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ABSTRACT 

The CB1 cannabinoid receptor is a G-protein coupled receptor highly expressed 

throughout the central nervous system, that has been suggested as a target for the treatment 

of various disorders, including anxiety, pain and neurodegeneration. Despite the wide 

therapeutic potential of CB1, development of potential drug candidates has long been 

hindered by concerns about adverse effects, rapid tolerance development and abuse 

potential. Ligands that produce biased signaling have been proposed as a strategy to 

dissociate therapeutic and adverse effects for a variety of G-protein coupled receptors. 

Biased signaling involves selective activation of a signaling transducer in detriment of 

another, mainly involving selective activation of G-protein signaling or b-arrestin 

signaling. However, biased signaling at the CB1 receptor is poorly understood due to the 

lack of strongly biased agonists. The development of biased agonists would be aided by 

understanding the molecular mechanism that leads to biased signaling. Although the 

structure of CB1 has been resolved in the inactive state and in the canonical active state, 

which allows G-protein signaling, little is known about the alternative active state that 

allows b-arrestin biased signaling. Therefore, we set out to investigate molecular and 

pharmacological tools that could shed light on the mechanism of CB1 biased signaling and 

to characterize novel allosteric ligands with a biased signaling profile.  

Using molecular dynamics stimulation of CB1 bound to a ORG27569, an allosteric 

ligand that stimulates b-arrestin signaling and inhibits G-protein signaling, we proposed 

single amino acid mutations that were predicted to impact b-arrestin signaling, and 

expressed wild-type and mutated CB1 receptor in HEK293 cells to measure signaling 
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through different signaling transducers. We found that N7.49 and Y7.53, two amino acids 

in the highly conserved NPXXY motif, were essential for b-arrestin recruitment and 

signaling, but mutating them to Ala and Phe, respectively, did not impact G-protein 

signaling. We also found that I2.43, a functionally conserved amino acid on transmembrane 

helix 2, negatively regulates a switch in the rotameric position of Y7.53, as mutating I2.43 

to Ala reduced steric hindrance upon Y7.53 and enhanced b-arrestin1 recruitment and 

signaling, while mutating it to Thr, a polar residue that would further hinder Y7.53, 

partially inhibited b-arrestin recruitment. Therefore, we concluded that N7.49 and Y7.53 

form a hydrogen bond network along with D2.50 that is essential for the alternative active 

state that stimulates b-arrestin biased signaling. N7.49 acts as a fulcrum on which 

transmembrane helix 7 can bend, and Y7.53 acts as a rotamer toggle switch, stabilizing 

conformational changes on the intracellular end of transmembrane helix 7. This is the first 

record of a molecular mechanism for CB1 b-arrestin biased signaling involving the 

NPXXY motif. Due to the highly conserved character of these residues, it is possible that 

this mechanism can also be applied to other class A G-protein coupled receptors.  

In addition, we characterized novel biased allosteric ligands that stimulate or inhibit 

b-arrestin1 signaling. Two ORG27569 analogs were found to enhance orthosteric agonist 

induced b-arrestin1 recruitment and extracellular-signal regulated kinase 1/2 

phosphorylation (pERK), with no effect on G-protein signaling. Two pregnenolone analogs 

absent of the steroid scaffold were found to inhibit pERK signaling independent of G-

protein signaling, indicating that they hinder b-arrestin dependent signaling. Since these 

analogs are believed to mediate their effects via stimulation or inhibition of conformational 
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changes on transmembrane helix 7, our findings support a role for this domain on the 

alternative active state of CB1. In contrast, a GAT211 analog, GAT1601, had no effect on 

recruitment of b-arrestin1, but stimulated G-protein signaling and slightly enhanced b-

arrestin2 recruitment. This compound binds to an allosteric site, where it stimulates the 

canonical active state of CB1 by facilitating the outward movement of transmembrane 

helix 6. Altogether, the results presented in this dissertation suggest that CB1 b-arrestin 

biased signaling is regulated by the NPXXY motif, which stimulates conformational 

changes on the transmembrane helix 7/helix 8 elbow, and that stimulating or hindering 

these conformational changes can enhance or disrupt CB1 b-arrestin biased signaling. 

However, facilitating the movement of transmembrane helix 6 favors G-protein biased 

signaling. Our findings provide molecular and pharmacological tools that will be of great 

importance to structure guided drug design and to future studies on the functional 

consequences of biased signaling at the CB1 receptor. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 G-Protein Coupled Receptors 

G-protein coupled receptors (GPCRs) are membrane proteins responsible for 

transducing signals from stimuli originated outside of the target cell, such as light, odors, 

hormones, growth factors and neurotransmitters. GPCRs are single chain amino acids 

containing seven transmembrane a-helices, three extracellular loops (ECL), three 

intracellular loops (ICL), an extracellular N-terminus and an intracellular C-terminus. The 

GPCR superfamily is the largest family of membrane proteins, with over 800 genes in the 

human genome that encode GPCRs [1]. All human GPCRs can be classified into six major 

classes based on sequence and function similarity: classes A (Rhodopsin), B1 (Secretin), 

B2 (Adhesion), C (Glutamate), F (Frizzled) and T (Taste 2) [2]. The receptors in class A 

are the most numerous and are therefore subdivided into four main groups (a, b, g, and d), 

which are furthered divided into 13 clusters [1]. Remarkably, the GPCR superfamily is the 

largest family of drug targets representing roughly one-third of targets for all therapeutic 

drugs [3,4], which demonstrates their importance for human health and homeostasis and 

underscores the necessity to understand GPCR signaling mechanisms. 

In the canonical signaling pathway, GPCRs couple to heterotrimeric guanine 

nucleotide-binding proteins, or G-proteins, composed of a, b and g subunits. An activating 

stimulus induces stabilization of a conformational state of the GPCR that triggers guanine 

nucleotide exchange factor (GEF) activity, stimulating the Ga subunit to release a 
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guanosine diphosphate (GDP) and instead bind to a guanosine triphosphate (GTP) 

molecule. This results in the dissociation of the Ga subunit from the Gbg subunits. Then, 

the Ga alone and the Gbg heterodimer independently trigger intracellular signaling 

cascades [5]. However, non-canonical signaling also occurs, where GPCRs recruit arrestin 

proteins. These promote receptor internalization, inhibiting G-protein activation and 

signaling, but also induce signaling by serving as scaffolds to promote activation of 

mitogen-activated protein kinases (MAPKs) [6].  

1.1.1 G-protein Dependent Signaling 

The canonical and most well studied GPCR signaling pathway depends on 

stimulation of heterotrimeric G-proteins. In this context, GPCR signaling outcome is 

largely dependent on the type of Ga subunit. Because Ga subunits can have different 

targets, the downstream signaling cascades activated by GPCRs will vary depending on the 

receptor affinities for each Ga protein subtype. The human genome encodes only 16 Ga 

proteins, 6 Gb subunits and 12 Gg subunits. These are classified into 4 major families based 

on DNA sequence similarity of Ga subunits: Gs, Gi, Gq and G12 [5,7]. GPCRs often 

preferentially couple to and activate G-proteins belonging to one of these families, however 

many GPCRs have been shown to activate G-proteins from multiple families with varying 

degrees of affinity [7]. Ga subunits from each family activate or inhibit a few key signaling 

effectors, regulating the production of second messengers responsible for triggering 

downstream signaling events. 

Proteins in the Gs group include Gas and Gaolf. The former is ubiquitously 

expressed, while the latter is found mainly in the olfactory epithelium, brain, testes and 
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pancreas. These proteins stimulate adenylyl cyclase (AC), promoting the synthesis of 

cyclic adenosine monophosphate (cAMP) [8]. This second messenger binds to and 

activates Protein Kinase A (PKA), exchange protein directly activated by cAMP (Epac) 

and cyclic nucleotide-gated ion channels, stimulating intracellular signaling cascades that 

regulate a variety of essential cellular functions, such as metabolism, gene expression, cell 

growth and differentiation, apoptosis and neurotransmission [9].  

Proteins in the Gi group include Gai, Gαo, Gaz, Gat and Gagust. These suppress the 

accumulation of cAMP by inhibiting the activity of AC (Gai/o, Gaz) or stimulating the 

activity of phosphodiesterase 6 (Gat and Gagust). Gat proteins are found in the retina and 

Gagust is found in taste and gastrointestinal brush cells, where they mediate visual and taste 

senses. Gai proteins, on the other hand, are ubiquitous, while Gαo and Gaz are mostly found 

in neurons and endocrine organs [8,10]. Gai/o and Gaz participate in several cellular 

functions through negative regulation of the second messenger cAMP, including but not 

limited to neurotransmission. 

Proteins in the Gq group include Gaq, Ga11, Ga14, Ga15 and Ga16, all of which 

stimulate phospholipase C (PLC) β activity, an enzyme that catalyzes the hydrolysis of 

phosphatidylinositol 4,5-biphosphate (PIP2), releasing diacyl glycerol (DAG) and inositol 

1,4,5-triphosphate (IP3). The latter binds to IP3 receptor in the endoplasmic reticulum (ER), 

releasing Ca2+ from the ER to the cytoplasm. The increase in cytosolic calcium levels leads 

to activation of various signaling cascades, including activation of protein kinase C (PKC) 

along with DAG [11]. Gaq is ubiquitously expressed, while Ga11 is expressed in a wide 

variety of cells, with the exception of platelets. On the other hand, Ga14 is found in the 



 

4 

kidney, spleen and lungs, while Ga15 and Ga16 are found mainly in hematopoietic cells 

[10,11]. Gq family proteins are responsible for promoting physiological functions such as 

smooth muscle contractility, platelet activation, leukocyte function and neurotransmission. 

The G12 family consists of Gα12 and Gα13 proteins, which are ubiquitously 

expressed [12]. G12 family proteins recruit RhoGEFs to the membrane, leading to 

activation of RhoA kinase, which in turn activates Rho-associated protein kinases (ROCK). 

This kinase catalyzes the phosphorylation of focal adhesion kinase (FAK), stimulating 

formation of actin stress fibers. ROCK also inhibits myosin light chain phosphatase, 

promoting cell contractility, and activates serum response factor (SRF). SRF is a 

transcription factor that regulates expression via promoters containing serum response 

element sequences, controlling the expression of immediate early genes and genes that 

encode cytoskeletal proteins [13].  

The Gbg heterodimer was originally thought to only negatively regulate G-protein 

signaling by forming the heterotrimer complex, which slows down the rate of GDP release, 

inhibiting spontaneous Ga mediated signaling. Later, however, new roles for Gbg in GPCR 

signaling were found. These include activation of G-protein regulated inwardly rectifying 

K+ channels [14], inhibition of voltage-gated Ca2+ channels [15], regulation of certain AC 

isoforms [16], stimulation of PLCβ and PLCε [16] and activation of phosphoinositide 3-

kinase (PI3K) [17]. These findings greatly expanded the number of signaling effectors that 

can be triggered by G-protein dependent signaling and provided insight into the activation 

of downstream signaling cascades, such as MAPK signaling. 

