzaldehyde 

C3 that was subjected to the Henry Reaction with nitromethane under dehydrating 

conditions to yield nitroalkene C4 in 63% yield.  Reduction of C4 using lithium 

aluminum hydride provided the amine C5 in 73% yield. Coupling C5 and indole 

carboxylic acid A6 with a carbodiimide provided a 44% yield of the desired indole amide 

PHR019.  Crystallization provided a sample of 99% purity (HPLC) for testing. High 

resolution mass spectrometry and 1H NMR spectroscopy supported the structural 

assignment.    

 The convergent synthesis of PHR016 couples amine D3 with indole acid D7 

(Scheme D; see Figure 25).  Thus, commercially available 4-piperidinobenzaldhyde D1 

was heated with nitromethane in a Henry Reaction to give a 53% yield of the nitroalkene 

D2.  Reduction of D2 with lithium aluminum hydride provided the amine D3 in 83% 
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yield.  The 3-benzyl indole acid D7 was prepared from commercially available D4 in a 

manner similar to that reported above for the 3-ethyl indole acid A6.  Thus, benzoylation 

of D4 with benzoyl chloride mediated by diethylaluminum chloride afforded D5 (31%). 

 

 
 
Figure 24. Scheme C. 
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Figure 25. Scheme D. 
 

 Reduction of the keto moiety to the methylene group was effected with 

triethylsilane in the presence of trifluoroacetic acid to provide D6 in 95% yield.  

Saponification of D6 gave D7 (98%).   Coupling D7 and D3 with a carbodiimide gave the 
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sought amide PHR016 (23%) after chromatography that afforded crystals from one of the 

product containing fractions. High resolution mass spectrometry and 1H NMR 

spectroscopy supported the structural assignment.   

Allosteric Properties of ORG27569 Analogs 

 Equilibrium binding assays: PHR016, PHR017, PHR018, and PHR019 

effects on CP55,940 binding. Each ORG27569 analog was characterized for its ability to 

affect the equilibrium binding of CP55,940 (0.7 nM). Interestingly, only PHR017 and 

PHR018 (the ‘hydroxyl enantiomers’) caused an increase in CP55,940’s Bmax, in a 

concentration-dependent manner (see Table 6). 

 
Table 6 
 
ORG27569 analogs’ effects on CP55,940’s equilibrium binding and G protein-mediated 
signaling 
 

 Experimental 

Allosteric CP55,940’s Bmax CP55,940’s Efficacy 

Modulator % equilibrium binding [35S]GTPγS binding 

 (10 µM of allosteric modulator) (% inhibition, 1 µM of modulator) 

ORG27569 212 100 

PHR017 (hydroxyl analog, S) 182 57 

PHR018 (hydroxyl analog, R) 237 100 

PHR016 (‘phenyl analog’) 100 100 

PHR019 (cyclopropyl analog) 75 0 

 

 Application of PHR017 and PHR018 (10 µM) caused CP55,940’s Bmax to increase 

182% and 237%, respectively. Importantly, it has been previously reported that 
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ORG27569 (10 µM) causes CP55,940’s Bmax to only increase 212%, suggesting that 

PHR018 is more effective at increasing CP55,940’s equilibrium binding (2,49). PHR016 

had no effect on CP55,940’s equilibrium binding (see Table 6). Finally, PHR019 may 

actually cause a reduction in CP55,940’s Bmax (see Table 6). However, it is important to 

note that these results have not yet undergone tests for statistical significance.  

 [35S]GTPγS Binding Assays: PHR016, PHR017, PHR018, and PHR019 

Effects on CP55,940 G Protein-Mediated Signaling. Each ORG27569 analog was 

characterized for its ability to affect CP55,940’s signaling, in [35S]GTPγS binding assays. 

As previously reported (49), ORG27569 completely antagonized CP55,940 (see Table 6). 

Likewise, PHR016 and PHR018 also completely antagonized CP55,940 (see Table 6). 

Interestingly, PHR017, an enantiomer of PHR018, was only able to antagonize 57% of 

CP55,940’s signal (see Table 6); this result is consistent with the results from the 

equilibrium binding assays—those results also suggested that PHR017 was not as an 

effective allosteric modulator of CP55,940 as ORG27569 or PHR018. However, it is 

important to mention that receptor binding and signaling are not necessarily correlated; 

specifically, the results from the binding studies and the results from the functional 

studies independently suggest that PHR017 is inferior to PHR018 in its ability to act as an 

allosteric modulator of CP55,940. This independence between modulating binding and 

modulating signaling will become more obvious and important when discussing PHR016. 

Finally, PHR019 had no effect on CP55,940’s ability to signal (i.e. PHR019 did not 

antagonize CP55,940, see Table 6).  Again, it is important to note that these results have 

not yet undergone tests for statistical significance. In addition, because each ORG27569 
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analog was only applied at one concentration, these functional studies alone cannot 

suggest an efficacy ranking between ORG27569, PHR016, and PHR018, as each 

compound was observed to completely antagonize CP55,940. In future work, each 

ORG27569 analog should be characterized at multiple concentrations for its ability to 

antagonize CP55,940.       

Non-Allosteric Properties: Functional Characterization of ORG27569 Analogs 

When Applied Alone 

 [35S]GTPγS binding assays: PHR016, PHR017, PHR018, and PHR019 

(Applied Alone) G protein-mediated signaling. Each ORG27569 analog was 

characterized for its ability to signal (when applied alone), in [35S]GTPγS binding assays. 

As previously reported (49), ORG27569 acts as an inverse agonists by reducing basal 

signaling. In contrast, none of the ORG27569 analogs acted as inverse agonists of G 

protein-mediated signaling; specifically, none of the ORG27569 analogs affected basal G 

protein signaling in any capacity (neither acting as an agonist nor inverse agonists; see 

Figure 26). PHR018 appears to be trending towards agonism, but this was not considered 

significant (G. Baillie, personal communication, January 8, 2014). 

 ERK signaling assays: PHR016, PHR017, PHR018, and PHR019 (applied 

alone) ERK pathway signaling. Each ORG27569 analog was characterized for its 

ability to signal when applied alone, in ERK functional assays. As previously reported 

(49), ORG27569 acts as an agonist of the ERK pathway. Likewise, PHR017, PHR018, 

and PHR019 all caused robust ERK signals (~2.8-3.3 fold over basal; see Figure 27).  
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Figure 26. Effects of ORG27569 analogs on basal G protein-mediated signaling when 
applied alone, in cells (A, C, E, G) and membranes (B, D, F, H). 
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PHR017 and PHR018 appear to cause ERK signals of similar magnitude, suggesting that 

the chirality about each analogs hydroxyl does not influence ERK signaling. In contrast, 

PHR016 was not observed to have an ERK signal and may act as an inverse agonist of 

the ERK pathway (see Figure 27). Most interestingly, PHR019 caused the strongest ERK 

signal (see Figure 27); this is interesting because this is the only assay employed here in 

which PHR019 had an effect. Specifically, due to PHR019’s inability to act as an 

allosteric modular of CP55,940, and its inability to influence basal G protein signaling, 

altogether these results suggests that PHR019 is a 100% biased agonist for the ERK 

pathway. To our knowledge, this is the first compound that binds a GPCR to be 

completely biased for a specific pathway. Again, it is important to note that these results 

have not yet undergone tests for statistical significance. 

 

 
 
Figure 27. Effects of ORG27569 analogs on basal ERK signaling when applied alone. 
 

Computational 

 Docking the ORG27569 analogs (in the presence of CP55,940) in the CB1R** 

model: Structural features common to all ORG27569/ORG27569 analog docks. As 

described in Chapter II, the CB1R** model represents a receptor state that is promoted by 
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ORG27569 (or ORG27569 analogs) in the presence of CP55,940. This conformation is 

one that would promote the binding of agonist, yet not signal via G protein-mediated 

pathways. For additional information about the CB1R** model, please see Chapter II. 

Here, common features between the ORG27569 binding site and that of the ORG27569 

analogs are described; thereafter, each ORG27569 analog binding mode is described in 

detail. 

 The results of the conformational searches suggest that the ORG27569 analogs 

explore a conformational space that is quite similar to that of ORG27569. Also like 

ORG27569, the analogs PHR016, PHR017, and PHR018 were observed to antagonize 

CP55,940’s G protein-mediated signaling (see Table 6). Together, these results suggest 

that PHR016, PHR017, and PHR018 may bind in the same region of CB1 as ORG27569. 

Therefore, the ORG27569 analogs, with the exception of PHR019 which is discussed 

later, were manually docked in the TMH3-6-7 region of our model of CB1R** in the 

presence of CP55,940, using the previously reported ORG27569 dock as a guide (78).  

 We have previously reported that ORG27569’s ability to act as an inverse agonist 

of G protein-mediated signaling is due to an interaction between its piperidine ring 

nitrogen and K3.28192 (78). However, none of the ORG27569 analogs were observed to 

act as inverse agonist (of G protein-mediated signaling) (see Figures 26); consistently, 

none of the models of the ORG27569 Analog-CP55,940-CB1R** complexes contain a 

hydrogen bond between each compounds’ piperidine ring nitrogen and K3.28192 (see 

Figures 28-31).  
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 The PHR016-CP55,940-CB1R** Complex. Figure 28 illustrates PHR016 (pink) 

docked at its binding site, in the presence of CP55,940 (cyan). Residues that contribute at 

least 5.0% of PHR016’s total interaction energy with the CB1R** receptor-CP55,940 

complex are shown in lavender; K3.28192 is shown in lime and does not form a significant 

interaction with PHR016. PHR016’s net interaction energy with the receptor-CP55,940 

complex is −57.78 kcal/mol. 

 

 
 
Figure 28. Dock of PHR016 (pink) at the CP55,940 (cyan)-CB1R** complex. 
 
The view is from the lipid bilayer toward TMH3/7 with TMH1/2 and the EC-1 loop 
omitted for clarity. Residues that contribute ≥5.0% of the PHR016 total interaction 
energy are shown in lavender. K3.28192 (lime) forms two hydrogen bonds (yellow dashes) 
with CP55,940, but it does not interact with PHR016. 
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 The results of our pairwise interaction energy calculations suggest that PHR016’s 

most important interaction is with CP55,940, contributing 13.3% of PHR016’s total 

interaction energy (see Figure 28). This is because PHR016’s piperidine ring packs 

tightly against CP55,490, forming productive van der Waals interactions. Interestingly, 

PHR016 was not observed to increase CP55,940’s equilibrium binding (see Table 6). As 

discussed later, this is consistent with the interaction energy calculations performed on 

CP55,940. Specifically, the presence of PHR016 did not significantly increase 

CP55,940’s interaction energy with the ligand(s)-receptor complex, as compared to its 

interaction energy when docked alone in the receptor. CP55,940’s net interaction energy 

in the presence of PHR016 is -54.91 kcal/mol and CP55,940’s net interaction energy 

alone in the receptor is -53.37 kcal/mol.  

 In addition, PHR016 forms several important aromatic interactions with several 

residues: F3.25189 and Phe-268 (listed in order of energetic importance). First, F3.25189 

forms an aromatic T-stack interaction with PHR016’s indole A ring (see Figure 22 and 

28); the ring centroid to centroid distances are 5.31 Å and the angles between the ring 

planes are 62.64°. F3.25189 also forms an aromatic T-stack interaction with PHR016’s 

benzyl ring (ring D); the ring centroid to centroid distance is 5.10 Å, and the angle 

between the ring planes is 41.37° (see Figures 22 and 28). Together, these aromatic 

interactions help position PHR016 in the receptor, placing a significant amount of 

PHR016’s steric bulk against the EC end of TMH6. These results are consistent with the 

proposed mechanism for ORG27569’s antagonism of CP55,940 (i.e. ORG27569 

antagonizes CP55,940’s efficacy, in part, by preventing a necessary conformational 
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change of TMH6 during receptor activation; 56,78). Together, these results may suggest 

that PHR016 and ORG27569 antagonize CP55,940’s G protein-mediated signaling via a 

similar mechanism of action. 