1.1.2 G-protein Dependent MAPK Signaling 
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MAPK signaling is stimulated by growth factors, inflammatory cytokines or 

physical stress. These stimuli activate a MAPK kinase kinase (MAP3K), which then 

phosphorylates Ser/Thr residues on a MAPK kinase (MAP2K). The MAP2K then activates 

a MAPK through phosphorylation of conserved Thr and Tyr residues in their activation 

loop. The activated MAPK can then translocate to the nucleus, regulating the activity of 

transcription factors to promote cellular functions such as cell proliferation, differentiation 

and survival, among others [18]. The most well understood MAPKs are the extracellular 

signal-regulated kinase homologs 1 and 2 (ERK1/2), c-jun terminal kinase homologs 1 and 

2 (JNK1/2) and p38 kinase homologs a and b (p38). MAPK signaling can also be 

stimulated by GPCRs via heterotrimeric G-protein signaling. All G-protein subtypes can 

regulate MAPK signaling through different mechanisms. The most well studied and 

stronger MAPK signal stimulated by GPCRs is ERK1/2, therefore mechanisms by which 

heterotrimeric G-proteins can stimulate ERK1/2 phosphorylation are discussed below.  

Gas proteins can stimulate or inhibit ERK1/2 phosphorylation depending on the 

presence of B-Raf or C-Raf, respectively [19,20]. Raf proteins are kinases that act as 

MAP3Ks phosphorylating MEK1/2 (a MAP2K), which phosphorylates ERK1/2. 

Regulation of B-Raf by Gas occurs through activation of Ras-related protein 1 (Rap1) via 

Epac activity or via PKA-mediated phosphorylation of Src, which stimulates the Rap1 GEF 

Crk SH3 domain-binding guanine nucleotide-releasing factor (C3G) [19,20]. Conversely, 

Gas inhibits C-Raf activity via PKA-dependent phosphorylation of Ser259, which 

suppresses C-Raf catalytic activity [21]. Indirectly, Gas can also inhibit C-Raf through 

stimulation of Rap1, which binds to C-Raf and sequesters it, decreasing C-Raf dependent 
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ERK1/2 phosphorylation [22]. Whether enhanced cAMP/PKA signaling will promote or 

inhibit ERK1/2 phosphorylation is believed to depend on cell type and on subcellular pools 

of AC, PKA and Raf proteins. 

Gi family proteins can also activate ERK1/2 phosphorylation. Gai/o proteins inhibit 

cAMP, hindering PKA activity. The removal of PKA-dependent suppression of C-Raf 

promotes ERK1/2 signaling. Additionally, Gai2 has been shown to promote C-Raf activity 

through stimulation of Rap1GAPII. The latter inactivates Rap1, inhibiting the sequestration 

of C-Raf. Therefore, Gai2 mediated Rap1 GTPase Activating Protein 2 activity indirectly 

stimulates the MAPK signaling module composed by C-Raf, MEK1/2 and ERK1/2 [23].  

The bg-subunit released from a Gi heterotrimer (bgi) can also promote ERK1/2 

phosphorylation via activation of PLCb or PI3K. The bgi activated by the a2A adrenenergic 

receptor has been shown to stimulate PLCb, leading to Ca2+-calmodulin dependent 

activation of Pyk2 kinase, which activates Src and Shc. The latter, then stimulates Ras via 

activation of a RasGEF [19,20]. The bgi can also activate PI3K through mechanisms still 

poorly understood. PI3K then stimulates formation of dynamin-Grb2 complex, which 

activates the RasGEF SOS, leading to increased Ras activity [24]. 

Gaq/11 proteins stimulate ERK1/2 phosphorylation through PKC, Ca2+-calmodulin 

or DAG/Ca2+ dependent mechanisms. PKC favors Ras-Raf coupling, stimulating C-Raf 

mediated ERK1/2 phosphorylation [20,25]. Ca2+-calmodulin stimulates ERK1/2 

phosphorylation via Pyk2/Src/Shc/Ras, as described above. DAG and Ca2+ also activate 

calcium and DAG-regulated GEF I (CalDAG-GEFI), which stimulates Rap1 activity [26]. 
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Although Ga12/13 proteins activate JNK1/2 via Rac, Cdc42 and Rho, they can 

attenuate ERK1/2 activity [19]. This occurs through inhibition of MEK1/2 activity, 

possibly via stimulation of protein phosphatase 5 (PP5). PP5 can be activated by Ga12/13 

and PP5 has been shown to dephosphorylate C-Raf at Ser338, leading to its inactivation. 

Finally, GPCRs can activate MAPK signaling pathways through transactivation of 

receptor tyrosine kinases (RTKs). These bind to growth factors, causing receptor 

dimerization and autophosphorylation. Src Homology 2 or Phosphotyrosine-binding 

domain containing proteins then bind to phosphorylated sites on the RTK and trigger 

downstream signaling cascades, such as the Ras/MEK/ERK signaling module [27]. RTK 

transactivation can occur via GPCR-mediated activation of metalloproteases, leading to 

pro-ligand ectodomain shedding and release of RTK ligands [28], or via ligand-

independent RTK activation. In the ligand-independent pathway, GPCRs and RTKs 

physically interact forming a protein complex that leads to RTK activation [29]. 

Alternatively, ligand-independent transactivation also occurs when GPCR-mediated 

activity of intracellular tyrosine kinases, such as Src, leads to RTK phosphorylation and 

activation [30]. 

1.1.3 Arrestin Recruitment and Signaling 

Interaction of GPCRs with arrestins was first discovered in 1986, when rhodopsin 

G-protein signaling was found to be suppressed in the presence of a 48 kDa protein [31]. 

This protein became known as arrestin-1, or visual arrestin, as it is found in the visual 

system. In the early 1990s, non-visual arrestins were also found. These became known as 

b-arrestin1 (arrestin-2) and b-arrestin2 (arrestin-3), since they were discovered as 
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regulators of the b2-adrenergic receptor (b2-AR) [32,33]. These seminal studies described 

a mechanism of termination of GPCR signaling, where agonist binding leads to 

phosphorylation of Ser and Thr residues by a G-protein coupled receptor kinase (GRK) 

[34–36]. This enables high affinity interactions of arrestin with phosphorylated residues on 

the C-terminal tail of the receptor. Coupling to arrestin sterically hinders further interaction 

with G-proteins, desensitizing the receptor by impeding G-protein signaling [34]. When 

bound to a b-arrestin, the GPCR is also directed to the clathrin-dependent endocytic 

pathway. GPCR-b-arrestin complexes cluster at clathrin coated pits (CCPs) through 

binding of b-arrestin to clathrin and adapter protein-2. Once in CCPs, transiently 

interacting GPCR-b-arrestin complexes are sorted to recycling endosomes, allowing 

trafficking back to the plasma membrane, while stably interacting GPCR-b-arrestin 

complexes are sorted to late endosomes, leading to lysosomal degradation [37–39]. The 

two mechanisms of negative regulation of G-protein signaling, i.e. steric hindrance and 

endocytosis, drive GPCR homologous desensitization, which refers to a reduced response 

when a GPCR is exposed to a second subsequent stimulus. 

Receptor desensitization is not the only function of arrestins, however. G-protein 

independent signaling by b-arrestins was later discovered for the angiotensin II type I 

receptor (AT1R)  [40,41] and the b2-AR [42]. When forming stable complexes with 

GPCRs, b-arrestins undergo conformational changes, dephosphorylation and 

ubiquitination processes that expose binding motifs that turn them into scaffolds for 

MAPKs [6]. For instance, binding to c-Raf, MEK1 and ERK1/2 leads to ERK1/2 

phosphorylation (pERK), whereas binding to apoptosis signal-regulating kinase 1, MEK4 
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and JNK3 leads to phosphorylation of JNK3 [40,43,44]. MAPK signaling also occurs after 

activation of G-proteins, but the G-protein dependent pERK response was found to be 

strong, fast and transient, while the b-arrestin dependent pERK response is of lower 

magnitude, slow and longer lasting [45]. Further, the subcellular location of pERK differs 

depending on the originating signal. G-protein mediated phosphorylated ERK1/2 is largely 

translocated to the nucleus, where it promotes gene transcription and cell proliferation. 

Conversely, b-arrestin induced phosphorylated ERK1/2 concentrates on endosomes, 

inhibiting gene transcription and phosphorylating cytoplasmic substrates that regulate 

protein translation, cytoskeleton dynamics, apoptosis, cell migration, and cross-talk with 

other signaling cascades [40,44–46] These findings indicate that G-protein and b-arrestin 

induced pERK differ in kinetics, but can also have divergent physiological functions. 

Agonists stabilize distinct GPCR conformations that promote canonical or non-

canonical signaling to variying degrees in order to promote downstream signaling events 

[47]. Differences in the amount of canonical vs. non-canonical signaling induced upon 

receptor activation leads to a process termed functional selectivity, or biased signaling. 

1.1.4 Biased Signaling 

 Biased signaling is defined by the ability of GPCRs to differentially promote 

activation of one signaling transducer in detriment of the other. This differential signaling 

typically involves a preferential activation of G-protein dependent signaling over G-protein 

independent arrestin signaling, or vice versa. The molecular mechanism underlying this 

phenomenon involves the stabilization of a specific structural conformation that allows 

activation of either G-proteins or arrestins. The existence of differrent active conformations 
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allows the design of biased ligands, which are able to preferentially stabilize one of the 

active conformations, leading to biased signaling via that preferred transducer. However, 

thorough knowledge of the different active structures would be required. Biophysical 

studies and crystal structures have shed some light on the major conformational changes 

that GPCRs must undergo to activate G-proteins or arrestins. Remarkably, the structural 

modifications associated with G-protein coupling are different from those that have been 

associated with arrestin recruitment, and seem to be somewhat conserved across different 

GPCRs. These structural modifications involve movement of transmembrane helices and 

a shift in the position of a few key highly conserved amino acids that form molecular 

switches for receptor activation. 

 1.1.5 GPCR Conformational Dynamics 

 GPCRs exist in a dynamic state, assuming multiple different conformations. Ligand 

binding shifts equilibrium toward the inactive state (inverse agonist), the canonical active 

state (G-protein biased agonist) or an alternative active state (b-arrestin biased agonist) 

[48]. Three-dimensional crystal structures of inactive dark-state rhodopsin [49] and inverse 

agonist bound b2-AR [50,51] were the first solved GPCR structures and served as 

references of the GPCR inactive conformation due to sequence conservation in the 

transmembrane helices across class A GPCRs. In the inactive structure, the transmembrane 

helices form a tight bundle aided by intramolecular hydrogen bonds and hydrophobic 

interactions, while helix 8 (Hx8) is found in a nearly parallel position relative to the plasma 

membrane [49–51]. Another characteristic of the GPCR structure is the incidence of kinks 

on transmembrane helices 5, 6 and 7, formed by the presence of the highly conserved Pro 
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residues P5.50, P6.50 and P7.50, which interrupt the backbone hydrogen bonding that 

forms the a-helices. Ballesteros-Weinstein nomenclature will be used for amino acids 

within transmembrane helices in GPCRs [52]. In this system, the amino acid number 

identifies its position on the transmembrane helix (TMH), with the first number denoting 

the helix number (1 to 7) and the last two numbers showing the position relative to the most 

conserved residue on that helix, e.g., .49, .50, .51. The most conserved residue receives a 

value of .50, while upstream amino acids receive a number smaller than .50 and 

downstream amino acids receive a number greater than .50. For instance, N7.49, P7.50 and 

I7.51 are found in sequence on TMH7. 

Later, active state crystal structures were obtained using constitutively active 

mutants, G-proteins or nanobodies to stabilize the active state of the receptor [53–56]. 

These studies allowed for comparisons between active and inactive states to solve the 

molecular mechanism of receptor activation. In the active state of a class A GPCR, the 

movement of helices at the cytoplasmic face are the most important for signal transduction, 

as they reveal a site for interaction with the signal transducer. In the canonical active state 

(associated with G-protein signaling), the most striking feature is that agonist binding 

triggers the movement of the intracellular (IC) domain of TMH6 away from the 

transmembrane bundle. The inactive state is maintained by an ionic lock between TMH3 

and TMH6, where hydrogen bonding between R3.50 and E(D)6.30 prevents the movement 

of TMH6, keeping the helices in a tight bundle [57]. In canonical active state 

conformations, this ionic lock is broken, TMH6 moves away from the bundle and the G-

protein binding site is exposed [54–57]. 
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The alternative active state involved in b-arrestin biased signaling, however, is 

poorly characterized. Biophysical studies show that while G-protein biased ligands induce 

movement of TMH6, b-arrestin biased ligands favor movement of TMH7 [58–60]. 

Unfortunately these studies cannot identify precise structural modifications or 

intramolecular interactions. Crystal structures of the 5-HT2B receptor bound to the b-

arrestin biased ligand ergotamine [61] and visual arrestin bound Rhodopsin [62] showed a 

reduced movement of TMH6 compared to the canonical active state, and structural 

modifications on TMH7 and Hx8. However, intramolecular interactions that promote b-

arrestin biased signaling were not described. 

1.1.6 Functional Amino Acids and Molecular Switches 

Class A GPCRs contain highly conserved amino acids and structural motifs in each 

TMH that participate in receptor activation. For instance, on TMH2 the conserved amino 

acid D2.50 binds a Na+ ion, forming an allosteric site for Na+ maintained by a layer of 

hydrophobic residues on the cytoplasmic side of D2.50, stabilizing the inactive receptor 

structure [63,64]. In the active state, movement of the TMHs disrupts the hydrophobic 

layer, releasing Na+, which is an important event for GPCR activation. 

The D(E)RY motif on TMH3, composed by D(E)3.49, R3.50 and Y3.51, has been 

linked to G-protein coupling. In the inactive state, R3.50 forms an ionic lock with E(D)6.30 

that maintains the receptor’s inactive state, while D(E)3.49 interacts with R3.50 to fix its 

position. In the active state, R3.50 interacts directly with residues on the a5 helix of the 

Ga protein in the active state, forming part of that binding site. In addition, D(E)3.49 
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interacts with ICL2 to stabilize it in a helical conformation, allowing its interaction with 

the Ga [47]. 

The CWXP motif, located on TMH6, is formed by C6.47, W6.48 and P6.50. The 

W6.48 residue has an important toggle switch function during receptor activation. In this 

mechanism, a transient change in the rotamer state of W6.48 occurs upon ligand binding: 

in the inactive state W6.48 side chain is found between TMH3 and TMH6, while in the 

active state it is found pointing toward TMH5. This releases TMH6 to move, bending its 

IC domain away from the bundle [64,65].  

A residue in the NPXXY motif, Y7.53, forms another toggle switch mechanism. In 

the canonical active state, Y7.53 performs a permanent rotamer switch to interact with 

Y5.58, which helps maintain the active state [66]. Since the NPXXY motif is located on 

TMH7, it is well positioned to also regulate b-arrestin signaling. However, the role of these 

residues in b-arrestin biased signaling has been poorly studied. Therefore, molecular 

switches to promote b-arrestin recruitment and signaling remain unkown.  

1.2 The CB1 Cannabinoid Receptor 

 The Cannabinoid Receptor Type 1 (CB1) is a class A GPCR that was first 

discovered as the main target for D9-tetrahydrocannabinol (THC), the psychoactive 

compound in Cannabis. CB1 was first described in rat [67,68] and later cloned from a 

human brain cDNA library [69]. At the protein level, rat and human CB1 share 97% 

sequence identity, with only two amino acid substitutions within the transmembrane 

domains. Of these, one is found on the extracellular (EC) end of TMH2 (I2.62 in human 

and V2.62 in rat) and one on the EC end of TMH3 (R3.22 in human and P3.22 in rat). 



 

14 

Interestingly, the C-terminal tail of CB1 forms an extra a-helix between residues Ala440 

and Met461 (amino acid numbers for human CB1), termed Helix 9 (Hx9), that associates 

with the plasma membrane. 

In addition to THC, other exogenous ligands for CB1 have been described. Notably, 

THC analogs and other synthetic cannabinoids are widely used as CB1 agonists, such as 

HU-210, CP55,940 and WIN55,212 [70–72]. Endogenous ligands for CB1 are derived 

from arachidonic acid, which is metabolized by diacylglycerol lipase into 2-

arachidonoylacylglycerol (2-AG) and by N-acyl-phosphatidylethanolamine-hydrolysing 

phospholipase D  into  anandamide (AEA) [73–75]. AEA and 2-AG are primarily degraded 

by fatty acid amide hydrolase and monoacylglycerol lipase, respectively [76]. However, 2-

AG and AEA also bind to other targets, such as the CB2 receptor and transient receptor 

potential vanilloid 1 (TRPV1) [76]. These endogenous ligands, their receptors and their 

synthesis and degradation enzymes form the endocannabinoid system [76].  

1.2.1 CB1 Physiology and Therapeutic Potential 

Dysregulation of the endocannabinoid system in physiological aging and in brain 

pathologies along with the prevalence of CB1 in a variety of CNS circuits make it an 

attractive target for the treatment of multiple neurological conditions. In fact, Cannabis 

and cannabinoid formulations are already approved for certain medicinal uses in several 

countries and in the majority of US states. Dronabinol and nabilone are synthetic THC 

analogs that are approved by the US Food and Drug Administraton as antiemetics and 

orexigenics for patients undergoing chemotherapy and patients with Acquired 

Immunodeficiency Syndrome. Nabiximols (SativexÒ) are Cannabis extracts containing 
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THC and cannabidiol at a near 1:1 ratio, approved in the United Kingdom, Spain, Brazil, 

Colombia, Chile, Australia, among several coutries, for mitigation of symptoms, including 

spasticity, in treatment resistant multiple sclerosis. In the United States, SativexÒ is 

currently under investigation in a phase 3 clinical trial for treatment of neuropathic pain 

(NCT00711880) with promising preliminary results [77]. There are also several currently 

active clinical trials investigating the efficacy of medicinal Cannabis use in the treatment 

of acute and chronic pain. The analgesic properties of cannabinoids are well known, and 

enhancing CB1 activity has been proposed as a treatment for various forms of pain [78] 

due to its ability to suppress nociception at dorsal root ganglia [79,80], spinal cord [81–

83], and the descending pain modulatory system, such as in the periqueductal gray (PAG) 

[84–86].  

Although cannabinoid use is generally associated with cognitive impairment [87], 

a recent study showed that, while in young mice a chronic low dose THC treatment acts 

through CB1 to impair memory, it has the opposite effect in aged mice [88]. This result, 

along with findings of reduced CB1 expression and function in aged mice [89] and of early-

onset cognitive dysfunction in mice with CB1 deletion [90], suggests that CB1 agonists 

may have a beneficial effect in the treatment of age-related cognitive impairment. CB1 

agonists have also been shown to reduce anxiety-like behavior [91,92] and depressive-like 

behavior [93,94] in preclinical models, showing promise for the treatment of generalized 

anxiety and major depression. The anxiolytic effect of cannabinoids, along with their 

negative modulation of hypothalamus-pituitary-adrenal axis activity mediated stress 

responses and facilitation of extinction learning in fear memory, led cannabinoid agonists 
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to be investigated in the treatment of posttraumatic stress disorder (PTSD), with positive 

results from CB1 and CB2 agonists in preclinical models [95], and a current phase 2 clinical 

study that is investigating the effect of Cannabis on symptoms of PTSD in war veterans 

(NCT02759185). Further, the anticonvulsant action of cannabinoids in preclinical models 

makes CB1 a possible target for the treatment of epilepsy [96,97]. Neuroprotection has 

been suggested as a function of the endocannabinoid system, and findings that CB1 

agonists protect against cerebral ischemia and that CB1 deletion enhances the severity of 

ischemia-reperfusion injury in mice [98–100] suggest that it could also be targeted for the 

treatment of stroke. Finally, there is evidence that CB1 activity is beneficial for the 

treatment of Huntington’s disease (HD), a genetic neurodegenerative disorder marked by 

expression of mutant Huntingtin (mHTT) protein with polyglutamine repeats, which forms 

aggregates that lead to striatal neurodegeneration and progressive motor dysfunction [101]. 

Loss of CB1 receptors in basal nuclei was reported in HD mouse models [102,103] and in 

the brains of HD patients [104]. These findings suggest that CB1 function is impaired in 

HD, and therefore restoring CB1 signaling could have a beneficial effect in the treatment 

of HD. Indeed, Chairlone et al. found that deletion of CB1 receptors from glutamatergic 

corticostriatal neurons exacerbates striatal neuron cell death and motor dysfunction in a 

mouse model of HD [105]. Therefore, CB1 agonists may mitigate HD progression and 

motor symptoms. 

CB1 is the main endocannabinoid system GPCR in the nervous system, and is 

considered one of the most highly expressed GPCRs in the central nervous system (CNS). 

Neurons are the primary source of CB1 expression in the CNS, where high density of CB1 
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is found in axons, especially at presynaptic terminals [106]. In presynaptic terminals, 

endocannabinoids act as retrograde neuromodulators, that is, synaptic transmission triggers 

endocannabinoid synthesis at the postsynaptic terminal, which is released and travels to the 

presynaptic terminal, where is activates CB1 receptor that, in turn, inhibits neurotransmitter 

release [107]. Since CB1 is found in both GABAergic and glutamatergic synapses, 

endocannabinoids induce short-term synaptic plasticity via depolarization-induced 

suppression of inhibition (DSI; in GABAergic terminals) or depolarization-induced 

suppression of excitation (DSE; in glutamatergic terminals) [108]. However, CB1 does not 

act only in presynaptic terminals, but also regulates somatodendritic excitabililty, such as 

in low-threshold spiking cortical interneurons, where 2-AG promotes slow self-inhibition 

[109]. A putative role for CB1 in neuronal mitochondria has been proposed, where it could 

contribute to suppression of neurotransmitter release by negatively regulating 

mitochondrial respiration and adenosine triphosphate (ATP) generation [110]. To a lower 

extent, CB1 is expressed in astrocytes, where it regulates gliotransmitter release, glucose 

metabolism and release of inflammatory mediators [111–114]. CB1 is not found at the 

protein level in resting microglia, but has been detected in activated microglia cells in 

primary cultures from mollusk, mouse and rat, but not human tissue [115]. Additionally, 

CB1 is found in neurons of the dorsal root ganglia (DRG), in peripheral nerve terminals 

and in neurons of the enteric nervous system [116]. At low levels, CB1 is also expressed 

in some peripheral tissues, such as adipose tissue, testis, prostate, adrenal glands, thymus, 

bone marrow and heart [106]. 