 Additionally, the PHR016 indole ring (both rings A and B) also forms an aromatic 

T-stack interaction with the EC-2 loop residue, Phe-268 (see Figure 28); the ring centroid 

to centroid distances are 5.63 and 6.23 Å, and the angles between the ring planes are 

84.41 and 95.82°, for rings A and B, respectively. In addition, Phe-268 also forms an 

aromatic T-stack interaction with PHR016’s benzyl ring (ring D); the ring centroid to 

centroid distances are 5.54 Å and the angles between the ring planes are 70.75°. These 

aromatic interactions between PHR016 and Phe-268 may sterically prevent the EC-2 loop 

from undergoing a necessary conformational change upon activation in G protein-

mediated signaling. Again, these results are consistent with the proposed mechanism for 

ORG27569’s antagonism of CP55,940 (i.e. ORG27569 antagonizes CP55,940’s efficacy, 

in part, by preventing a necessary conformational change of the EC-2 loop during 

receptor activation) (57,78). Together, these results may suggests that PHR016 and 

ORG27569 antagonize CP55,940’s G protein-mediated signaling via a similar 

mechanism of action. 

 In addition, PHR016 has significant van der Waals interactions, in order of 

importance, with K7.32376, I6.54362, F7.35379, and R3.22186; ORG27569 also forms 

significant Coulombic and van der Waals interactions with D6.58366 (see Figure 28). All 

of these residues are found on TMH6 or the EC-3 loop; again these results are consistent 

with the proposed mechanism for ORG27569’s antagonism of CP55,940 (i.e. ORG27569 
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antagonizes CP55,940’s efficacy, in part, by preventing a necessary conformational 

change of TMH6 during receptor activation) (56,78).  

 Finally, while PHR016 does form significant van der Waals interactions with 

F7.35379, it does not form an aromatic interaction with F7.35379. This is in contrast to our 

dock of ORG27569, which suggests ORG27569 does form an aromatic interaction with 

F7.35379. Instead, as just described, PHR016 forms important aromatic interactions with 

F3.25189 and Phe-268. This may be because the addition of the benzyl group to 

ORG27569’s indole ring causes PHR016 to reorient within the allosteric binding site, in 

order to maximize potential aromatic interactions. The reorientation changes how 

PHR016’s piperidine ring is positioned; specifically, its piperidine nitrogen is pointed 

away from K3.28192, making it sterically impossible for an interaction between the 

piperidine nitrogen and K3.28192 to form. In addition, PHR016 was not observed to act as 

an inverse agonist in G protein-mediated signaling. Together, these results are consistent 

with the hypothesis that negative CB1 allosteric modulators must form an interaction with 

K3.28192 in order to act as inverse agonists of G protein-mediated signaling.      

 The PHR017-CP55,940-CB1R** Complex. Figure 29 illustrates PHR017 (pink) 

docked at its binding site, in the presence of CP55,940 (cyan). Residues that contribute at 

least 5.0% of PHR017’s total interaction energy with the CB1R** receptor-CP55,940 

complex are shown in lavender; K3.28192 is shown in lime and does not form a significant 

interaction with PHR017. PHR017’s net interaction energy with the receptor-CP55,940 

complex is −50.96 kcal/mol.  
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Figure 29. Dock of PHR017 (pink) at the CP55,940 (cyan)-CB1R** complex. 
 
The view is from the extracellular toward TMH3 with the EC-1 loop omitted for clarity. 
Residues that contribute ≥5.0% of the PHR017 total interaction energy are shown in 
lavender. K3.28192 (lime) forms two hydrogen bonds (yellow dashes) with CP55,940, but 
it does not interact with PHR017. 
 

 The results of our pairwise interaction energy calculations suggest that PHR017’s 

most important interaction is with D6.58366, contributing 21.3% of PHR017’s total 

interaction energy (see Figure 29). This is due to a hydrogen bond between PHR017’s 

hydroxyl group and D6.58366; the O–O distance is 2.67 Å and O-H··O angle is 168.0°. 

The geometry about this energetically important hydrogen bond, directly influenced by 

the chirality of the carbon bonded to the hydroxyl, profoundly influences how PHR017 
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orients within the allosteric binding site as compared to the ORG27569 dock. 

Specifically, these docking results suggest that this hydrogen bond causes PHR017’s 

piperidine ring to dock lower in the allosteric binding site. The piperidine ring nitrogen is 

positioned such that the formation of a hydrogen bond between it and K3.28192 would 

introduce tremendous torsional strain, as well as steric overlaps. Consequently, it is 

energetically more stable for K3.28192 to form two hydrogen bonds with CP55,940 then 

to contort so that it can interact with PHR017.  In addition, PHR017 was not observed to 

act as an inverse agonist in G protein-mediated signaling (Figure 26). Together, these 

results are consistent with the hypothesis that negative CB1 allosteric modulators must 

form an interaction with K3.28192 in order to act as inverse agonists of G protein-

mediated signaling. 

 PHR017 also forms several important aromatic interactions with two residues: 

F7.35379 and F3.25189, listed in order of energetic importance. First, F7.35379 forms an 

aromatic T-stack interaction with PHR017’s indole B ring (see Figure 22 and 29); the 

ring centroid to centroid distances are 4.76 Å and the angles between the ring planes are 

49.83°. Second, F3.25189 forms an aromatic T-stack interaction with PHR017’s phenyl C 

ring (see Figure 22 and 29); the ring centroid to centroid distances are 5.66 Å and the 

angles between the ring planes are 76.46°.  These aromatic interactions help position 

PHR017 in the receptor, placing a significant amount of PHR017’s steric bulk against the 

EC end of TMH6. These results are consistent with the proposed mechanism for 

ORG27569’s antagonism of CP55,940 (i.e. ORG27569 antagonizes CP55,940’s efficacy, 

in part, by preventing a necessary conformational change of TMH6 during receptor 
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activation) (56,78). Together, these results may suggests that PHR017 and ORG27569 

antagonize CP55,940’s G protein-mediated signaling via a similar mechanism of action 

 Additionally, PHR017 has significant van der Waals interactions (in order of 

importance) with CP55,940, K7.32376, I6.54362 (see Figure 29). With the exception of 

CP55,940, all of these residues are found on TMH6 or the EC-3 loop; again these results 

are consistent with the proposed mechanism for ORG27569’s antagonism of CP55,940 

(i.e. ORG27569 antagonizes CP55,940’s efficacy, in part, by preventing a necessary 

conformational change of TMH6 during receptor activation) (56,78). Interestingly, unlike 

ORG27569, PHR017 does not form an aromatic interaction with Phe-268; the geometry 

is appropriate, but the distance between PHR017 and Phe-268 is too large. This result 

may suggest why, in part, PHR017 does not antagonize CP55,940’s G protein-mediated 

signaling as well as ORG27569 or PHR018 (see Table 6). 

 The PHR018-CP55,940-CB1R** Complex. Figure 30 illustrates PHR018 (pink) 

docked at its binding site, in the presence of CP55,940 (cyan). Residues that contribute at 

least 5.0% of PHR018’s total interaction energy with the CB1R** receptor-CP55,940 

complex are shown in lavender; K3.28192 is shown in lime and does not form a significant 

interaction with PHR018. PHR018’s net interaction energy with the receptor-CP55,940 

complex is −61.40 kcal/mol.  

 The results of our pairwise interaction energy calculations suggest that one of 

PHR018’s most important interaction is with D6.58366, contributing 15.2% of PHR018’s 

total interaction energy (see Figure 30). This is due to a hydrogen bond between 

PHR018’s hydroxyl group and D6.58366; the O–O distance is 2.66 Å and O-H··O angle is 
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163.6°. The geometry about this energetically important hydrogen bond (directly 

influenced by the chirality of the carbon bonded to the hydroxyl) profoundly influences 

how PHR018 orients within the allosteric binding site as compared to the ORG27569 

dock. In contrast to PHR017, these docking results suggest that this hydrogen bond 

causes PHR018’s piperidine ring to dock higher in the allosteric binding site. 

 

 
 
Figure 30. Dock of PHR018 (pink) at the CP55,940 (cyan)-CB1R** complex. 
 
The view is from the lipid bilayer toward TMH3 with the EC-1 loop omitted for clarity. 
Residues that contribute ≥ 5.0% of the PHR018 total interaction energy are shown in 
lavender. K3.28192 (lime) forms two hydrogen bonds (yellow dashes) with CP55,940, but 
it does not interact with PHR018. 
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 The piperidine ring nitrogen is positioned such that it is too close to K3.28192 to 

form a hydrogen bond (to do so would introduce steric overlaps). Consequently, it is 

energetically more stable for K3.28192 to form two hydrogen bonds with CP55,940. In 

addition, PHR018 was not observed to act as an inverse agonist in G protein-mediated 

signaling (Figure 26). Together, these results are consistent with the hypothesis that 

negative CB1 allosteric modulators must form an interaction with K3.28192 in order to act 

as inverse agonists of G protein-mediated signaling.  

 Interestingly, the results of the interaction energy calculations suggests that 

PHR018’s most important interaction is with CP55,940, contributing 15.8% of PHR018’s 

total interaction energy (see Figure 30). This is because, as just described, PHR018’s 

interaction with D6.58366 causes its piperidine ring to be positioned higher in the 

allosteric binding site. While this reorientation precludes a hydrogen bond between 

PHR018 and K3.28192, it does promote a hydrogen bond between PHR018’s piperidine 

nitrogen and CP55,940’s southern aliphatic hydroxyl (SAH) (see Figure 30). The position 

of the piperidine also enables PHR018 to pack against CP55,490, forming productive van 

der Waals interactions.  

 PHR018 also forms several important aromatic interactions with several residues: 

F7.35379 and Phe-268 (listed in order of energetic importance). First, F7.35379 forms an 

aromatic T-stack interaction with PHR017’s indole ring (both rings A and B, see Figure 

22 and 30); the ring centroid to centroid distances are 4.90 and 4.54 Å, and the angles 

between the ring planes are 31.20 and 32.44° (for rings A and B, respectively). Second, 

Phe-268 forms an aromatic T-stack interaction with PHR018’s indole B ring (see Figures 
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22 and 30); the ring centroid to centroid distances are 5.51 Å and the angles between the 

ring planes are 61.64°.  These aromatic interactions help position PHR018 in the receptor, 

placing a significant amount of PHR018’s steric bulk against the EC end of TMH6. These 

results are consistent with the proposed mechanism for ORG27569’s antagonism of 

CP55,940 (i.e. ORG27569 antagonizes CP55,940’s efficacy (in part) by preventing a 

necessary conformational change of TMH6 during receptor activation) (56,78). Together, 

these results may suggests that PHR018 and ORG27569 antagonize CP55,940’s G 

protein-mediated signaling via a similar mechanism of action 

 Finally, PHR018 has significant van der Waals interactions (in order of 

importance) with Y6.57365, and significant Coulombic and van der Waals interactions 

with Lys-370 (see Figure 30). Both of these residues are found on TMH6 or the EC-3 

loop; again these results are consistent with the proposed mechanism for ORG27569’s 

antagonism of CP55,940 (i.e. ORG27569 antagonizes CP55,940’s efficacy, in part, by 

preventing a necessary conformational change of TMH6 during receptor activation) 

(56,78). Interestingly, unlike PHR017, PHR018 forms an aromatic interaction with Phe-

268. This result may suggest why, in part, PHR018 antagonizes CP55,940’s G protein-

mediated signaling better than PHR017 (see Table 6). 

 PHR019: A biased agonist for the ERK signaling pathway. As discussed in 

Chapter II, it is known that ORG27569 acts an agonist for the ERK signaling pathway in 

addition to its activity as an inverse agonists of G protein-mediated signaling (47,49). 

Likewise, the Kendall lab, using siRNA experiments, has reported that ORG27569s ERK 

signal is mediated by β arrestin-1 and not β arrestin-2 (77). Together, these results suggest 
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that ORG27569 induces a receptor conformational change that promotes signaling via β 

arrestin-1, while at the same time preserving the ionic lock (a salt bridge between 

R3.50214 and D6.30338).  