1.2.2 CB1 Signaling 
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Presynaptic membrane CB1 receptors induce DSI and DSE through suppression of 

neurotransmitter release via G-protein activity. CB1 mainly couples to Gi/o proteins [70], 

leading to reduced cAMP levels via Gai/o and inhibition of voltage-gated Ca2+ channels via 

Gbg, both of which suppress neurotransmitter release [108]. Although Gi/o proteins account 

for most of CB1 stimulated G-protein activity, low efficacy coupling to Gas, about 10% of 

total Gai/o coupling, has been described in N18TG2 neuroblastoma cells in response to 

CP55,940 [117]. As a result, in conditions where Gai/o proteins are suppressed, such as 

under Pertussis toxin (PTx) treatment, CB1 agonists stimulate cAMP accumulation [118–

120]. Under physiological conditions, however, since Gai/o coupling is much more 

significant compared to Gas, the net effect of CB1 agonists is to suppress AC activity. 

Coupling to Gaq/11 has been reported in human embryonic kidney (HEK293) cells 

transfected with CB1 receptor, but WIN55,212-2 was the only agonist capable of eliciting 

Gaq/11 mediated Ca2+ signaling, suggesting ligand specificity for this response [121]. CB1 

Ga12/13 coupling has been suggested due to AEA induced B103 neuroblastoma cell 

rounding, which was found to be dependent on ROCK and independent of Gai/o [122]. An 

evaluation of [35S]GTPgS binding in N18TG2 cells demonstrated that Ga12/13 activity 

accounts for about 7 to 10% of G-protein activity in unstimulated and CP55,940 stimulated 

cells, respectively [123]. Further, WIN55,212-2 was found to induce growth cone 

retraction in primary hippocampal neurons, and this effect was disrupted by suppression of 

Ga12 and Ga13 expression using small interfering ribonucleic acid (siRNA), which 

suggests that cannabinoid receptors induce Ga12/13 to regulate neurite growth [124]. 
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Studies supporting Ga12/13 signaling by CB1 remain limited and this pathway, therefore, 

still requires further characterization. 

Not unlike other class A GPCRs, CB1 is capable of recruiting b-arrestins. Ligand-

induced interaction with both b-arrestin1 and b-arrestin2 has been demonstrated [125,126], 

culminating in pERK signaling, desensitization and receptor internalization. Therefore, 

chronic exposure to cannabinoids leads to tolerance and downregulation of CB1 receptor 

activity in the brain [127–130], which could underlie Cannabis dependence. Interestingly, 

b-arrestin deletion studies have shown that b-arrestin recruitment and signaling can have 

different effects on cannabinoid-induced behaviors. When administered systemically, CB1 

receptor agonists produce four typical behaviors that are used in a battery of tests for 

preclinical models to assess cannabinoid response, known as the cannabinoid tetrad – 

analgesia, hypothermia, catalepsy and hypolocomotion [131]. Cannabinoid tetrad tests 

were used to investigate cannabinoid responsiveness in mice lacking either b-arrestin1  or 

b-arrestin2. Mice with deletion of b-arrestin1 showed reduced analgesia and hypothermia 

in response to CP55,940 under acute treatment, but not in response to THC. This occurred 

despite the fact that b-arrestin1 knockout (KO) enhanced [35S]GTPgS binding induced by 

CP55,940 in cortex membranes, indicating a loss of G-protein desensitization [130]. This 

finding suggests that receptor desensitization, pERK signaling or both b-arrestin1 functions 

together contribute to antinociception in mice. In contrast, antinociception or hypothermia 

induced by acute CP55,940 treatment was not influenced by deletion of  b-arrestin2, while 

THC-mediated antinociception and hypothermia were increased in b-arrestin2 KO mice 

[132]. Interestingly, a follow-up study found that, despite increasing cannabinoid 



 

20 

radioligand binding and availability in whole brain P2 subcellular fraction – crude 

synaptosomes – b-arrestin2 KO actually decreased basal and agonist stimulated 

[35S]GTPgS binding in hippocampus and cortex, while [35S]GTPgS binding in cerebellum 

was unchanged [129]. This finding suggests that the increased antinociception and 

hypothermic effects of THC in b-arrestin2 KO mice are not due to increased G-protein 

signaling, but may possibly reflect a role of b-arrestin1 in mediating these cannabinoid-

induced behaviors and a negative regulatory role for b-arrestin2 on the effects of b-

arrestin1 signaling by cannabinoid receptors. Unfortunately, the authors did not evaluate 

G-protein signaling in hypothalamus, midbrain, and spinal cord, where CNS regions 

involved in these responses are found. Taken together, these studies show that under acute 

treatment, b-arrestin1 and b-arrestin2 can have diverging effects on cannabinoid-induced 

antinociception and hypothermia. Catalepsy and hypolocomotion were not investigated in 

these studies, so the role of b-arrestin1 and b-arrestin2 in these behaviors remains 

unknown. In addition, cannabinoid ligands, under certain conditions, may preferentially 

recruit b-arrestin1 or b-arrestin2, with CP55,940 favoring b-arrestin1 and THC favoring 

b-arrestin2 [130,132].  

Another study investigated the role of b-arrestin2 deletion on chronic cannabinoid 

exposure and tolerance development and found that b-arrestin2 downregulates CB1 

receptor activity in a brain region-specific manner [128]. In accordance with Breivogel et 

al. [132], this study found that b-arrestin2 KO increased antinociception and hypothermia 

in response to acute THC treatment, however no difference was found in cannabinoid 

induced G-protein activity in CNS regions associated with antinociception – PAG and 
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spinal cord – or hypothermia – preoptic area of the hypothalamus. In contrast, the catalepsy 

response to acute THC was not affected by b-arrestin2 deletion. After repeated THC 

administration, on the other hand, wild-type (WT) and b-arrestin2 KO mice developed 

different degrees of tolerance to THC antinociception, hypothermia and catalepsy [128]. 

Although both genotypes develop a similar level of tolerance to hypothermia, tolerance to 

antinoception was attenuated in b-arrestin2 KO mice. Correspondingly, agonist-stimulated 

[35S]GTPgS binding in the PAG and spinal cord was reduced by chronic THC treatment in 

WT, but not in b-arrestin2 KO mice, while no changes were found in the preoptic area of 

the hypothalamus for either genotype. These findings indicate that b-arrestin2 regulates 

desensitization of CB1 induced G-protein activity in PAG, spinal cord and preoptic area of 

the hypothalamus, and that desensitization by b-arrestin2 is the underlying mechanism 

behind development of tolerance to cannabinoid antinociception and hypothermia. 

Interestingly, development of tolerance to THC catalepsy was enhanced in b-arrestin2 KO 

mice, and agonist-stimulated [35S]GTPgS binding was reduced in basal nuclei – globus 

pallidus and substantia nigra – after chronic THC treatment in b-arrestin2 KO, but not in 

WT mice [128]. Since these basal nuclei have been implicated in cannabinoid induced 

catalepsy [133,134], these findings indicate that G-protein desensitization in CB1 receptors 

of the basal nuclei confer tolerance to catalepsy, but the mechanism for tolerance 

development in this case is not due to CB1 interaction with b-arrestin2, but could possibly 

be due to b-arrestin1.  

It has been suggested that, for the CB1 receptor, b-arrestin1 and b-arrestin2 have 

different roles in signaling and endocytosis, with b-arrestin1 responsible for pERK 
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signaling, and b-arrestin2 responsible for receptor internalization [135]. Since b-arrestin 

recruitment is preceded by GRK mediated phosphorylation of Ser/Thr residues on the C-

terminus, studies investigated the impact of mutations on the C-terminal putative GRK3 

phosphorylation sites Ser426 and Ser430 on CB1 receptor desensitization, internalization 

and b-arrestin mediated signaling. The S426A/S430A CB1 receptor shows attenuated  

desensitization and receptor internalization [136,137]. Further, when compated to WT, 

S426A/S430A elicits a more prolonged pERK response, which is independent of receptor 

internalization, but also insensitive to inhibition of Gai/o and Gas with PTx and cholera 

toxin [137]. Delgado-Peraza et al. [138] showed that suppressing b-arrestin1 translation 

completely eliminated 2-AG and WIN55,212-2 induced pERK signaling by S426A/S430A 

CB1, while suppressing b-arrestin2 translation had no effect on early pERK and only 

partially reduced sustained pERK. They also showed that, at 20 min after treatment with 

WIN55,212-2, S426A/S430A highly co-localizes with b-arrestin1, while WT CB1 does 

not. Further, by performing co-imunoprecipitation, they found that S426A/S430A CB1 

shows greatly enhanced association with b-arrestin1 after 5 min WIN55,212-2 treatment. 

In contrast, association with b-arrestin2 was present in WT CB1, but greatly reduced in 

S426A/S430A. This finding indicates that GRK3 phosphorylation at Ser426 and Ser430 

switches the receptor’s preference from recruitment of b-arrestin1 to recruitment of b-

arrestin2. Indeed, suppressing GRK3 translation, which likely inhibits CB1 internalization, 

promoted sustained pERK signaling at the WT CB1 receptor [138]. The observation that 

S426A/S430A highly recruits b-arrestin1 instead of b-arrestin2 and shows enhanced pERK 

suggest that b-arrestin1 mostly mediates arrestin-dependent pERK signaling. In contrast, 
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the finding that S426A/S430A is resistant to internalization and shows reduced b-arrestin2 

recruitment indicate that b-arrestin2 mostly mediates receptor internalization. 

Nevertheless, the fact that CB1 downregulation, as measured by radioligand binding, still 

occurs in the brains of b-arrestin2 KO mice, albeit in a brain region specific manner [128], 

shows that b-arrestin1 is capable of internalization under certain conditions. Further, the 

fact that b-arrestin2 siRNA knockdown partially reduced pERK from S426A/S430A CB1, 

although only at later time points [138], shows that b-arrestin2 is capable of inducing pERK 

signaling to a lower extent. In conclusion, although CB1 recruits both b-arrestin1 and b-

arrestin2, there are brain region and ligand specific differences in the roles of each of these 

proteins regarding CB1 internalization and signaling that may translate to different roles 

on cannabinoid induced effects. 

 1.2.3 CB1 Biased Signaling 

 As mentioned above, CB1 ligands show potential therapeutic effects in numerous 

neurological disorders. However, the development of CB1 targeted pharmacotherapeutics 

remains hindered by concerns about adverse effects, rapid tolerance and abuse potential. 

Since CB1 can activate multiple signaling pathways, novel drug discovery efforts have 

focused on exploring biased signaling to mitigate some of these issues while maintaining 

therapeutic effects, as has been reported for several other GPCR systems [139].  

CB1 ligands are capable of functional selectivity, but clear biased signaling profiles 

have been challenging to characterize reliably across different studies. Laprairie et al. [126] 

compared b-arrestin signaling from CB1 orthosteric agonists in a mouse striatal derived 

cell line (SThdh). In this study, the rank order of potency for b-arrestin1 recruitment was 
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as follows: THC > CP55,940 > WIN55,212-2 » 2-AG » AEA. Efficacy for b-arrestin1 

recruitment was similar among THC, CP55,940 and 2-AG, but lower with AEA. 

WIN55,212-2 efficacy was lower than that of THC, CP55,940 and 2-AG but did not reach 

statistical significance. Furthermore, pERK signaling was sensitive to PTx treatment in an 

early time point for AEA, 2-AG, CP55,940 and WIN55,212-2, but not for THC. This data 

indicates that THC has a more b-arrestin1 biased signaling profile than the other ligands 

tested, while AEA shows more sensitivity to G-protein inhibition. Any affirmations on G-

protein biased signaling would require analysis of G-protein activation or cAMP inhibition. 

In another study, Laprairie et al. [140] investigated CB1 biased signaling in STHdh cells 

expressing WT or mHTT, and calculated bias factors using the operational model [141] 

with WIN55,212-2 as the reference ligand. When comparing the Gai/o-dependent pERK 

response and b-arrestin1 recruitment, they found that THC and CP55,940 show b-arrestin1 

biased signaling, while the endocannabinoids 2-AG and AEA show Gai/o biased signaling. 

Since pERK was used to assess Gai/o signaling, it is necessary to exercise caution when 

analyzing this data, as pERK is a response that can be elicited by other G-proteins as well 

as by b-arrestins, which may be a confounding factor. In addition, b-arrestin2 recruitment 

was not investigated since STHdh cells do not express b-arrestin2. Nonetheless, CP55,940 

and THC were detrimental to cell viability, while 2-AG, AEA and WIN55,212-2 improved 

viability in cells expressing mHTT. This finding suggests that CB1 G-protein signaling is 

neuroprotective in HD. 

 In a different study, Khajehali et al. [142] investigated cAMP inhibition and pERK 

in Chinese Hamster Ovary (CHO) cells stably expressing human CB1 receptor, and 
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calculated the bias factor using the operational model with 2-AG as the reference ligand. 

In this case, WIN55,212-2 showed a similar signaling profile to 2-AG, while CP55,940, 

THC and AEA showed a tendency toward cAMP inhibition bias, although that difference 

was not statistically significant. HU-210 and methanandamide, on the other hand, showed 

a significant bias toward cAMP inhibition. Since this study did not assess PTx sensitivity 

or b-arrestin recruitment, it is difficult to ascertain the origin of the pERK response and 

whether it could be used to estimate relative levels of b-arrestin bias.  

More recently, Zhu et al. [143] evaluated cAMP inhibition, pERK response and 

receptor internalization in HEK293 cells stably expressing human CB1 receptor and 

calculated ligand bias factor using a kinetic model with 2-AG as the reference ligand. In 

this study, WIN55,212-2 also showed a similar signaling profile to 2-AG. On the other 

hand, THC showed strong bias toward pERK and receptor internalization over cAMP 

inhibition, while CP55,940 and AEA showed bias toward receptor internalization but only 

moderate bias toward pERK. These findings suggest that CP55,940, AEA and THC show 

a b-arrestin biased signaling profile, however this should be confirmed by b-arrestin 

recruitment assays. As previously mentioned, pERK can be stimulated by multiple 

transducers. And although receptor internalization is generally a good proxy for b-arrestin 

recruitment, it is possible that b-arrestin1 and b-arrestin2 exert different functions, in which 

case, ligand specific preference for either b-arrestin could be a confounding factor.  

In contrast, Ibsen et al. [125] investigated CB1 mediated b-arrestin1 and b-arrestin2 

translocation to the plasma membrane in HEK293 cells with different results. In this study, 

only 2-AG and WIN produced an amount of b-arrestin1 translocation that was different 
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from control. In b-arrestin2 translocation, however, the rank order of potency was 

CP55,940 > WIN55,212-2 > AEA » 2-AG, while the rank order of efficacy was 2-AG > 

WIN55,212-2 > CP55,940 > AEA. In this case, THC did not significantly stimulate b-

arrestin2 translocation. All in all, the studies that have sought to compare ligand bias among 

orthosteric CB1 agonists have failed to reliably identify biased ligands, with conflicting 

results under different experimental conditions, even in the same cellular background. This 

could indicate that all of these ligands are relatively balanced when it comes to shifting the 

conformational dynamics to a state that favors G-protein coupling or a state that favors b-

arrestin recruitment, and that strongly biased CB1 ligands have not yet been described. 

Understanding the molecular mechanism behind biased signaling will be of paramount 

importance for the design of novel CB1 ligands with a better biased signaling profile.  

 1.2.4 CB1 Mechanism of Activation 

 Crystal structures of inactive CB1 bound to an antagonist/inverse agonist 

[144,145], canonical active CB1 bound to a potent agonist [146] and cryoelectron 

microscopy (cryo-EM) structures of CB1 in complex with heterotrimeric Gi [147,148] have 

been determined. In the inactive structure studies, the ionic lock between R3.50 and D6.30 

was present in CB1, and the antagonist/inverse agonist compounds were deduced to enter 

the binding pocket via a gap between TMH1 and TMH7 [144]. In the active state structure 

study, novel washout resistant agonists were generated to enable crystallography. These 

were of similar potency and efficacy to CP55,940 in a cAMP inhibition assay [146], but 

non-Gai/o signaling, receptor internalization or b-arrestin recruitment were not evaluated. 

The ligand binding pocket was formed mainly by hydrophobic interactions with residues 
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on ECL2, TMH3, TMH5, TMH6 and TMH7 [145,146], with the exception of a hydrogen 

bond formed between the phenolic hydroxyl of the agonist AM11542 and S7.39. 

Importantly, a previous study showed that mutating S7.39 to Ala resulted in severely 

reduced binding of several CB1 ligands [149], further supporting the role of S7.39 in ligand 

binding interactions. Comparing the structures of antagonist-bound and agonist-bound 

CB1 revealed important features that likely participate in the molecular mechanism of 

receptor activation. The most noticeable conformational change in the transmembrane 

helices is the outward movement of the IC domain of TMH6. In the CWXP motif, a “twin 

toggle switch” mechanism is formed between W6.48 and F3.36. In the inactive state, the 

side chains of F3.36 and W6.48 point away and toward the ligand binding pocket, 

respectively, forming an aromatic stacking interaction that maintains the inactive state. 

Upon agonist binding, the rotation of TMH3 causes the F3.36 side chain to flip, facing the 

binding pocket, and disrupting the interaction with W6.48. Now released, W6.48 rotates 

inward, which results in the relaxation of the kink at P6.50, causing TMH6 to straighten, 

moving its IC end away from the receptor core [146,147]. This “twin toggle switch” 

mechanism was previously demonstrated using mutagenesis and Molecular Dynamics 

(MD) simulations [150], and was confirmed by the crystal structure. Conformational 

changes important to receptor activation also occur in the DRY motif, where R3.50 adopts 

an extended conformation, leading to disruption of the hydrogen bonding network with 

D3.49 and D6.30 (ionic lock). With the ionic lock broken, TMH6 moves outward, exposing 

sites for interaction with the G-protein. In the NPXXY motif, TMH7 unwinds around 

Y7.53. Further interactions formed by amino acids in this motif are not shown. Although 
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the crystal structure elucidated many important features of agonist binding and molecular 

mechanisms of activation, there is an issue with the receptor used in the study. Four amino 

acid mutations (T3.46A, E5.37K, T5.47V, R6.32E) were introduced to improve expression 

and thermostability, thus allowing crystallography to be performed. This could have an 

impact on the overall structure of the activated receptor. In fact, the T3.46A mutation 

reduced cAMP inhibition in response to three different agonists, and Hua et al. state that 

the modified receptor contruct cannot induce signaling [146,151]. 

Nonetheless, a cryo-EM structure of human CB1 bound to the highly potent agonist 

MDMB-FUBINACA and in complex with Gi showed that the two structures highly match, 

with broad overlap in the ligand binding site and “twin toggle switch” mechanism [147]. 

Differences were found in a more extended outward movement of the IC end of TMH6 and 

rotation of R3.50 toward to a5-helix of the Gai protein. Further, they found a weaker 

interaction between the ICL2 of CB1 and the Ras domain of the Gai, which could explain 

the G-protein coupling promiscuity observed with CB1 [147]. These studies provided 

much valuable information on the mechanism behind G-protein signaling at CB1. 

However, in the crystal structures, the agonist’s ability to promote b-arrestin recruitment 

is unknown. Further, the receptor was truncated at the C-terminus for crystallization, which 

precludes b-arrestin binding. In the cryo-EM structure, the receptor is stabilized by forming 

a complex with Gi, so this conformation is most likely to resemble the one responsible for 

G-protein biased signaling. Therefore, the active CB1 structures available to date do not 

provide clues to a molecular mechanism behind b-arrestin biased signaling. 
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 Arrestins bind to GPCRs in two locations, the phosphorylated C-teminus and the 

cytoplasmic end of the activated GPCR transmembrane core [152]. One of these b-arrestin-

GPCR core interactions occurs with R3.50 in the highly conserved DRY motif [153]. A 

mutational study focused on the role of the DRY motif in CB1 G-protein signaling and b-

arrestin recruitment [154]. They found that mutating both R3.50 and Y3.51 to Ala (DAA) 

yielded a CB1 receptor with a G-protein biased signaling profile. Although G-protein 

signaling was partially reduced, b-arrestin recruitment was completely eliminated. In 

contrast, mutating D3.49 and R3.50 to Ala (AAY) yielded a CB1 receptor with a b-arrestin 

biased signaling profile. While G-protein signaling was reduced, b-arrestin recruitment 

was enhanced. Both mutated receptors also have increased constitutive activity. These 

mutations impacted both G-protein and b-arrestin signaling, consistent with the roles of the 

DRY motif in the receptor’s interactions with the a5-helix of the G-protein [147] and the 

finger loop of b-arrestin [153]. However, it is possible that increases in b-arrestin 

recruitment are due to impaired G-protein coupling and reduced competition for GPCR 

binding. Nonetheless, the intramolecular interactions that promote b-arrestin biased 

signaling at the CB1 receptor remain elusive. 