 As discussed in Chapters I and II, when an agonist of G protein signaling binds to 

the receptor, this promotes a conformational of TMH6, so that its intracellular (IC) end 

moves away from the receptor bundle. This conformational change breaks the ionic lock 

and is accompanied by conformational changes in the ‘toggle switch’ residues, F3.36200 

and W6.48356 (37). Altogether, these ligand-induced conformational changes create an 

opening between the IC ends of TMH3 and TMH6—an opening in which a G protein can 

insert. However, because ORG27569 acts as an inverse agonist of the G protein-mediated 

signaling (but as an agonist of β arrestin-1-mediated ERK signaling), these results 

suggest that ORG27569 promotes a conformational change that creates an IC receptor 

opening that is distinct from the opening created for G proteins. Specifically, ORG27569 

binding results in an intracellular opening, in which the ionic lock is intact, and the IC 

end of TMH6 has not moved away from the receptor.  

 Recently, we have reported the results of molecular dynamics studies in which 

ORG27569 was observed to bind at CB1 (Hurst et al., ICRS, 2014—poster presentation). 

Specifically, ORG27569 was observed to insert its indole group between TMH6/7 

(however, ORG27569 has not yet bound completely inside the bundle; see Figure 31). 

Almost immediately following this insertion, the receptor underwent a conformational 

change, so that the IC ends TMH7/Hx8 moved away from the receptor. This 

conformational change resulted in an intracellular opening between TMH1, TMH2, and 
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TMH7. Importantly, this conformational change did not break the ionic lock, nor did the 

IC end of TMH6 move away from the receptor. These results are consistent with the 

hypothesis that ORG27569 induces a conformational change that creates an intracellular 

binding site that is different from the G protein-binding site. This hypothesis is consistent 

with 19F NMR studies, in which biased agonists for G protein signaling caused TMH6 

(and not TMH7) to undergo a conformational change, whereas biased agonists for 

arrestin signaling caused TMH7 (and not TMH6) to undergo a conformational change 

(84). 

 

 
 
Figure 31. ORG27569 inserts it indole group between TMH6/7 in molecular dynamics 
simulation (Hurst et al. ICRS, 2014--poster presentation). 
 
ORG27569 is shown in orange; residues that form a significant interaction with 
ORG27569 are shown in lavender. At 33 ns, ORG27569 has not yet formed a productive 
interaction with CB1. At 250 ns, ORG27569 has inserted its indole group between 
TMH6/7, forming aromatic interactions with residues Y6.57365 and F7.35379. At 328 ns, 
ORG27569 is still inserted between TMH6/7, and the EC-3 loop has moved down, away 
from the receptor, to form a hydrogen bond with ORG27569’s amide carbonyl group. 
 

 As already described, PHR019 had no effect on CP55,940’s equilibrium binding, 

nor did it antagonize CP55,940’s G protein-mediated signaling (see Table 6). In addition, 

PHR019 did not affect basal G protein signaling. However, PHR019 was observed to 

generate a robust ERK signal (see Figure 27). Altogether, these results suggest that, like 
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ORG27569, PHR019 may be able to insert its indole ring between TMH6/7, resulting in 

conformational changes that lead to an ERK signal. However, it was not immediately 

obvious why ORG27569 acts as an allosteric modulator and PHR019 does not. To 

investigate this question, we superimposed PHR019’s indole ring onto that of 

ORG27569; to do this superposition, we used a frame from the molecular dynamics 

trajectory, in which ORG27569 had inserted, and the resultant IC opening was largest. 

Figure 32 shows the results of this superposition; PHR019 is shown in pink and its indole 

ring is inserted between TMH6/7. 

 

 
 
Figure 32. PHR019’s cyclopropyl group sterically prevents it from being able to enter 
CB1. 
 
PHR019 is shown in pink. This illustration was created by superimposing the indole ring 
atoms of ORG27569 and PHR019. To do the superposition, the frame at 328 ns was taken 
from the MD simulation (described in Figure 31); at 328 ns, the EC-3 loop had moved 
away from the receptor to interact with ORG27569—this was also when the intracellular 
opening was largest, suggesting the maximum level of activation for this simulation. This 
figure illustrates that the steric bulk of PHR019’s cyclopropyl group prevents PHR019 
from being able to enter CB1. 
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This figure clearly illustrates why PHR019 may generate an ERK signal, but does not act 

as an allosteric modulator of CP55,940; PHR019’s cyclopropyl group, which is absent 

from ORG27569’s phenyl group, makes PHR019 too broad to fully enter CB1. The steric 

bulk of the cyclopropyl ring does not prevent the indole ring from inserting between 

TMH6/7, but it does prevent continued receptor entry. As a result, PHR019 is only 

capable of generating an ERK signal. To our knowledge, this is the only completely 

biased agonist of a GPCR.                   

 CP55,940/Receptor and ORG27569 Analog(s)/Receptor Interaction Energies 

and Structural Rationale. Here, the results from the interaction energy calculations are 

compared to the results from the binding and functional studies; this analysis may 

provide some insight as to whether the binding modes presented here are consistent with 

the experimental results. This analysis will start with compounds that have functional 

effects that are similar to ORG27569 (e.g. PHR018 and PHR017) and continue with 

compounds that have a unique pharmacology as compared to ORG27569 (e.g. PHR016). 

PHR019 is not discussed here, as it is not thought to completely enter CB1 (as described 

earlier). In addition, structural observations are provided that may explain the differences 

between ORG27569 and the analogs bind and functional properties. 

 PHR018 and ORG27569. PHR018 was observed to increase the equilibrium 

binding of CP55,940 by 237%; in contrast, ORG27569 only increased CP55,940’s 

equilibrium binding by 212%. In addition, both compounds, at a concentration of 1 µM, 

completely antagonized CP55,940’s G protein-mediated signaling. Unfortunately, 

PHR018 has only been characterized at a single concentration in the [35S]GTPγS assay—
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making it impossible to rank PHR018 and ORG27569 using the functional results, as 

they had the same effect at the same concentration. Regardless, the equilibrium binding 

results suggest that PHR018 is a more efficacious negative allosteric modulator than 

ORG27569.  

 The results of the interaction energy calculations are consistent with these 

experimental results. Specifically, in the presence of ORG27569, CP55,940’s net 

interaction energy is -53.38 kcal/mol; in contrast, in the presence of PHR018, CP55,940’s 

net interaction energy is -61.40 kcal/mol (resulting in CP55,940 having a -8.02 kcal/mol 

better interaction energy in the presence of PHR018, as compared to in the presence of 

ORG27569). These results suggests that CP55,940 has a higher net interaction energy in 

the presence of PHR018 than it does in the presence of ORG27569; this is consistent with 

the observation that PHR018 causes a larger increase in CP55,940’s equilibrium binding, 

as compared to ORG27569. In addition, PHR018 has a higher net interaction energy with 

the ligand(s)/receptor complex than ORG27569. Specifically, PHR018’s net interaction 

energy is -62.07 kcal/mol, whereas ORG27569’s net interaction energy is -56.22 kcal/mol 

(resulting in PHR018 having a -5.85 kcal/mol better interaction energy than ORG27569). 

These results suggest that PHR018 may have a higher binding affinity for the CP55,940-

receptor complex than ORG27569. Altogether, these results suggest that PHR018 is more 

efficacious than ORG27569 at increasing CP55,940’s equilibrium binding for two 

reasons: 1) CP55,940 may have a higher affinity for the receptor in the presence of 

PHR018 than ORG27569, and 2) PHR018 may have a higher binding affinity for the 

CP55,940-receptor complex than ORG27569. 
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 In addition to being consistent with the experimental results, the models of 

PHR018 and ORG27569 docked at the CP55,940-receptor complex provide some 

structural insight for these observations. Specifically, as already described, PHR018 

forms a new, as compared to ORG27569, hydrogen bond with D6.58366. This new 

hydrogen bond contributes -4.58 kcal/mol to PHR018’s interaction energy with the 

CP55,940-receptor complex; this almost completely explains the -5.85 kcal/mol 

difference between PHR018 and ORG27569’s interaction energies. The remaining -1.27 

kcal/mol is due to the cumulative effect of many small changes in how PHR018 packs 

with hydrophobic residues as compared to ORG27569. This reorientation in the binding 

site was described above, and is due to the geometry about the hydrogen bond between 

PHR018’s hydroxyl group and D6.58366.  

 In addition, models of ORG27569 and PHR018 docked at the CP55,940-receptor 

complex may provide a structural explanation for the difference in CP55,940’s 

equilibrium binding in the presence of PHR018 or ORG27569. Specifically, in the 

presence of ORG27569, CP55,940 forms a single hydrogen bond with K3.28192. In 

contrast, in the presence of PHR018, CP55,940 forms two hydrogen bonds with K3.28192; 

this difference in CP55,940’s hydrogen bonding with K3.28192 results in a -1.78 kcal/mol 

better interaction energy in the presence of PHR018. More importantly, CP55,940 forms 

a hydrogen bond with PHR018 directly that is does not from in the presence of 

ORG27569. This additional hydrogen bond results in a -4.20 kcal/mol better interaction 

energy in the presence of PHR018 than ORG27569. Together, these two major 

differences in hydrogen bonding account for a total interaction energy difference of -5.98 
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kcal/mol. The remaining -2.04 kcal/mol is due to the cumulative effect of many small 

changes in how CP55,940 interacts with several residues minor residues. This minor 

reorientation in the binding site is due to the formation of an additional hydrogen bond 

between CP55,940 and PHR018. Altogether, these results suggest that our computational 

models of ORG27569 and PHR018, at the CP55,940-receptor complex, are consistent 

with the results of the equilibrium binding assays. 

 PHR017 and ORG27569. PHR017 was observed to increase the equilibrium 

binding of CP55,940 by 182%; in contrast, ORG27569 increased CP55,940’s equilibrium 

binding by 212%. In addition, ORG27569, at a concentration of 1 µM, completely 

antagonized CP55,940’s G protein-mediated signaling; in contrast, PHR017 was only 

able to antagonize 57% of CP55,940’s G protein signaling, also at a concentration of 1 

µM). Together, these binding and functional results suggest that PHR017 is a less 

efficacious negative allosteric modulator than ORG27569.  

 The results of the interaction energy calculations are consistent with these 

experimental results. Interestingly, in the presence of ORG27569, CP55,940’s net 

interaction energy is -53.38 kcal/mol. In contrast, in the presence of PHR017, CP55,940’s 

net interaction energy is -55.80 kcal/mol, resulting in CP55,940 having a -2.42 kcal/mol 

better interaction energy in the presence of PHR017 as compared to in the presence of 

ORG27569. The reason CP55,940 has a slightly better interaction energy in the presence 

of PHR017 is completely due to the fact that CP55,940 forms 2 hydrogen bonds with 

K3.28192 in the presences of PHR017, whereas it only forms one hydrogen bond with 

K3.28192 in the presence of ORG27569. Specifically, CP55,940’s hydrogen bond with 
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K3.28192 in the presence of PHR017 contributes a net -2.52 kcal/mol more than in the 

presence of ORG27569l this energy difference is almost identical to the overall difference 

in interaction energy of -2.42 kcal/mol.  These results suggests that CP55,940 has a 

higher net interaction energy in the presence of PHR017 than it does in the presence of 

ORG27569; this appears to  conflict with the observation that ORG27569 causes a larger 

increase in CP55,940’s equilibrium binding, as compared to PHR017. However, the 

change in CP55,940’s equilibrium is dependent upon at least two parameters, not just 

one. Specifically, the ability of an allosteric modulator to impact the equilibrium binding 

of an orthosteric ligand depends upon 1) the ability of the allosteric modulator to 

influence the orthosteric ligand’s binding affinity or cause a shift in receptor 

conformation populations (i.e. the promotion of an intermediate conformation), and 2) the 

affinity of the allosteric modulator for the orthosteric ligand-receptor complex. For 

example, even if an allosteric modulator causes a tremendous increase in the binding 

affinity of an orthosteric ligand, the allosteric modulator may fail to cause a significant 

increase the orthosteric ligand’s equilibrium binding if it has a very weak affinity for the 

orthosteric ligand-receptor complex (i.e. if the allosteric modulator doesn’t bind well, it 

can’t profoundly impact an orthosteric ligand).  

 Thus, it is not surprising that PHR017 has a smaller net interaction energy with 

the ligand(s)/receptor complex than ORG27569. Specifically, PHR017’s net interaction 

energy is -50.96 kcal/mol, whereas ORG27569’s net interaction energy is -56.22 kcal/mol 

(resulting in PHR017 having a -5.26 kcal/mol worse interaction energy than ORG27569). 

These results suggest that PHR017 may have a lower binding affinity for the CP55,940-
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receptor complex than ORG27569. Altogether, these results suggest that PHR017 is less 

efficacious than ORG27569 at increasing CP55,940’s equilibrium binding or 

antagonizing CP55,940’s G protein signaling. This is because, despite CP55,940 having a 

slightly better interaction energy with the ligand-receptor complex in the presence of 

PHR017 than ORG27569, PHR017 may have a weaker binding affinity for the 

CP55,940-receptor complex than ORG27569. Consequently, because PHR017 is less 

capable of binding the CP55,940-receptor complex than ORG27569, it is less efficacious 

at increasing CP55,940’s equilibrium binding or antagonizing its G protein-mediated 

signaling. There are also important structural reasons why PHR017 may be less effective 

at antagonizing CP55,940’s G protein-mediated signaling, described below.  

 In addition to being consistent with the experimental results, the models of 

PHR017 and ORG27569 docked at the CP55,940-receptor complex provide some 

structural insight for these observations. Specifically, as already described, PHR017 

forms a new, as compared to ORG27569, hydrogen bond with D6.58366. This new 

hydrogen bond contributes -11.63 kcal/mol to PHR017’s interaction energy with the 

CP55,940-receptor complex where as ORG27569’s interaction energy with D6.58366 is 

 -5.52 kcal/mol. This results in PHR017 having a net -6.11 kcal/mol better interaction 

with D6.58366. However, PHR017’s new hydrogen bond prevents its piperidine nitrogen 

from forming a hydrogen bond with K3.28192, and unlike PHR018, PHR017’s piperidine 

nitrogen does not form a compensatory hydrogen bond with another partner. As a result, 

PHR017 does not interact with K3.28192, whereas ORG27569 forms a hydrogen bond 

with K3.28192 that contributes -6.32 kcal/mol to its interaction energy. Thus, PHR017 
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forms a new hydrogen bond with D6.58366, contributing -6.11 kcal/mol to its interaction 

energy, but it loses a hydrogen bond with K3.28192 that contributes -6.32 kcal/mol to 

ORG27569’s interaction energy. The net result is that PHR017’s gain of a hydrogen bond 

with D6.58366 is ‘canceled out’ by the loss of a hydrogen bond with K.328192. 

Consequently, the -5.25 kcal/mol difference in interaction energy between PHR017 and 

ORG27569 cannot be explained by the gain or loss of hydrogen bonds with D6.58366 or 

K3.28192.  

 Instead, the difference in interaction energies between PHR017 and ORG27569 is 

due to how each compound interacts with aromatic residues.  As previously described, 

ORG27569 forms several important interactions within the receptor that are important for 

its binding and function; PHR017 forms different and weaker interactions with aromatic 

residues—this is because its hydrogen bond with D6.58366 changes how PHR017 orients 

within the receptor. Specifically, both compounds form aromatic stacks and/or van der 

Waals interactions with F3.25189, Phe-268, Y6.57365, and F7.35379. However, 

ORG27569’s total interaction energy from these residues is -17.25 kcal/mol, whereas 

PHR017’s interaction energy from these residues is only -12.90 kcal/mol; this equates to 

ORG27569 having a -4.25 kcal/mol better interaction energy with these residues. This 

difference in interaction with aromatic residues almost completely accounts for the 

interaction energy difference between ORG27569 and PHR017. The remaining -1.01 

kcal/mol is due to the cumulative effect of many small changes in how PHR017 packs 

with other residues as compared to ORG27569. This reorientation in the binding site was 
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described above, and is due to the geometry about the hydrogen bond between PHR017’s 

hydroxyl group and D6.58366.  

 Finally, it should be emphasized that PHR017 does not form an aromatic 

interaction with Phe-268, though it does form a weak van der Waals interaction. As 

described in Chapter II, one of the ways ORG27569 antagonizes the G protein-mediated 

signaling of CP55,940 is by forming an aromatic stack with Phe-268; by forming this 

aromatic interaction, ORG27569 may prevent a necessary conformational change in the 

EC-2 loop. Therefore, PHR017 may be a weaker antagonist of CP55,940’s G protein-

mediated signaling because it does not form an aromatic stack with Phe-268.; 

consequently, PHR017 may be less capable of preventing the EC-2 loop from undergoing 

conformational changes upon receptor activation. Altogether, these results suggest that 

our computational models of ORG27569 and PHR017, at the CP55,940-receptor 

complex, are consistent with the results of the binding and functional assays. 

 PHR016 and ORG27569. Interestingly, unlike ORG27569, PHR17, or PHR018, 

PHR016 has no effect on the equilibrium binding of CP55,940, neither increasing nor 

decreasing its binding. These results suggest that PHR016 does not promote an 

intermediate receptor conformation, as has been as a possible way ORG27569 increases 

CP55,940’s Bmax (78), nor does it increase CP55,940’s binding affinity for CB1. 

Consistently, the results of the interaction energy calculations suggest that PHR016 does 

not significantly increase CP55,940’s interaction energy with the ligand(s)-receptor 

complex. CP55,940’s interaction energy alone in the receptor is -53.37 kcal/mol; 

CP55,940’s interaction energy in the presence of PHR016 is -54.91 kcal/mol; the net 
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interaction energy difference is -1.54 kcal/mol. In addition, both ORG27569 and PHR016 

at a concentration of 1 µM completely antagonized CP55,940’s G protein-mediated 

signaling. Unfortunately, PHR016 has only been characterized at a single concentration 

in the [35S]GTPγS assay—making it impossible to rank PHR016 and ORG27569 using 

the functional results, as they had the same effect at the same concentration. Altogether, 

due to the completely different effects in the binding assays (i.e. ORG27569 caused a 

large increase in CP55,940’s equilibrium binding and PHR016 had no effect) and the 

exact same effects in the [35S]GTPγS assays (i.e. each compounds ability to antagonize 

CP55,940), these experimental results to not provide any assistance in ranking the 

efficacy of ORG27569 and PHR016 (or PHR016 against any of the other ORG27569 

analogs). Though it is not possible to validate with the present experimental results, the 

results of the interaction energy calculations suggest that ORG27569 and PHR016 have 

interactions of similar strength within the CP55,940-receptor complex. ORG27569 has a 

net interaction energy of -56.22 kcal/mol, whereas PHR016 has a net interaction energy 

of -57.78 kcal/mol. Importantly, the characterization of PHR016 suggests that it is 

possible to design and create allosteric modulators that only affect an orthosteric ligand’s 

signaling without influencing its binding. This possibility makes it critically important to 

use a broad selection of assays to characterize allosteric compounds. Otherwise, any 

allosteric modulator SAR work could have detrimental blind spots, as described in more 

detail in the Discussion.         
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Discussion 

Design, Synthesis, and Characterization of ORG27569 Analogs at the CB1 Receptor 

 In this study, we have used computational methods together with synthesis and 

pharmacological studies to design, synthesize and characterize four analogs of 

ORG27569 at the CB1 receptor. This works builds upon our previous efforts; specifically, 

we have used our recently reported binding site and mechanism of action of ORG27569 

at CB1 (78) to inform ORG27569 analog design. As previously described, PHR016 was 

created by replacing ORG27569’s indole ethyl group (see Figure 22) with a benzyl 

group; the goal of this structural change was to enable the formation of a new aromatic 

interaction between PHR016 and F3.25189, with the ultimate goal of increasing PHR016’s 

binding affinity for CB1, as compared to ORG27569. PHR017 and PHR018 were created 

by adding a hydroxyl group to the noncyclic carbon adjacent to ORG27569’s phenyl ring 

(see Figure 22); adding a hydroxyl to this carbon introduces chirality, and so both 

enantiomers (PHR017 and PHR018) were studied. The goal of this structural change was 

to enable the formation of a new hydrogen bond between the newly introduced hydroxyl 

and D6.58366 (with the ultimate goal of increasing these analogs’ binding affinity for CB1, 

as compared to ORG27569). Finally, PHR019 was created by adding a cyclopropyl ring 

to ORG27569’s phenyl ring (see Figure 22). This cyclopropyl group was added to test 

allosteric modulator packing with TMH6/7, with the expectation that PHR019 would 

either have improved hydrophobic interactions with TMH6/7, or that it would be a dead 

compound due to steric difficulties.    
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 The results presented here suggest that these four analogs have a surprisingly rich 

and diverse pharmacological profile. Specifically, two of the analogs, PHR017 and 

PHR018, have binding and functional properties that are similar (but not identical) to 

ORG27569, with PHR018 being a more efficacious CB1 allosteric modulator than 

ORG27569. One of the analogs, PHR016, appears to act as a classical allosteric 

modulator. Finally, one of the analogs, PHR019, does not appear to be a CB1 allosteric 

modulator at all; rather, our results suggest that PHR019 is a biased, orthosteric agonist 

for the ERK signaling pathway. It is important to mention that, to our knowledge, 

PHR019 is the only completely biased agonist for the ERK signaling pathway at a GPCR. 

Promisingly, none of these ORG27569 analogs acted as an inverse agonist of G protein-

mediated signaling, suggesting that allosteric-based CB1 drugs may hold therapeutic 

potential. Finally, the characterization of these ORG27569 analogs provides useful SAR 

data that may aid in the design of next generation CB1 allosteric modulators. 

CB1-ORG27569 SAR 

 The results presented here are not the first reported CB1 allosteric modulator SAR 

work. Here, we describe some of the most important observations reported that pertain to 

ORG27569 analog design. However, this description should not be considered 

comprehensive, as that is beyond the present scope. Piscitelli et al. have investigated the 

importance of ORG27569’s indole substituents, its ethyl linker between ORG27569’s 

amide and phenyl groups, as well as the importance of ORG27569’s piperidine ring (60). 

Briefly, their results suggest that replacing ORG27569’s amide group with an ester is not 

tolerated (i.e. the ‘ester’ ORG27569 analogs were not observed to act as CB1 allosteric 
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modulators). Remarkably, they also reported that replacing ORG27569’s piperidine ring 

with a nitro or N-dimethyl group was well tolerated (i.e. these ORG27569 analogs had a 

similar efficacy to ORG27569). Unfortunately, none of their ORG27569 analogs were 

more efficacious than ORG27569. However, it is important to mention that Piscitelli et al. 

only investigated each ORG27569 analogs’ effects in binding experiments—no 

functional results were reported. The importance of this will be described below.  

 In addition, the Lu and Kendall groups have reported CB1 allosteric SAR results. 

First, Ahn et al. have characterized ORG27569 analogs that vary the length of 

ORG27569’s indole ethyl, as well as adding a methyl to ORG27569’s indole nitrogen 

(85). These results suggested that it is possible to replace ORG27569’s indole ring ethyl 

group with a pentyl group and retain activity similar to ORG27569, with a slightly lower 

estimated binding affinity. Interestingly, adding a methyl group to ORG27596’s indole 

nitrogen resulted in significantly reduced binding properties as compared to ORG27569.  

 Second, Mahmoud et al. (86) and Khurna et al. (87) are continuations of Ahn et al. 

In both reports, the importance of ORG27569’s piperidine ring was explored via various 

functional group substitutions; in addition, more ORG27569 analogs were reported that 

explore functionalizing ORG27569’s indole ethyl group. Mahmoud et al. reported results 

that suggest replacing ORG27569’s indole ethyl group with a cyclic substituent was not 

well tolerated (i.e. resulted in compounds that were not as efficacious as ORG27569). 