 Studies on the impact of ORG27569 (ORG), a b-arrestin biased CB1 ligand, on 

receptor conformation have begun to shed light on the molecular mechanism for b-arrestin 

recruitment and signaling at the CB1 receptor. Using site-directed fluorescence labeling, 

Fay & Farrens [60] showed that ORG enhances conformational changes at TMH7/Hx8, in 

the absence of TMH6 movement. Although this is an important finding, biophysical 

methods such as these are unable to define conformational changes in such a way as to 
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assist in structure guided drug design. Using MD simulations, Lynch et al. [155] indicated 

that after ORG binds to CB1, it promotes an outward movement of the IC domain of 

TMH7. This does not open the site for interaction with the G-protein at the TMH3/5/6 

region, but opens a site for interaction with b-arrestin at the TMH7/1/2 region. However, 

the findings have yet to be confirmed experimentally. These studies attribute to TMH7 the 

role of promoting the alternative active state of CB1 that promotes b-arrestin biased 

signaling. A possible candidate for a molecular switch for b-arrestin biased signaling on 

TMH7 is the highly conserved NPXXY motif, but the importance of these residues on CB1 

function have not yet been addressed. 

1.3 Allosteric Modulators 

 Orthosteric agonists, antagonists and inverse agonists bind to the primary – 

orthosteric – binding pocket and compete for binding with endogenous ligands. On the 

other hand, allosteric ligands bind to an allosteric site, which is topologically distinct from 

the orthosteric binding pocket, and do not compete for binding with orthosteric/endogenous 

ligands [156]. A ligand can be a negative allosteric modulator (NAM), inhibiting signaling 

from an orthosteric agonist or a positive allosteric modulator (PAM), enhancing signaling 

from an orthosteric agonist. Neither NAMs nor PAMs produce signaling in the absence of 

an orthosteric agonist. However, some ligands are allosteric agonists, promoting signaling 

in the absence of an orthosteric ligand, and some compounds can have both PAM and 

allosteric agonist effects (ago-PAM), inducing signaling when administered alone, but also 

potentiating signaling from an orthosteric agonist. Pharmacologists are increasingly 

seeking allosteric ligands as a strategy to develop improved small molecule therapeutics to 
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target GPCRs. These drugs may produce fewer side effects, given that NAMs and PAMs 

can alter signaling from endogenous agonists in a time-specific and site-specific manner. 

Another advantage is that amino acid residues in allosteric sites are less conserved across 

different GPCRs, which would contribute to target specificity. Further, some allosteric 

modulators can confer biased signaling properties to otherwise balanced agonists [156]. 

Endogeous and exogenous allosteric modulators have been described for the CB1 receptor, 

and the ones relevant to the present study are discussed below. 

 1.3.1 ORG27569 as a Negative Allosteric Modulator of CB1 

 The first allosteric modulator described for the CB1 receptor was ORG, a 1H-

indole-2-carboxamide analog that was first described as a NAM for CB1. ORG was found 

to enhance binding and slow the dissociation rate of CP55,940, but inhibit G-protein 

activation [157–159]. ORG also antagonized inhibition of cAMP by CP55,940, 

WIN55,212-2 and AEA [158,160]. In the absence of an orthosteric agonist, ORG inhibited 

CB1 constitutive activity [158,159]. These findings indicate that ORG promotes 

desensitization of G-protein signaling at the CB1 receptor. In accordance, ORG inhibited 

DSE in primary hippocampal neurons [161], indicating that it can also negatively regulate 

2-AG mediated G-protein signaling. 

Remarkably, ORG enhanced CP55,940 mediated pERK signaling, and also 

stimulated this signaling pathway when administered alone [135,158,159]. This effect was 

abolished by suppressing b-arrestin1 translation, but not by suppression of b-arrestin2 

[135]. Further, b-arrestin1 co-localized with CB1 receptor under fluorescence microscopy 

after treatment with ORG [135]. Agonist-induced receptor internalization and b-arrestin2 
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recruitment, however, were inhibited by ORG [158,160,162]. In contrast, Ahn et al. 

[135,159] reported increased receptor internalization via a b-arrestin2 dependent 

mechanism when ORG was administered alone. This disparity could be attributed to the 

fact that Ahn et al. used a mutant CB1 receptor (T3.46A) for their internalization assays to 

enhance the presence of CB1 on the plasma membrane at baseline. The enhanced presence 

of CB1 on the membrane or differences in the receptor structure caused by the mutation 

could impact the way ORG influences CB1 signaling, switching from b-arrestin1 to b-

arrestin2 recruitment. Likewise, differences in GRK expression levels among different in 

vitro experimental systems could affect ORG-induced b-arrestin recruitment, where 

preference for b-arrestin1 results in ORG-stimulated pERK signaling and reduced 

internalization, but no discrimination between b-arrestin isoforms leads to stimulation of 

both pERK and internalization. A similar mechanism could also explain divergent results 

from different labs, where ORG enhanced [135,158,159] or inhibited [142,162] agonist-

stimulated pERK. If ORG preferentially recruits b-arrestin1, differences in GRK isoform 

expression or b-arrestin1 expression levels may occlude b-arrestin1 pERK signaling and 

produce an antagonistic effect on G-protein mediated pERK signaling. All in all, the body 

of evidence suggests that ORG is a b-arrestin biased ligand at the CB1 receptor, functioning 

as an allosteric inverse agonist and NAM for G-protein signaling and an allosteric agonist 

and PAM for b-arrestin1-mediated pERK signaling. 

When administered in vivo, ORG had no effect on CP55,940 mediated 

antinociception or catalepsy [163,164]. Interestingly, ORG had no effect on CP55,940 

mediated hypothermia in C57BL/6J mice, but attenuated this response in Sprague-Dawley 
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rats [163,164]. Further, ORG reduced AEA-induced hypothermia [164], an effect that is 

not blocked by the selective CB1 inverse agonist SR141716A [165,166], indicating that 

ORG antagonizes AEA hypothermia via a non-CB1 mechanism. Interestingly, ORG 

administered alone decreases body weight and food intake in mice [163] and rats [164]. 

However, this effect was also observed in mice with genetic deletion of CB1, indicating 

that the effect is not mediating by CB1. These findings suggest that ORG has at least one 

non-CB1 target in vivo, and this could be an additional possible explanation for diverging 

results with ORG in different studies.  

 1.3.2 Pregnenolone as a Biased Allosteric Modulator of CB1 

An endogenous NAM for CB1 has also been described. Pregnenolone (3α-hydroxy-

5β-pregnan-20-one) is a steroid hormone that was found to be a signaling specific NAM 

for CB1 [167]. Exposure to THC upregulates pregnenolone synthesis via pERK-induced 

increase in the levels of cytochrome P450scc [167]. Pregnenolone then antagonizes the 

effects of THC on synaptic transmission and on the cannabinoid tetrad, forming a negative 

feedback loop. The CB1 signaling profile of THC in the presence of pregnenolone was 

evaluated in vitro, showing that pregnenolone effectively antagonizes THC-mediated 

pERK signaling and suppression of cellular and mitochondrial respiration, without 

influencing cAMP inhibition. Using the Force-Biased Metropolis Monte Carlo (MMC) 

simulated annealing  program, Vallée et al. [167] showed that the pregnenolone binding 

site on CB1 lies on the cytoplasmic end, where pregnenolone forms hydrogen bonds with 

E1.49 and R7.65. This was confirmed by mutational analysis, as in a E1.49G CB1 mutant, 

pregnenolone has no effect on THC mediated suppression of cellular respiration [167]. 
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Binding at this site would tether TMH7 near TMH1, restricting conformational changes on 

TMH7 that are believed to be important for the b-arrestin biased signaling state [60,155]. 

These findings are consistent with a role for pregnenolone as a biased NAM for CB1 b-

arrestin signaling. 

In rodents, pregnenolone prevented THC-induced increases in food intake and 

memory impairment. Further, neuronal firing in the ventral tegmental area and dopamine 

release in the Nucleus Accumbens induced by THC were reduced by pregnenolone. 

Accordingly, pregnenolone also reduced WIN55,212-2 self-administration [167]. These 

findings indicate that pregnenolone may be useful for the treatment of Cannabis 

intoxication and to reduce Cannabis abuse potential. As medicinal Cannabis becomes 

more popular, pregnenolone or potential novel analogs could become an important tool in 

the clinic. 

 1.3.3 GAT211 as a Positive Allosteric Modulator of CB1 

 GAT211 is a compound derived from 2-phenylindole that has been described as an 

allosteric ligand for the CB1 receptor [168]. GAT211 increased binding and slowed the 

dissociation rate of CP55,940 from CB1, and reduced binding of SR141716A. In functional 

assays, GAT211 enhanced the effect of CP55,940, 2-AG and AEA on both G-protein 

signaling and b-arrestin1 recruitment to similar degrees. In the absence of orthosteric 

agonist, GAT211 is also capable of eliciting G-protein signaling and b-arrestin1 

recruitment, demonstrating an ago-PAM effect at CB1. GAT211 is a racemic mixture of 

GAT228 (R-(+) enantiomer) and GAT229 (S-(-) enantiomer). Interestingly, GAT229 is 

responsible for the PAM effect on agonist mediated signaling and shows no effect when 
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administered alone, while GAT228 stimulated signal transduction on its own, showing an 

allosteric agonist profile [168]. In hippocampal neurons in vitro, GAT228 inhibited 

excitatory postsynaptic currents (EPSCs) on its own, further demonstrating its allosteric 

agonist effect [169]. While GAT229 had no effect on EPSCs alone, it enhanced DSE, 

supporting its role as a PAM for endocannabinoid signaling [169]. This enantiospecific 

effect is possible because GAT228 and GAT229 likely bind to two different allosteric sites 

on the CB1 receptor. Using Force-Biased MMC Simulated Annealing, Hurst et al. [170] 

found that GAT228 binds at an IC exosite, forming interactions with residues on TMH1, 

TMH2, TMH4 and ICL1, while GAT229 binds at an EC site, forming interactions with 

residues on TMH2, TMH3 and ECL1. These findings support the existence of separate 

allosteric agonist and PAM binding sites for GAT211 enantiomers. 

1.4 Hypothesis and Study Aims 

 The main goal of the present study was to elucidate mechanisms of biased signaling 

at the CB1 cannabinoid receptor. For this purpose, we proposed two strategies: discovering 

functional amino acids and novel biased allosteric modulators. As previously discussed, 

biased ligands stabilize a specific GPCR conformation that favors either G-protein or b-

arrestin signaling. In a G-protein biased conformation, the receptor triggers an outward 

movement of the IC domain of TMH6. Meanwhile, in a b-arrestin biased conformation, 

the receptor triggers conformational changes to TMH7. Therefore, we hypothesized that 

amino acid mutations and allosteric modulators that restrict conformational changes to 

TMH7 would induce G-protein bias, while mutations and allosteric ligands that facilitate 

those conformational changes would induce b-arrestin bias. 
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 The first aim of this study was to describe fuctional amino acids on the CB1 

receptor that function as molecular switches for biased signaling. To propose point 

mutations that could affect b-arrestin recruitment, we used an MD simulation of CB1 

bound to ORG as a hypothesis generator. The model was originally published by Lynch et 

al. [155] and the effect of CB1-ORG binding on receptor structure was analyzed. Next, we 

searched for conserved amino acids that changed conformation in the presence of ORG in 

such a way that could contribute to the movement of TMH7. Amino acids in the NPXXY 

motif on TMH7 were good candidates, since they are highly conserved across class A 

GPCRs and showed significant changes in rotameric state and intramolecular interactions 

in the presence of ORG. We found that, in the alternative active b-arrestin biased 

conformation, Y7.53 and N7.49 formed hydrogen bonds with D2.50, and these interactions 

supported the outward movement of the IC end of TMH7. Therefore, we proposed that 

mutations on Y7.53 and N7.49 that disrupt these interactions should impair b-arrestin 

recruitment and signaling. On the other hand, facilitating the rotameric switch of Y7.53 by 

reducing steric hindrance from I2.43 should enhance b-arrestin recruitment and signaling. 