Interestingly, they reported that ORG72569’s indole ethyl group could be replaced with a 

substituent as large as a nonyl group and still have an efficacy similar to ORG27569. In 

addition, Mahmoud et al. reported that replacing ORG27569’s indole nitrogen with an 



159 

oxygen significantly reduced the compounds’ ability to affect CP55,940’s binding or 

signaling. Finally, Khurana et al. continued to explore replacing ORG27459’s indole 

ethyl with different length alkyl substituents, as well as exploring the length of the alkyl 

‘linker’ between ORG27569’s indole-amide group and its phenyl-piperidine group. In 

addition, they explored moving ORG27569’s indole chlorine group to different positions 

on the indole ring, as well as replacing it with a fluorine. Interestingly, they observed that 

moving the chlorine to a different position on the indole ring was detrimental to the 

compound’s ability to modulate CP55,940 binding; however, the halogen position change 

was better tolerated if the compound contained a fluorine instead of a chlorine. 

 In these reports, interesting ORG27569 analogs were reported that expand our 

understanding of CB1 allosteric SAR. However, in some reports, the ORG27569 analogs 

were only evaluated for their ability to modulate the binding of CP55,940. When 

functional assays were performed, they were generally only used for ORG27569 analogs 

that had first demonstrated promise in binding assays. In addition, with the exception of 

Piscitelli et al., binding data was only reported as allosteric ternary model parameters, 

discussed below. Unfortunately, this reliance on binding assays alone, especially when 

coupled to the allosteric ternary model, to screen ORG27569 analogs may be perilous, as 

it may miss interesting and important compounds that do not necessarily impact the 

binding of CP55,940, but have other remarkable functional effects.  

The Allosteric Ternary Model 

 As mentioned above, it is becoming increasingly common for allosteric 

modulators to be tested in binding assays as a ‘first pass’ in characterization; afterwards, 
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compounds that show promise in the binding assays are characterized in various 

functional assays. This approach makes a potentially perilous assumption—that an 

allosteric modulator’s functional effects are correlated with their effects on binding (i.e. 

the hypothesis that allosteric modulators that significantly impact an orthosteric ligand’s 

binding will have a significant impact on an orthosteric ligand’s signaling). This 

assumption presumes that it is not possible to divorce an allosteric modulator’s impact on 

binding from its impact on signaling. The limitations associated with this assumption are 

most obvious in the allosteric ternary model.  

 For many allosteric modulators, including ORG27569, it has not yet been possible 

to determine binding constants directly (i.e. attempts to characterize radiolabeled 

ORG27569 have failed); this difficulty arises from problems with solubility and 

nonspecific binding. As a result, pharmacological models have been developed that 

attempt to estimate an allosteric modulator’s binding constants from their effects on an 

orthosteric ligand’s binding. It is important to remember that these early models were 

developed with the intent to study ‘classical’ allosteric modulators (i.e. compounds that 

only impact the binding and/or efficacy of an orthosteric ligand, without imparting an 

effect when applied alone).  

 One of the most commonly used models is referred to as the allosteric ternary 

model (see Figure 33; 2,88,89). In order to use this model, one must first know the 

equilibrium binding constant of the used orthosteric ligand (KA). Second, an equilibrium 

binding assay must be performed in which the binding of a radiolabeled orthosteric 

ligand is measured; in this assay, the concentration of the orthosteric ligand is held 
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constant, and its equilibrium binding is measured at increasing concentrations of the 

allosteric ligand. Once this data is collected, nonlinear regression is used to fit Equation 1 

to this data. Fitting Equation 1 to the data yields two binding constants: α (the 

cooperativity factor) and KB (the estimated allosteric equilibrium binding constant). 

 

 

Figure 33. The allosteric ternary complex model. 
 
This model is used to estimate the equilibrium binding constant of an allosteric ligand, 
based on its effects on orthosteric ligand binding. Y = fractional specific binding of the 
orthosteric ligand; A = concentration of the orthosteric ligand; B concentration of the 
allosteric ligand; KA = equilibrium binding constant of the orthosteric ligand; KB 
equilibrium binding constant of the allosteric ligand; α = cooperativity factor. (2) 
 

 In addition, Equation 1 has three additional terms: Y (the fractional specific 

binding of the orthosteric ligand), [A] (the concentration of the orthosteric ligand), and 

[B] (the concentration of the allosteric ligand). The cooperativity factor describes the 
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magnitude and direction of allosteric modulation of orthosteric ligand equilibrium 

binding; a positive value indicates that the allosteric ligand increases orthosteric 

equilibrium binding, whereas a negative value indicates that the allosteric ligand 

decreases orthosteric equilibrium binding. 

 The limitation of the allosteric ternary model is that it assumes that the allosteric 

modulator’s equilibrium binding constant is directly correlated to the compound’s ability 

to influence the equilibrium binding of an orthosteric ligand. Consequently, allosteric 

modulators that only affect an orthosteric ligand’s signaling but not binding, such as 

PHR016, appear to be dead compounds when analyzed with the allosteric ternary model. 

In addition, compounds that are presumed to be allosteric modulators (but in reality are 

orthosteric ligands) may be missed as well; for example, despite extraordinary gross 

structure similarity, ORG27569 and PHR019 have completely different pharmacological 

profiles. ORG27569 is a negative CB1 allosteric modulator, acts as an inverse agonist of 

the G protein pathway, and acts as an agonist of the ERK signaling pathway. In contrast, 

PHR019 is not a CB1 allosteric modulator, but rather a completely biased agonist for the 

ERK signaling pathway at CB1. However, PHR019 would have appeared to be a dead 

compound at CB1 if analyzed by the allosteric ternary model alone because PHR019 does 

not significantly affect the equilibrium binding of CP55,940. Thus, when possible, it may 

be advantageous to more thoroughly characterize compounds to establish value, rather 

than to rely on binding assays alone.  
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The Unique Pharmacological Profiles of PHR016, PHR017, PHR018, and PHR019 

 The results reported here illustrate the diverse and unique pharmacology of four 

analogs of ORG27569: PHR016, PHR017, PHR018, and PHR019. These compounds 

were designed using computational methods. In addition, the compounds were 

characterized for their ability to modulate the equilibrium binding and G protein-

mediated signaling of CP55,940, as well as their own ability to signal in G protein-

mediated signaling when applied alone, and finally for their ability to signal via the ERK 

pathway. In addition, our computational results suggest binding modes and mechanisms 

for these ORG27569 analogs. Altogether, these compounds inform our understanding of 

allosteric modulation, as well as biased agonism, at CB1, and suggest the possibility of 

unprecedented signaling control. Importantly, none of these ORG27569 analogs acted as 

inverse agonist of the G protein-mediated pathway; by avoiding this potentially 

problematic functional effect, these results suggest the therapeutic potential of CB1 

allosteric modulators, as well as biased agonists.  

 PHR017 and PHR018 have the most similar pharmacological profile to 

ORG27569; all three compounds increase the equilibrium binding of CP55,940 yet 

antagonize its G protein mediated signaling; in addition, these three compounds all act as 

agonists of the ERK signaling pathway. But importantly, our results suggest that PHR018 

is a more efficacious allosteric modulator than ORG27569, whereas PHR017 appears to 

be less efficacious. In addition, ORG27569 is an inverse agonist of the G protein-

mediated signaling pathway, while PHR017 and PHR018 are not. These interesting 

differences between the analogs and ORG27569 all stem from the presence and chirality 
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of a newly added hydroxyl group and how this hydroxyl group influences how these two 

analogs orient within the receptor. Considering the incredibly similar structural similarity 

between these two analogs and ORG27569, these results suggest the remarkable 

sensitivity of CB1’s allosteric binding site(s); in addition, these results suggests that 

ORG27569 analog design must be subtly if a similar pharmacological profile is intended.   

 More interestingly, PHR016 diverges from ORG27569 in binding and functional 

effects. Our results suggest that PHR016 has no effect on CP55,940’s equilibrium binding 

but completely antagonized its G protein mediated signaling. In addition, PHR016 does 

not signal via the G protein or ERK pathways (i.e. PHR016 is a ‘classical allosteric 

modulator’). Our modeling results suggest that PHR016 does not act as an inverse 

agonist of G protein-mediated signaling because it is incapable of forming the requisite 

hydrogen bond with K3.28192. PHR016 cannot interact with K3.28192 because its indole 

phenyl group changes how PHR016 orients within the binding site, so that is maximizes 

aromatic interactions, specifically with F3.25189. Together, these results suggest that it is 

possible to antagonize the G protein-mediated signaling of synthetic cannabinoids, 

without affecting endogenous signaling; it is conceivable that this pharmacological 

outcome may have therapeutic utility in the case of synthetic cannabinoid, such as ‘Spice’ 

and ‘K2’ (90), overdose.  Interestingly, PHR016 was independently synthesized and 

characterized by the Lu group (86); they observed an opposite trend—that the compound 

increased the equilibrium binding of CP55,940, but had no effect on CP55,940’s G 

protein-mediated signaling. The source of these conflicting observations is unclear at this 



165 

time. This difference will likely be resolved by the characterization of more potent 

ORG27569 analogs which may have a more obvious pharmacological profile.  

 Finally, PHR019 is not a CB1 allosteric modulator at all; remarkably, it is a 

completely biased agonist for the ERK signaling pathway. The results of our 

computational studies suggest that PHR019’s biased agonism is due to the additional 

steric bulk provided by its cyclopropyl ring; this steric bulk may allow PHR019 to insert 

its indole ring between TMH6/7, but prevents PHR019 from completely entering the 

receptor. To our knowledge, PHR019 is the first and only completely biased agonist for 

the ERK pathway at a GPCR. Currently, it is unknown what phenotypic functional 

outcomes PHR019 may have, though animal studies are currently underway. Regardless, 

this characterization of PHR019 will provide valuable information as to what the 

signaling outcomes are from a completely biased ERK agonist at CB1. Altogether, these 

results illustrate the remarkable possibilities for CB1 compound signaling diversity and 

specificity, and suggest the untapped therapeutic potential of CB1 allosteric modulators 

and biased agonist. 
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guanosine 5′-3-O-(thio)triphosphate, TMH – transmembrane helix, EC – extracellular, 
HRMS – high resolution mass spectrometry, MMC – Forced-Biased Metropolis Monte 
Carlo simulated annealing program, MD – molecular dynamics, EC – extracellular 
 

Abstract 

AS PRESENTED VERBATIM IN: International Cannabinoid Research Society 
Symposium, 2014 (oral presentation, June 30, 2014) 
 
 The CB1 endogenous, positive allosteric modulator, lipoxin A4, increases the 

equilibrium binding and efficacy of CP55,940 and anandamide (orthosteric agonists), yet 

has no significant effect when applied alone. We have reported that ORG27569 (a 

negative CB1 allosteric modulator) binds in the THM3/6/7 region (Shore et al., JBC, 

2013); here, ORG27569 sterically blocks movements of the second and third extracellular 

(EC) loops, as well as those of TMH6, that are necessary for G protein-mediated 

signaling. Because lipoxin A4 is a positive allosteric modulator, one would not expect it 

to sterically block these functionally-important conformational changes.  

 To identify lipoxin A4’s binding site(s) at CB1, we used the Forced-Biased 

Metropolis Monte Carlo simulated annealing program, MMC. In this method, lipoxin A4 
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was separated into 4 fragments. Four MMC runs were performed, in which our in silico 

CB1 receptor model (with CP55,940 docked) was immersed in a box filled with copies of 

one of these fragments. The system chemical potential was then systematically annealed, 

causing only those fragment copies with the best free energy of binding to the protein to 

remain. MMC results were used as a starting point for Glide automated-docking studies 

of lipoxin-A4. Molecular dynamics simulations were also performed to study how lipoxin 

A4 may enter CB1. Here, CB1 was placed in a fully hydrated, POPC bilayer; 14 lipoxin A4 

molecules (7 per leaflet) were placed with random orientations, around the receptor.  