We characterized the signaling profile of each mutation by expressing WT and mutated 

CB1 receptors in HEK293 cells and measuring G-protein signaling, b-arrestin recruitment 

and pERK signaling. 

 The second aim of this study was to investigate novel CB1 allosteric modulators 

with a biased signaling profile. Two previously described allosteric modulators produce 

biased signaling: ORG and Pregnenolone. Therefore, we tested ORG and Pregnenolone 

analogs in an attempt to describe novel PAMs and NAMs, respectively, for b-arrestin1 
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recruitment and signaling at the CB1 receptor. We also tested several GAT211 analogs in 

search of compounds with improved potency and biased signaling at the CB1 receptor. 

Compounds were administered to HEK293 cells expressing CB1 and signal transduction 

was assessed in cAMP inhibition, pERK signaling and b-arrestin recruitment assays. 

 To our knowledge, this is the first study to report molecular switches involved in 

b-arrestin biased signaling at the CB1 receptor. By describing CB1 mutations and novel 

allosteric ligands that show biased signaling, we aim to provide tools for structure guided 

drug discovery of novel biased ligands, and for future studies on the physiological role of 

CB1 biased signaling. Further research will be able to use these tools to investigate which 

signaling pathways mediate therapeutic effects by CB1 and other class A GPCRs in 

different disorders, potentially using biased signaling to dissociate adverse effects from 

therapeutic effects.  
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CHAPTER 2 

THE NPXXY MOTIF REGULATES BIASED SIGNALING AT THE CB1 

CANNABINOID RECEPTOR 

 

2.1 Introduction 

Biased signaling at GPCRs is believed to involve stabilization of two different 

active receptor conformations, a canonical active state that promotes G-protein biased 

signaling and an alternative active state that promotes b-arrestin biased signaling [48,171]. 

Studies show that in the canonical active state, the IC end of TMH6 moves outward, while 

in the alternative active state, after binding to a b-arrestin biased ligand, conformational 

changes to TMH7 are favored [48,58,147]. Among ligands of the CB1 receptor, ORG is 

the only ligand that promotes b-arrestin signaling while inhibiting G-protein signaling 

[135,157]. A biophysical study showed thar ORG inhibits the movement of TMH6 while 

enhancing conformational changes on TMH7 [60]. Although this finding is consistent with 

a role for ORG as an inverse agonist for G-protein signaling and an agonist for b-arrestin 

signaling, this methodology is unable to describe the molecular interactions that occur on 

TMH7 to allow ORG-induced b-arrestin bias. A MD simulation of ORG bound to CB1 

suggested that an outward movement of the IC end of TMH7 and Hx8 occurs to allow 

interaction with b-arrestin [155]. This movement was large enough to allow IC water influx 

into the transmembrane core, which is known to occur during receptor activation [63]. 

Since conserved residues are often part of molecular switches for receptor activation, these 
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findings suggest that conserved residues on TMH7 could mediate conformational changes 

that promote b-arrestin signaling. 

The NPXXY motif is located on TMH7 and is formed by the highly conserved 

residues N7.49, P7.50 and Y7.53. As discussed, the NPXXY motif may be important to 

the alternative active state that promotes b-arrestin signaling. The Y7.53 side chain was 

shown to adopt different rotameric states during G-protein and b-arrestin biased signaling 

[48,61]. Further, mutations of N7.49 and Y7.53 reduced receptor internalization, b-arrestin 

recruitment and pERK, with little to no effect on G-protein signaling [172–175]. Therefore, 

it is possible that N7.49 and Y7.53 on the NPXXY motif serve as molecular switches to 

control biased signaling, but the intramolecular interactions that would occur in this 

mechanism have not yet been investigated. 

We found that, in the CB1-ORG simulation, ORG nestled between TMH6 and 

TMH7, causing the IC end of TMH7 to move away from the transmembrane bundle. As 

the outward movement of TMH7 is maximized, Y7.53 changes its c1 dihedral angle from 

trans to g+ and forms a hydrogen bond with D2.50 via a water molecule. N7.49 also formed 

a hydrogen bond with D2.50 (Figure 1C), creating an extended hydrogen bond network. 

This interaction serves as a pivot point for the IC end of TMH7 to bend at P7.50. Therefore, 

we hypothesized that mutating Y7.53 and N7.49 would disrupt this hydrogen bond 

network, and therefore impair b-arrestin recruitment and signaling by the CB1 receptor. 

Further, the change in the rotameric state of Y7.53 requires it to bypass the steric hindrance 

from I2.43 (Figure 1A-B). Therefore, we hypothesized that mutating I2.43 to Ala, a residue 

with a less bulky side chain, would facilitate the movement of Y7.53 toward D2.50, and 
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therefore facilitate b-arrestin signaling. On the other hand, mutating I2.43 to Thr, a polar 

residue, would inhibit the change in the rotameric state of the Y7.53 c1 to g+, and therefore 

impair b-arrestin signaling. To our knowledge, this is the first study to suggest a putative 

molecular switch for b-arrestin biased signaling at the CB1 receptor. 

 
Figure 1. Interactions formed by NPXXY residues in CB1-ORG simulation. (A) Position of 
I2.43 (green carbons) and Y7.53 (blue carbons) in the inactive state before ORG binding. (B) 
Position of Y7.53 after ORG binding showing hydrogen bond with D2.50 via a water molecule. 
(C) A view of the hinge hydrogen bond formed between N7.49 (yellow carbons) and D2.50 after 
ORG binding. TMH6 is shown in bright cyan, TMH7 is shown in dark blue, TMH3 in yellow, and 
TMH2 in orange; residues shown in CPK display. 

2.2 Materials and Methods 

2.2.1 Drugs and Chemicals 

CP55,940 and WIN55,212-2 were acquired from MilliporeSigma (Burlington, 

MA), dissolved in dimethyl sulfoxide (DMSO) to a concentration of 10 mM, aliquoted and 

stored at -20o C. 2-AG was synthesized at RTI International (Durham, NC), aliquoted and 

stored at -80o C at a concentration of 10 or 100 mM in DMSO.  HU-210,  THC and 

SR141716A were provided by the National Institute on Drug Abuse (Bethesda, MD). 

These compounds were dissolved in ethanol or DMSO, respectively, and stored in aliquots 

at -20o C. All drug and vehicle solutions were prepared in serum-free cell culture medium 
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or Hank’s Balanced Salt Solution (HBSS) containing 0.1 to 0.3% DMSO or ethanol 

immediately prior to treatment. 

Pertussis Toxin (PTx) from Bordetella pertussis was purchased from 

MilliporeSigma, dissolved in sterile MilliQ water to 100 µg/ml, stored at 4o C and handled 

according to biohazard material safety regulations under Dr. Mary Abood’s BSL-2 license. 

Coelenterazine-h was purchased from Biotium (Freemont, CA), dissolved in methanol to 

50 mM and stored at -20o C. 

2.2.2 Cell Culture 

Human Embryonic Kidney cells (HEK293) were acquired from ATCC (Manassas, 

VA) and AD-293 cells were originally acquired from Agilent Technologies (Santa Clara, 

CA) and donated by Dr. Douglas Tilley (Temple University, Philadephia PA). All cells 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM), acquired from Corning 

Cellgro (Manassas, VA), supplemented with 10% characterized fetal bovine serum (FBS) 

(GE Healthcare Hyclone Laboratories, Logan, UT). Cells were grown at 37o C and 5% CO2 

until reaching 70 to 90% confluency, then passaged by dissociation with Trypsin (0.05%)-

EDTA (0.1%) (Quality Biological, Gaithersburg, MD) and resuspension in growth media 

(DMEM + 10% FBS). 

2.2.3 Plasmids and Mutagenesis 

DNA sequence encoding wild-type (WT) N-terminally enhanced green fluorescent 

protein (EGFP)-tagged rat CB1 receptor was generated by PCR and cloned into pcDNA3 

plasmid vector using HindIII and EcoRI restriction sites (EGFP-rCB1). Plasmid DNA 

encoding β-arrestin1 or β-arrestin2 fused to a fragment of the β-Galactosidase enzyme 
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(Acceptor) on the N-terminus (βGal-β-arrestin1/2) were donated by Dr. Stefan Schulz 

(Friedrich Schiller University Jena, Germany) [176]. Plasmid DNA encoding human CB1 

receptor fused to a complementary fragment of the β-Galactosidase enzyme (Donor) on the 

C-terminus (CB1-βGal) was constructed by subcloning human CB1 into a k-opioid 

receptor-b-Galactosidase plasmid also donated by Dr. Schulz [176]. Plasmids encoding C-

terminally enhanced yellow fluorescent protein (EYFP)-tagged rat β-arrestin1 or β-

arrestin2 were originally from Dr. Robert Lefkowitz’s laboratory (Duke University, 

Durham NC) [177] and were donated by Dr. Douglas Tilley (Temple University). DNA 

sequence encoding rat CB1 was synthesized at Genewiz (South Plainfield, NJ) and 

subcloned into an Epidermal Growth Factor (EGFR)-RLuc8 plasmid donated by Dr. Tilley 

using HindIII and XhoI restriction sites to excise EGFR and insert CB1, generating C-

terminally RLuc8 tagged CB1 (CB1-RLuc8) construct. 