Altogether, these results suggest that lipoxin A4 may bind in the TMH3/6/7, extending 

extracellularly. Lipoxin A4 may act as a positive allosteric modulator by forming 

electrostatic interactions with the EC-1 and EC-3 loops, promoting an active loop 

conformation. 

Introduction 

 In Chapter I, the human cannabinoid-1 (CB1) receptor as a Class A G protein-

coupled receptor was introduced. In this work, results were presented that suggest that the 

third extracellular (EC) loop forms a functionally-necessary salt bridge with TMH 

(transmembrane helix) 2, specifically between residues K373 and D2.63176 (57). Our 

computational results suggest that this ionic interaction is important in promoting an EC-

3 loop conformation that is pulled across the top (extracellular region) of the receptor. In 

addition, these results suggest that the EC-2 loop moves down, into the transmembrane 

core, upon receptor activation in G protein-mediated signaling. In Chapter II, we reported 

the binding site and mechanism of action of the negative CB1 allosteric modulator 
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ORG27569. These results suggest that ORG27569 binds, in the presence of CP55,940, in 

the TMH3/6/7 region of CB1, extending extracellularly (78). At its binding site, 

ORG27569 promotes an intermediate receptor conformation that is capable of binding 

agonists, but is incapable of signaling in G protein-mediated pathways. In addition, our 

results suggest that ORG27569 antagonizes CP55,940’s G protein-mediated signaling by 

sterically blocking conformational changes in the EC loops, just described, as well as 

packing tightly against TMH6. In this final chapter, we report the binding site and 

mechanism of action of lipoxin A4 (see Figure 34), a positive CB1 allosteric modulator. 

 

 
 
Figure 34. Compounds evaluated in this study. 
  

 Lipoxin A4 belongs to a family of endogenous lipoxins, and is currently the best-

characterized lipoxin (91). In addition, lipoxin A4 is known to bind at the metabotropic 

ALX receptor; this receptor is primarily expressed in peripheral tissues and organs, with a 

negligible presence in the central nervous system (92). The ALX receptor is important in 

immune system regulation; specifically, lipoxin A4 binding to the ALX receptor results in 

the reduction of inflammation (93). 
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 Interestingly, it has been previously reported that there may be crosstalk (i.e. the 

signaling of one system influences the signaling of another system) between 

cyclooxygenase (COX)-2 and the endocannabinoid system; specifically, Kim and Alger 

reported that the inhibition of COX-2 potentiates CB1 signaling (94). Building on this 

work, Pamplona et al. investigated the effects of aspirin (a non-selective COX inhibitor) 

on endocannabinoid signaling (95). The application of aspirin results in, among other 

things, the acetylation of COX-2 with the concurrent generation of substrates of 

lipoxygenases (LOX). The ultimate outcome of these enzymatic reactions are lipoxins, 

specifically 15-epi-lipoxin A4, an optic isomer of the endogenous lipoxin A4 (93). 

Pamplona et al. reported that 15-epi-lipoxin A4 potentiates CB1 activation (by 

anandamide, a CB1 endogenous agonist), while having no effect on its own as observed 

in mouse catalepsy assays (95). The reported potentiation of anandamide by 15-epi-

lipoxin A4 was not due to signaling by ALX receptors; specifically, 15-epi-lipoxin A4 

potentiation of anandamide was not antagonized by the use of ALX antagonist. In 

addition, the 15-epi-lipoxin A4 potentiation of anandamide was antagonized by CB1 

inverse agonist SR141716A. Altogether, these results suggest that CB1 signaling is 

directly affected by 15-epi-lipoxin A4. 

 In subsequent work, Pamplona et al. have reported that lipoxin A4 endogenously 

(i.e. as opposed to aspirin-induced) acts as a positive allosteric modulator of CB1 G 

protein-mediated signaling (96). Specifically, lipoxin A4 was observed to significantly 

increase the equilibrium binding of anandamide and CP55,940, CB1 orthosteric agonists. 

Additionally, lipoxin A4 was observed to slow the dissociation of CP55,940 in kinetic 
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studies. Together, these results suggest an allosteric mechanism of action. In functional 

assays, lipoxin A4 was observed to potentiate the G protein-mediated signaling of 

anandamide and 2-arachidonoylglycerol (2-AG), while having no effect when applied 

alone. In the mouse tetrad (i.e. a group of 4 assays to measure prototypical cannabinoid 

effects in vivo: hypomotility, catalepsy, hypothermia, analgesia), lipoxin displayed 

cannabimimetic effects, consistent with the positive allosteric modulation of endogenous 

cannabinoids, and was observed to potentiate anandamide, 2-AG, and CP55,940. 

Altogether, the results reported by Pamplona et al. suggest that lipoxin A4 is an 

endogenous, positive CB1 allosteric modulator of orthosteric agonist’s binding and G 

protein-mediated signaling.  

 Here, we have used computational methods to identify lipoxin A4’s binding site 

and mechanism of action at CB1. The results of Forced-Biased Metropolis Monte Carlo 

simulated annealing program (MMC) calculations and Glide autodocking studies suggest 

that lipoxin A4 binds in the TMH3/6/7 region of CB1, extending extracellularly. This 

suggests that the binding sites of lipoxin A4 and ORG27569 overlap. At its binding site, 

lipoxin A4 is oriented so that its carboxylate group and its two neighboring hydroxyls are 

in an extracellular region, where as its hydrophobic conjugated double bond system is 

within the transmembrane core. Unlike ORG27569, which sterically blocks active 

conformations of the EC-2 and EC-3 loops, lipoxin A4 promotes an active EC loop 

conformations. Lipoxin A4 promotes active EC loop conformations in two complimentary 

ways. First, lipoxin A4’s carboxylate, and 2 neighboring hydroxyls, form several 

electrostatic interactions with residues on the EC-1 (residue R182) and EC-3 loops 
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(residues M371, N372, and K373). These electrostatic interactions promote the 

functionally-important salt bridge between D2.63176 and K373; altogether, these 

interactions promote an active EC-3 loop conformation (i.e. one that is pulled across the 

‘top’ extracellular region of the receptor). Second, lipoxin A4’s hydrophobic, conjugated 

double bond system packs tightly against the EC-2 loop residue F268; these hydrophobic 

interactions between lipoxin A4 and F268 promote an active EC-2 loop conformation (i.e. 

one that has moved down, towards the transmembrane core).  

 Finally, the results of our molecular dynamics (MD) simulations are consistent 

with these results. First, when simulated alone in a hydrated lipid bilayer, lipoxin A4 was 

observed to partition partially out of the membrane, so that it’s carboxylate and two 

neighboring hydroxyls were in in the aqueous phase and its conjugated double bond 

system was still in the membrane. Additionally, in molecular dynamics simulations with 

lipoxin A4 in the presence of CB1, in a hydrated lipid bilayer, lipoxin A4 was observed to 

almost completely leave the membrane and “climb” over the TMHs, interacting with the 

EC loops. These results are consistent with an extracellular lipoxin A4 binding site, and 

may suggest a unique method of ligand entry for cannabinoids. Altogether, these results 

may aid in the design of second-generation positive CB1 allosteric modulators.  

Computational Methods 

Forced-biased Metropolis Monte Carlo Simulated Annealing (MMC) 

 To perform MMC (97,98), lipoxin A4 was divided into smaller fragments. A series 

of grand canonical ensembles of a lipoxin A4-fragments interacting with the protein in a 

large simulation box were created. The free energy of the system was then annealed at 
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descending free energy levels, with each new level starting from the last ensemble 

generated from the previous one. At each step, fragment poses were sampled throughout 

the box and over the entire protein. Fragments were treated as rigid solvents that were 

inserted and deleted millions of times until the lowest energy configuration was found at 

the explored annealing level. As the free energy was annealed, the number of fragments 

in the box decreased because the method eliminated any fragment that has a poorer free 

energy of interaction than the annealing level. The output of the calculation was an 

ensemble of ligand poses at each free energy level in the annealing schedule. Data 

analysis was performed using the GENS tool in MMC program available from the 

Mihaly Mezei Laboratory (see http://inka.mssm.edu/~mezei/mmc/). Of particular interest 

in MMC calculations were fragments that persisted at particular sites on the protein 

throughout the annealing schedule, since these fragments clearly have high affinity for 

those sites. The binding site that was most persistent throughout the annealing schedule 

was used for subsequent auto-docking studies. 

Glide Docking 

 The automatic docking program, Glide (version 5.7, Schrödinger, LLC, New 

York, NY, 2011), was used to explore possible receptor binding modes of lipoxin A4 (in 

the presence of CP55,940). Glide was used to generate a grid, based on the center of mass 

of the most persistent fragment site from the MMC calculation. The grid dimensions were 

26 Å x 26 Å x 26 Å; this grid size allowed Glide to thoroughly explore the receptor for 

possible binding sites. Other than the requirement that ligands must be docked within the 

grid, no constraints were used. Standard precision was selected for the docking setup. The 
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91 lowest-energy conformations (≤ 7.00 kcal/mol above global min) of lipoxin A4 were 

docked using Glide. The best Glide dock that was consistent with molecular dynamics 

simulations was chosen. This Glide dock was minimized, using the minimization 

protocol, described below. 

Receptor Model Energy Minimization Protocol 

 The energy of the lipoxin A4/CP55,940/CB1 complex, including loop regions, was 

minimized using the OPLS 2005 force field in Macromodel 9.9 (Schrödinger, LLC, New 

York, NY, 2011). An 8.0-Å extended nonbonded cutoff (updated every 10 steps), a 20.0-

Å electrostatic cutoff, and a 4.0-Å hydrogen bond cutoff were used in each stage of the 

calculation. The minimization was performed in two stages. In the first stage, a harmonic 

1000 kcal/mol constraint was placed on all the TMH backbone torsions (φ, ψ, and ω); this 

constraint was used to preserve secondary structure while allowing the ligands and TMH 

sidechains to relax. In addition, loop residues were frozen, until they could be minimized 

using an appropriate dielectric (in the next stage of the minimization). No constraints 

were placed on the ligands during this stage. The minimization consisted of a conjugate 

gradient minimization using a distance-dependent dielectric of 2.0, performed in 1000-

step increments until the bundle reached the 0.05 kJ/mol gradient. In the second stage of 

the calculation, the helical residues were frozen, but the loops and ligands were allowed 

to relax. The generalized Born/surface area continuum solvation model for water as 

implemented in Macromodel was used. This stage of the calculation consisted of a 

Polak–Ribier conjugate gradient minimization in 1000-step increments until the bundle 

reached the 0.05 kJ/mol gradient.  
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Assessment of Pairwise Interaction and Total Energies 

 Interaction energies between the lipoxin A4 and the CB1 R*-CP55,940 complex 

were calculated using Macromodel, as previously described (78). Specifically, after 

defining the atoms of the lipoxin A4 as one group (group 1) and the atoms corresponding 

to a residue that lines the binding site in the final CP55,940-CB1R* complex as another 

group (group 2), Macromodel was used to output the pairwise interaction energy 

(Coulombic and van der Waals) for a given pair. 

Equilibration of the CB1 Receptor and Construction of the Lipoxin/CB1 Simulation 

Cell 

 The CB1 receptor, truncated at Ser-88/Gly-417 for the N terminus/C terminus 

respectively, was aligned with the S1P1 structure from the OPM database (99) resulting 

in the transmembrane region being centered at the middle of the POPC (1-palmitoyl-2-

oleoyl-phosphatidylcholine) lipid bilayer and the amphipathic helix 8 orientated parallel 

to the plane of the membrane at approximately the lipid/water interface. The model 

membrane simulation cell was constructed using the method described in Grossfield et al. 

(100). The CHARMM22 protein force field with CMAP corrections (101,102) and the 

CHARMM 36 lipid force field (103) were used in this study. Charge neutrality was 

enforced with the addition of chloride counter ions and an overall ionic strength of 0.1M 

was obtained by adding NaCl. Upon equilibration, taken as a leveling of the RMSD of 

the transmembrane region of the receptor, a frame was chosen and removed. Lipoxin A4 

molecules were placed as follows: 7 random extracellular (defined by the last 4 turns of 

the transmembrane helices) circular locations were defined relative to the center of the 
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transmembrane helices at a radial distance such that at least one phospholipid could be 

placed between the receptor and a given lipoxin molecule. The orientation and location of 

the lipoxin molecules was such that the principle moment of inertia was approximately 

parallel with the membrane normal (the z-direction) and the carboxylic acid group was at 

the lipid/water interface, with the carbon tail extending into the hydrophobic core of the 

membrane. Each lipoxin A4 molecule was rotated by a random amount about the z-axis 

and given a slight random tilt (< 30o). If contacts between the lipoxin A4 and CB1 ensued, 

the lipoxin was moved radially away from the receptor until the contacts were removed. 

Similar placement was performed for the 7 intracellular lipoxin A4 molecules. Parameters 

for lipoxin A4 were taken by analogy and directly obtained using the ParamChem server, 

version 0.9.6 (104). The final system contained 90,899 atoms including 177 POPC 

molecules, 14 lipoxin A4 molecules, the protein, ions, CP55,940, and 20,300 solvating 

water molecules. 

Initial Molecular Dynamics Minimization 

 To relieve poor initial contacts, 2500 steps of steepest descent minimization were 

performed using CHARMM (105), with all heavy atoms of the protein and lipoxin A4 

ligands fixed. This was followed by a series of restrained minimizations using NAMD 

(106). In this slow release phase, the CB1 and lipoxin A4 heavy atoms were restrained to 

their initial positions and starting with a force constant of k=5.0 kcal/mol/Å2 500 steps of 

conjugate gradient minimization were performed. The force constant was subsequently 

reduced to 2.5, 1.0, 0.5, 0.25, 0.1, and finally 0.05kcal/mol/Å2, with 500 steps of 
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minimization at each step. Finally 20,000 steps of restraint free minimization were 

executed. Molecular dynamics was then performed on the fully minimized system. 

Details of Molecular Dynamics Simulations 

 For all production runs the GPU accelerated PME (Particle Mesh Ewald) 

AMBER12 package (107,108) was utilized. Long range electrostatics were included 

using PME with the recommended 8 Å cutoff (109) and default values for the charge grid 

spacing (chosen to be approximately 1 Å and B-spline(cubic). The NPT ensemble, was 

used to maintain temperature (T=300K, Langevin dynamics with a collision frequency of 

5ps-1) and pressure (P=1.0bar, using the weak coupling Berendsen pressure control (110) 

with pressure relaxation time of 8ps). High frequency bonds to hydrogen were restrained 

using the shake method a 2fs integration time step. 

Results 

MMC Results Suggest that Lipoxin A4 May Bind in the TMH3-6-7 Region of CB1 

 While 4 fragments of lipoxin A4 were originally run, the individual fragment sites 

did not converge to a single, unified binding site. Therefore, the most persistent binding 

site of hydrophobic fragment (containing the conjugated double bond system) was used 

as a starting point for additional calculations (see Figure 34). This fragment was chosen 

because the conjugated double bonds rigidify the fragment, so that its heavy atoms exist 

in essentially one conformation Fragments that lack conformational freedom are better 

suited for MMC calculations, as the method does not vary fragment conformation. In 

addition, the hydrophobic fragment was the largest fragment and should therefore 

represent lipoxin A4 better than the other fragments.  
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 Figure 35A shows that at a high chemical potential that precedes the transition 

point (i.e. the chemical potential where bulk solvent is lost), the fragment completely fills 

the simulation box. As the chemical potential was systematically lowered, solvent left the 

simulation cell, until the transition point was reached. Figure 35B shows the system after 

passing through the transition point; here, it is clear that the bulk solvent has left the 

system and only fragments that form interactions with the CP55,940-receptor complex 

remain. 

 

 
 
Figure 35. MMC results before and after the transition point. 
 
A) Lipoxin A4 fragment (orange) fills the simulation box before the transition point (i.e. 
the chemical potential at which bulk solvent leaves the system). B) System after passing 
through the transition point. Remaining lipoxin A4 fragments are shown in orange; 
CP55,940 is shown in cyan; the view is from the lipid bilayer, towards TMH6/7 (the N 
terminus is not shown for clarity). 
 

 Figure 36 shows the binding site of the most persistent fragment (i.e. the fragment 

that formed the most favorable interactions with the receptor and was therefore the most 

difficult (energetically) solvent to remove); the most persistent binding site for the 

fragment was in the TMH3-6-7 region of CB1. Therefore, these results suggest that 
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lipoxin A4 may bind in the TMH3-6-7 region of CB1. However, because the MMC 

calculation only used a fragment of lipoxin A4 (as opposed to the entire molecule), the 

results of this calculation were used as the starting point for a Glide docking calculation. 

 

 
 
Figure 36. MMC-identified binding site for hydrophobic lipoxin A4 fragment. 
 
View is from extracellular; lipoinx A4 fragment is shown in orange; CP55,940 is shown 
in cyan. The N terminus is not shown for clarity. The results from the MMC calculations 
suggest that the TMH3/6/7 region is the most persistent binding site for the hydrophobic 
lipoxin A4 fragment. 
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Molecular Dynamics Simulation of Lipoxin A4 in a Lipid Bilayer Alone, as Well in 

the Presence of the CB1R*/CP55,940 Complex 

 In both MD simulations, lipoxin A4 quickly partitions so that its polar end (e.g. its 

carboxylic acid group and two hydroxyls) is in water, with its hydrophobic tail in 

membrane. This amphipathic behavior (i.e. height of ligand-membrane partitioning) is 

unlike any other cannabinoid we have simulated (see Figures 37 and 38). 

 

 

Figure 37. Lipoxin A4 only partially inserts in the lipid bilayer in molecular dynamics 
simulations. 
 
This simulation frame illustrates that lipoxin A4’s carboxylic acid is solvated in the 
aqueous phase, while its hydrophobic tail partitions in the lipid bilayer. View is from lipid 
bilayer, lipoxin A4 is shown in orange. 
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Figure 38. Lipoxin A4 behavior in MD simulations is fundamentally different than other 
cannabinoids. 
 
The view is from the lipid bilayer; lipoxin A4 is shown in lavender; ORG27569 is shown 
in orange; CP55,940 is shown in cyan; 2-AG is shown in yellow. This figure illustrates 
that, unlike other cannabinoids simulated, lipoxin A4 partitions partially out of the lipid 
bilayer, into the aqueous phase. 
 

Specifically, in all other cannabinoid MD simulations that we have performed, the ligand 

has fully inserted into the lipid bilayer (albeit at different heights within the membrane). 

These results may suggest that lipoxin A4 has a fundamentally different entry/signaling 

mechanism as compared to other cannabinoids. In addition, these results may suggest that 

lipoxin A4 binds in an intracellular (IC)/extracellular (EC) region of CB1, due to its 

predilection for only partially inserting into the lipid bilayer.     

 Consistently, in ongoing MD simulations of lipoxin A4 in the presence of the 

CB1R*/CP55,940 complex, lipoxin A4 has been observed to interact and climb over the 

extracellular ends of TMH1/2 (see Figure 39). While a complete binding event has not 

yet been observed, these results may suggest that lipoxin A4 enters from an extracellular 

region of CB1. In addition, these results are consistent with its observed behavior when in  
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a lipid bilayer alone. These results are consistent with the MMC results that suggest that 

lipoxin A4 may bind in an EC region of CB1. 

 

 

Figure 39. MD results suggest that lipoxin A4 may enter CB1 from extracellular. 
 
View is from the lipid bilayer, towards TMH3-4; lipoxin A4 is shown in orange; N 
terminus is not shown for clarity. Here, lipoxin A4 has partially left the membrane, and is 
‘climbing’ over the TMH2/3 and the EC-1 loop. 
 

Glide Docking Studies Suggests that Lipoxin A4 Binds in the TMH3-6-7 Region of 

the CB1R*/CP55,940 Complex, Extending Extracellularly 

 The MMC results were used as a starting point for the Glide docking studies. 

Specifically, the center-of-mass of the most persistent binding site of chosen fragment 
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was used to define the center of the box in which Glide explored possible lipoxin A4 

binding modes. Glide was provided 91 low-energy conformations of lipoxin A4 to dock 

within the simulation box. The MD results were used to inform Glide dock selection; 

specifically, the chosen Glide dock was the one with the best Glide score that oriented 

lipoxin A4’s carboxylate in the extracellular region while keeping its hydrophobic body in 

the transmembrane core (see Figure 40). 

 

 
 
Figure 40. The binding site of lipoxin A4 (in the presence of CP55,940) at CB1. 
 
Lipoxin A4 is shown in orange; CP55,940 is shown in cyan; residues that are important to 
EC loop conformations are shown in yellow; residues that form a significant interaction 
with lipoxin A4 are shown in lavender; hydrogen bonds/ionic interactions are illustrated 
with dashed yellow lines. View is from the lipid bilayer; the N-terminus and TMH1 are 
not shown for clarity. Importantly, lipoxin A4 forms electrostatic interactions with the EC-
1 and EC-3 loops; specifically, its carboxylate group forms strong interactions with R182, 
N372, K373. In addition, lipoxin A4’s hydroxyls interact with D6.58366 and M371. 
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 Figure 40 illustrates lipoxin A4 (orange) docked at its binding site, in the presence 

of CP55,940 (cyan). The binding site of lipoxin A4 was identified to be in the TMH3-6-7 

region of CB1, extending extracellularly. Residues that contribute at least 4.25%  of 

lipoxin A4’s total interaction energy with the CB1R*-CP55,940 complex are shown in 

lavender; loop residues that have previously been shown to be important to G protein-

mediated signaling are shown in yellow. Phe-268 and Lys-373 also form a significant 

interaction with lipoxin A4. Lipoxin A4’s total interaction energy with the receptor-

CP55,940 complex is −99.52 kcal/mol. 

 However, this calculated (using MacroModel) value of total interaction energy is 

highly dependent upon the assigned dielectric constant. Unfortunately, given then the 

biphasic nature of lipoxin A4’s binding site, partially within the transmembrane core and 

partially within an extracellular region, the accuracy of a calculation that only uses a 

single dielectric constant may be limited. This problem is compounded by CB1’s large N 

terminus (111 residues) and the uncertainty about its conformation (i.e. it is unknown 

whether CB1’s N terminus ‘caps’ the extracellular region, shielding it from solvation, or 

is the N terminus away from the receptor, leaving the extracellular region exposed to 

solvent). Therefore, we also calculated a Glide score; this is because the Glide energy 

function includes solvation terms (in which, explicit waters are temporarily placed within 

the ligand(s)-receptor complex; 111). The placement of explicit waters may enable Glide 

to more accurately weight the importance of electrostatic interactions than energy 

functions that use a dielectric constant. Lipoxin A4’s Glide score within the receptor-

CP55,940 complex was calculated to be -9.541 kcal/mol. Finally, it should be mentioned 
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that the total interaction energy (calculated by MacroModel) and the Glide score 

(calculated by Glide) are NOT comparable—this is because each method uses a 

significantly different energy function; this is the source of the large magnitude difference 

between the two energy scores.           

 Figure 40 illustrates that lipoxin A4 forms several important electrostatic 

interactions with the EC loops; first, the carboxylate group of lipoxin A4 forms an ionic 

interaction with the EC-1 loop residue Arg-182; the N–O distance is 2.58 Å and N-H··O 

angle is 173.9°. This carboxylate also forms a hydrogen bond with the sidechain of the 

EC-3 loop residue Asn-372; the N–O distance is 2.72 Å and N-H··O angle is 168.3°. 

Additionally, this carboxylate also forms a hydrogen bond with the backbone nitrogen of 

the EC-3 loop residue Lys-373; the N–O distance is 2.76 Å and N-H··O angle is 174.8°. 

Furthermore, a lipoxin A4 hydroxyl group is forming a hydrogen bond with the backbone 

carbonyl oxygen of the EC-3 loop residue Met-371; the O–O distance is 2.89 Å and O-

H··O angle is 163.5°. Finally, a lipoxin A4 hydroxyl is forming a hydrogen bond with the 

sidechain of D6.58366; the O–O distance is 2.63 Å and O-H··O angle is 175.4°. Lipoxin 

A4 also forms significant van der Waals interactions with the EC-2 loop residue Phe-268.  

Lipoxin A4 Promotes Extracellular Loop Conformational Changes Critical for 

Signal Transduction 

 We have previously reported that two extracellular (EC) loop conformational 

changes must occur in order for the CB1 receptor to signal via G protein-mediated 

pathways (57). Specifically, our modeling results, based on mutation studies from the 

Kendall lab (3,19), suggested that the EC-2 loop moves down towards the transmembrane 
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core upon receptor activation. In addition, we also reported that upon receptor activation 

an important ionic interaction forms between TMH2 and the EC-3 loop; specifically, an 

interaction forms between residues D2.63176 and Lys-373. This ionic interaction is 

necessary for signal transduction and promotes a conformation of the EC-3 loop that is 

pulled over the top, extracellular face, of the receptor. 

 The model of lipoxin A4 docked at the CB1R*/CP55,940 complex may suggests a 

possible mechanism for lipoxin A4’s positive allostery. As just described, lipoxin A4 

forms several significant interactions with the EC-1 (Arg-182) and EC-3 loops (Met-371, 

Asn-372, and Lys-373; see Figure 40). By forming these electrostatic interactions, lipoxin 

A4 is effectively ‘tethering’ the EC-1 and EC-3 loops. Structurally, this may stabilize a 

conformation of the EC-3 loop that is pulled across the extracellular face of CB1, 

promoting the functionally-important ionic interaction between D2.63176 and Lys-373. 

Thus, lipoxin A4 may act as a positive allosteric modulator by promoting an active 

conformation of the EC-3 loop. In addition, the conjugated double bond system of lipoxin 

A4 forms significant van der Waals interactions with Phe-268 (see Figure 41). These 

energetically favorable interactions may stabilize a conformation of the EC-2 loop that 

has moved down, into the transmembrane core. Again, lipoxin A4 may act as a positive 

allosteric modulator by promoting an active conformation of the EC-2 loop. Altogether, 

the combined results from the MMC, MD simulations, and Glide docking studies 

suggests that lipoxin A4 binds in the TMH3-6-7 region of CB1, extending extracellularly, 

and acts as a positive allosteric modulator by promoting active conformations of the EC-2 

and EC-3 loops. 
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Figure 41. Lipoxin A4 promotes an active conformation of the EC-2 loop. 
 
The view is from extracellular; lipoxin A4 is shown in orange; CP55,940 is shown in 
cyan; F268 is shown in yellow. This figure illustrates that lipoxin A4 and F268 pack 
tightly, forming productive hydrophobic interactions. These interactions may stabilize an 
active conformation of the EC-2 loop. 
 

Discussion 

The Binding Site and Mechanism of Action of Lipoxin A4 at the CB1 Receptor 

 In this work, we have used a variety of computational methods to identify lipoxin 

A4’s binding site (in the presence of CP55,940) at the CB1 receptor. The fragment-based 

approach MMC was used as an initial receptor exploration for possible lipoxin A4 

binding sites. Unfortunately, the different fragments did not converge at a single binding 



187 

site—this is not necessarily an uncommon outcome for ligands that have explore a large 

conformational space. Therefore, the MMC-identified binding site of the hydrophobic 

fragment was used as a starting point for Glide docking studies. The results of the MMC 

calculations suggest that the best binding site (i.e. most persistent as the system’s 

chemical potential is annealed) for the fragment is in the TMH3/6/7 region. The 

hydrophobic fragment’s binding site was used because it was the largest fragment 

studied, and thus the most representative of lipoxin A4’s structure. In addition, due to this 

fragment’s conjugated double bond system, it is rigid (i.e. does not explore significantly 

different conformations); consequently, this fragment was the best suited for MMC 

calculations because MMC does not vary fragment conformation.  

 The results of Glide docking studies suggest that lipoxin A4 binds, in the presence 

of CP55,940, in the TMH3/6/7 region, extending extracellularly. Lipoxin A4 is oriented 

so that its carboxylate group interacts with the EC loops, whereas its hydrophobic 

conjugated double bond system and alkyl tail are within the transmembrane core. At its 

binding site, lipoxin A4 forms numerous electrostatic interactions with the EC-1 and EC-3 

loops; these interactions may ‘tether’ these EC loops together, effectively promoting an 

active conformation of the EC-3 loop (i.e. a conformation that is pulled over the 

extracellular face of the receptor; 57). In addition, lipoxin A4’s hydrophobic conjugated 

double bond system packs tightly against Phe-268; this interaction may stabilize an active 

EC-2 loop conformation (i.e. a conformation that has moved down, towards the 

transmembrane core; 57). Altogether, our results suggest that lipoxin A4 may act as a 

positive CB1 allosteric modulator by promoting active conformations of the EC loops.    
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 Interestingly, lipoxin A4’s binding site overlaps with our previously reported 

binding site for the negative CB1 allosteric modulator, ORG27569 (78). This is not 

surprising, as modulating EC loop conformations may be a common allosteric motif in 

Class A GPCRs (42). As described in Chapter II, the clearest example of a conserved 

allosteric binding site may be found in the muscarinic receptor family; here, it has been 

reported that all five muscarinic receptor subtypes share and extracellular allosteric 

binding site (63). Additionally, the identification of a CB1 allosteric binding site in the 

TMH3/6/7 region, extending extracellularly, is not without precedence; recently, the 

crystal structure of the human M2 muscarinic acetylcholine receptor (M2) has been 

reported (1). This structure identifies the binding site of the positive M2 allosteric 

modulator LY2119620 (in the presence of the agonist iperoxo); in this crystal structure, 

LY2119620 binds in the TMH3/6/7 region, extending extracellularly (see Figure 42). 

Finally, it should be mentioned that CB1’s allosteric binding site in the TMH3/6/7 region 

is not CB1’s sole allosteric binding site; we have recently reported that the negative CB1 

allosteric modulator pregnenolone binds outside of CB1, in an intracellular region, at 

TMH1/7 and Hx8 (112). The presence of multiple allosteric binding sites at an individual 

GPCR is not surprising, as this may provide a cellular mechanism by which to refine 

GPCR signal transduction (113). 
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Figure 42. The binding site of the LY2119620, a positive allosteric modulator of the M2 
muscarinic receptor. 
 
Crystal structure of the M2 muscarinic (M2) receptor, with Iperoxo (orthosteric agonist) 
and LY2119620 (a postivie M2 allosteric modulator) bound. View is from the lipid 
bilayer; LY2119620 is shown in lime; Iperoxo is shown in cyan. This figure illustrates 
that LY2119620 binds in the TMH3/6/7 region of M2, extending extracellularly. (1) 
   

 However, despite their binding sites sharing a similar region in CB1, lipoxin A4 

and ORG72569’s mechanisms of action are fundamentally different. As just described, 

lipoxin A4 promotes active conformations of the EC loops by forming numerous 

electrostatic interactions with the EC-1 and EC-3 loops, as well as stabilizing an active 

conformation of the EC-2 loop with hydrophobic interactions. In contrast, ORG27569 
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sterically blocks active conformations of the EC-2 and EC-3 loops, thereby antagonizing 

G protein-mediated signaling (78). Together, these results may inform future CB1 

allosteric ligand design strategy. Specifically, if the goal is to design positive CB1 

allosteric modulators, it may be productive to functionalize compounds so that they are 

capable of forming electrostatic interactions between the EC loops. Likewise, if the goal 

is to design negative CB1 allosteric modulators, then these results would suggest 

functionalizing compounds so that they would place large, sterically-bulky substituents 

between the EC loops, thereby blocking active EC loop conformations from forming. 

However, as discussed later, these design strategies may have to consider how these 

strategies (and specifically the chosen functional groups) affect how ligands partition 

between aqueous and lipid phases. 

Lipoxin A4 Solvent/Membrane Partitioning and Method of Receptor Entry 

 The results of our MD simulations of lipoxin A4 alone in a hydrated lipid bilayer 

suggest that lipoxin A4 only partially inserts in the membrane; specifically, lipoxin A4’s 

carboxylate group (and two neighboring hydroxyls) persistently partitioned into the 

aqueous phase. In contrast, lipoxin A4’s conjugated double bond system and alkyl tail 

persistently partitioned into the lipid bilayer. This solvent/membrane profile is unique 

among cannabinoids, especially endogenous ligands. Specifically, every other 

cannabinoid we have performed MD simulations on has fully partitioned, albeit at 

different heights, into the lipid bilayer (see Figure 38). However, when considering 

lipoxin A4’s chemical structure, its solvent/membrane profile is not surprising; it has a 

negatively charged carboxylate (and two neighboring hydroxyls) on one end of the 
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molecule—it is energetically more stable for this section of lipoxin A4 to partition into 

water as opposed to the lipid bilayer. In contrast, the majority of other cannabinoids are 

generally hydrophobic. These results suggest that lipoxin A4 may have a unique method 

of entry into CB1 as compared to other cannabinoids. 

  Consistently, the results of MD simulations of lipoxin A4 in the presence of CB1 

suggest that lipoxin A4 may ‘climb’ over TMH1/2 to enter CB1. This possibility is 

directly related to lipoxin A4’s solvent/membrane profile—if lipoxin A4 did not partially 

partition out of the membrane, it would be much more difficult for it to climb over 

TMH1/2. This method of entry is fundamentally different than what is typically 

observed/expected for lipid-binding receptors (e.g. the cannabinoid receptors). For 

example, we have previously reported that in MD simulations, 2-AG was observed to 

enter the human cannabinoid-2 (CB2) receptor, via a lipid portal between TMH6/7 (67). 

We have also reported that in MD simulations, we have observed ORG27569 insert its 

indole group between TMH6/7 (from lipid) (Hurst et al., ICRS, 2014—poster 

presentation). In addition, it has been proposed that the lipid-binding sphingosine 1-

phosphate (S1P1) receptor has a lipid portal between TMH1/7 (30). Likewise, results 

from the recently reported protease-activated receptor 1 (PAR1) crystal structure suggest 

that ligand entry may occur between TMH6/7 (from lipid; 114). Finally, results from the 

recently reported human GPR40 receptor crystal structure suggest that ligand entry may 

occur between TMH3/4 (from lipid; 115). Altogether, these results suggest that GPCRs 

that bind hydrophobic ligands may have lipid entry portals; this is in contrast the classical 

view that GPCR ligands enter from the aqueous phase—this original entry hypothesis 
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may due to the fact that some of the most-studied GPCRs (e.g. the opioid receptors) bind 

hydrophilic ligands.  

 Interestingly, because lipoxin A4 may enter CB1 from extracellular (in contrast to 

the expected entry from a lipid portal), these results suggest that it may be possible to 

design ligands so that they use a specific method of entry. This potential level of control 

is especially important considering our results that suggest that ORG27569-ERK 

signaling may occur when ORG27569’s indole ring inserts between TMH6/7 (Hurst et 

al., ICRS, 2014—poster presentation). Specifically, it may be possible to design ligands 

to have precise signaling outcomes by controlling how they enter CB1. Unfortunately, it 

is not currently known what lipoxin A4’s effects are on ERK signaling. But our results 

may suggest that lipoxin A4 will not induce an ERK signal (when applied alone), because 

it is does not insert between TMH6/7. If this prediction is validated by future 

experimental work, it may suggests that a design strategy that focused on manipulating 

ligand entry may be a productive approach for controlling functional outcomes at CB1.     

 In this work, we have presented results that suggest lipoxin A4 binds at CB1 in the 

TMH3/6/7 region, extending extracellularly. At its binding site, lipoxin A4 forms 

numerous electrostatic and hydrophobic interactions; these interactions may promote 

active conformations of the EC loops, explaining lipoxin A4’s action as a positive CB1 

allosteric modulator. Finally, our MD results suggest that lipoxin A4 may enter CB1 from 

extracellular. Altogether, these results may inform ligand design strategies and lead to 

improved attempts at therapeutically targeting CB1.      
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