Single amino acid mutations were generated using the QuikChange Lightning site-

directed mutagenesis kit (Agilent Technologies, Santa Clara CA) with EGFP-rCB1, CB1-

bGal and CB1-RLuc8 plasmids as templates. Twenty-seven to 43 base pair long synthetic 

mutagenic oligonucleotide primers containing only one or two base mismatches were used 

and are represented in Table 1. Mutated plasmids were replicated using XL10-Gold 

Ultracompetent Cells (Agilent Technologies) and DNA was isolated with the QIAprep 

Spin Miniprep kit (Qiagen, Hilden, Germany). Sanger DNA sequencing was then 

performed to confirm the presence of the desired mutation. 
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Table 1  
 
Site-Directed Mutagenesis Primers 

Mutation Primer 
I2.43T 5’-CAGGCTGCCGGTGAAGTGGTAGGAAGGCCT-3’ 
I2.43A 5’-CCGCCAGGCTGCCGGCGAAGTGGTAGGAAG-3’ 
S7.57E 5’-AAAGCGTGTCGCAGGTCCTTTTCCCTCAGAGCATAGATGATGG-3’ 
N7.49A 5’-GAGCATAGATGATGGGGGCCACGGTGGAGTTCAGCA-3’ 
Y7.53F 5’-TCCTCAGAGCAAAGATGATGGGGTTCACGGTGG-3’ 

2.2.4 Generation of Stable Cell Lines 

 In order to obtain cell lines stably expressing the CB1 receptor, WT and mutated 

EGFP-rCB1 was transfected into HEK293 cells. Approximately 200,000 cells were seeded 

in each well of a 24-well cell culture plate in the presence of 400 ng of plasmid and 1 µl of 

Lipofectamine 2000 (Invitrogen). After 6 hours, transfection mix was replaced with growth 

media. On the next day, cells were trypsinized and transferred to two 100 mm cell culture 

dishes per well. Forty-eight hours post-transfection, EGFP-rCB1 positive clones were 

selected by adding 800 μg/ml G418 (Geneticin; Enzo Life Sciences, Farmingdale, NY) to 

growth media. After two weeks in selection media, individual clones were isolated and 

CB1 expression was determined by assessing EGFP fluorescence in a Nikon Eclipse 80i 

(Nikon, Tokyo, Japan) epifluorescence microscope. 

Similarly, to obtain cell lines stably expressing βGal-β-arrestin1/2 constructs, 

HEK293 cells were transfected with βGal-β-arrestin1 or 2 plasmids and Lipofectamine 

2000 according to the protocol described above. Clonal cells were selected in growth media 

with 200 μg/ml Hygromycin B (Enzo Life Sciences) and isolated for expansion. Expression 

of β-arrestin constructs was assessed by β-arrestin recruitment chemiluminescence assay 



 

44 

described below. Selected cell lines were maintained in selection media (growth media 

containing 800 μg/ml G418 or 100-200 μg/ml Hygromycin B) and were not used after 

passage 25. 

2.2.5 Detection of cAMP 

Cells stably expressing EGFP-rCB1 were cultured in a 24-well plate until 70-80% 

confluent, then trypsinized, centrifuged at 200g for 5 min and resuspended in stimulation 

buffer composed of HBSS containing 0.1% Bovine Serum Albumine and 0.5mM IBMX 

(MilliporeSigma). The cell suspension was transferred to a white 384-well plate at a density 

of 500 cells per well and treated with 5μM forskolin (Cayman Chemical, Ann Arbor MI) 

along with CB1 ligands for 30min. After drug treatment, cAMP levels were detected using 

the LANCE Ultra cAMP detection kit (PerkinElmer, Waltham MA) according to the 

manufacturer’s instructions. In this time-resolved fluorescence resonance energy transfer 

(TR-FRET) immunoassay, cells were lysed and incubated with europium (Eu) chelate-

labeled cAMP and ULightTM dye-labeled monoclonal antibody directed against cAMP. 

After at least 1 hour incubation, light emissions at 665 nm and 615 nm were measured in 

an EnVision 2104 multilabel plate reader (PerkinElmer). Fluorescence counts at 665 nm 

were used to estimate cAMP concentration in samples based on a cAMP standard curve. 

The cAMP concentration in each sample was normalized to cAMP levels in samples treated 

only with forskolin. Data was fit to a 3-parameter nonlinear regression analysis.  

2.2.6 Cytosolic Calcium Imaging 

HEK293 cells stably expressing CB1 receptor were plated on poly-D-lysine 

(50ug/ml; MilliporeSigma) coated coverslips (25mm in diameter) in DMEM supplemented 
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with 10% FBS and G418 for 2 days. Serum containing media was removed 1 hour prior to 

calcium studies and replaced with HBSS. Measurements of intracellular Ca2+ concentration 

– [Ca2+]i – were performed as previously described [178]. Briefly, cells were incubated 

with 5 μM Fura-2 AM (Life Technologies, Grand Island, NY) in HBSS at room 

temperature for one hour and washed with dye-free HBSS. Coverslips were mounted in an 

open bath chamber (QR-40LP, Warner Instruments, Hamden, CT) on the stage of an 

inverted microscope Nikon Eclipse TiE (Nikon Inc., Melville NY), equipped with a Perfect 

Focus System and a Photometrics CoolSnap HQ2 CCD camera (Roper Scientific, Optical 

Apparatus Co.). Fura-2 AM fluorescence emissions at 510 nm, following alternate 

excitation at 340 and 380 nm, were acquired at a frequency of 0.25 Hz. Cells were imaged 

in vehicle for 1 min before being exposed to 10 µM 2-AG or WIN55,212-2 for 3 min. 

Then, media was replaced with HBSS containing 100 nM ATP, and cells were imaged for 

an additional 3 min. Images were acquired/analyzed using NIS-Elements AR software 

(Nikon) and the ratio of the fluorescence signals (340/380 nm) was used to estimate 

cytosolic Ca2+ levels. 

2.2.7 In-Cell Western 

Cells stably expressing EGFP-rCB1 were seeded in a Poly-D-Lysine (100ug/ml) 

coated 96-well plate at a density of 40,000 to 50,000 cells per well. Cells were serum 

starved overnight in DMEM alone or in the presence of 100 ng/ml PTx. All drug treatments 

were carried out in DMEM with 0.1% DMSO at 37°C. In dose-response curves, cells were 

treated for 5 min, while in time curves cells were treated with a fixed dose of the drug for 

0, 2, 5, 7, 10, 15 or 20 min. After treatment, drugs and vehicle were removed and cells were 
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quickly fixed in 4% Paraformaldehyde for 1 hour. Then, cells were permeabilized in 100% 

methanol at -20o C for 20 min, washed in phosphate buffered saline (PBS) and incubated 

in Odyssey® Blocking Buffer (LI-COR, Lincoln NE) for 90 min. Cells were then incubated 

with primary antibodies overnight at 4°C: rabbit anti-pERK1/2 polyclonal antibody and 

mouse anti-ERK1/2 (L34F12) monoclonal antibody (1:100; Cell Signaling Technology, 

Danvers MA). Primary antibodies were washed in PBS with 0.1% Tween-20 

(MilliporeSigma), and cells were incubated with secondary antibodies for 1h at room 

temperature: goat anti-mouse IgG 680RD and goat anti-rabbit IgG 800CW (1:500, LI-

COR). Finally, the plate was washed in PBS with 0.1% Tween-20 and imaged on an 

Odyssey® scanner. Total fluorescence in each well was quantified and level of pERK1/2 

was normalized by the level of total ERK1/2 in each individual sample. In CB1 mutation 

analysis, pERK1/2 levels were calculated as percentage of the maximum response elicited 

by cells expressing the WT receptor in each independent experiment. Data from dose-

response curves was fit to a 4-parameter nonlinear regression analysis. Data from time 

curves was analyzed by three-way ANOVA followed by Tukey’s or Šídák's multiple 

comparisons test. Area under the curve analysis followed by Welch’s t test was also used 

to assess differences in cumulative pERK1/2. 

2.2.8 b-Arrestin Recruitment Assay 

Assessment of β-arrestin recruitment was performed using HEK293 cells stably 

expressing either β-arrestin1 or β-arrestin2 fused to a fragment of the β-Galactosidase 

enzyme (βGal-β-arrestin1/2), which were generated as described above. These cells were 

also transfected with CB1 receptor fused to a complementary fragment of the β-
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Galactosidase enzyme on the C-terminus (CB1-βGal). Receptor-arrestin interaction results 

in β-Galactosidase complementation, and enzyme activity can be measured by 

chemiluminescence.  

HEK293 cells stably expressing βGal-β-arrestin1 or βGal-β-arrestin2 were 

transiently transfected with WT or mutant CB1-βGal. Briefly, cells were plated in a white 

96-well plate at a density of 40,000 cells per well in the presence of 100 ng of CB1-βGal 

plasmid DNA and 0.25 µl of Lipofectamine 2000. After 6h, media containing transfection 

mix was removed and cells were incubated in serum-free DMEM overnight.  Twenty-four 

hours after transfection, cells were treated with CB1 ligands for 90 min, then lysed with 

Tropix® Lysis Solution (Applied Biosystems, Foster City, CA) for 10min at room 

temperature. Next, samples were incubated with Galacto-Star™ One-Step β-Galactosidase 

Reporter Gene Assay System (Applied Biosystems) detection reagents for one hour, 

followed by chemiluminescence detection in an EnVision 2104 multilabel plate reader 

(PerkinElmer). Luminescence counts were used to assess β-Galactosidase enzyme activity, 

and were expressed as relative luminescence units normalized to vehicle treated samples. 

2.2.9 Bioluminescence Resonance Energy Transfer (BRET) 

AD293 cells were seeded in a 6-well plate at a density of 400,000 cells per well. 

After 24h, cells were transfected using XtremeGENE™ 9 (MilliporeSigma) and 160ng of 

WT or I2.43A rat CB1-RLuc8, along with 800ng of rat b-arrestin1-EYFP or b-arrestin2-

EYFP, at a 3:1 transfection reagent to DNA ratio. Twenty-eight hours after transfection, 

cells were trypsinized and resuspended in DMEM supplemented with 5% FBS, transferred 

to a Poly-D-Lysine (100ug/ml) coated white 96-well plate at a density of 100,000 cells per 
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well, and incubated overnight. Cells were then serum-starved in FluoroBrite™DMEM 

(Thermo Fisher Scientific, Waltham MA) for 6h, before being incubated at 37°C with 5 

μM Coelenterazine-h (Biotium, Fremont CA) in HBSS with 0.1% Glucose. Light 

emissions at 480 nm and 535 nm were measured in a M1000 multimode plate reader 

(Tecan, Switzerland) for approximately 7 min to determine baseline. Then, cells were 

treated with vehicle, CP55,940 (10 μM) or 2-AG (30 μM) while light emissions were 

measured for each well in intervals of approximately 1min. BRET signal was determined 

by the ratio of fluorescence emissions at 535 nm divided by luminescence emissions at 480 

nm. Ligand-induced BRET (DBRET) was calculated by subtracting the BRET ratios from 

vehicle-treated samples at individual time points. An area under the curve analysis from 

stimulation time 0 to 31 min was used to quantify total CB1-b-arrestin interactions over 

the course of treatment. 

2.2.10 Radioligand Binding 

Membrane preparations were harvested from HEK293 cells stably expressing WT 

and mutated human CB1 receptor and assayed as previously described [149,179]. Briefly, 

radioligand saturation binding assay was initiated by adding 50μg of membrane lysate to 

glass tubes containing [3H]SR141716A, and binding buffer A (50 mM Tris-Base, 1mM 

EDTA, 3 mM MgCl2, and 5 mg/ml bovine serum albumin, pH7.4) to a final volume of 500 

μl. Nonspecific binding was determined in the presence of excess unlabeled SR141716A 

(10 μM). Reactants were allowed to reach equilibrium for approximately 1 hour. 

Subsequently, free and bound radioligands were separated by vacuum filtration through 

Whatman GF-C filters, and the radioactivity retained on the filters was quantified in a 
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liquid scintillation counter. The Kd (equilibrium dissociation constant) and Bmax (maximal 

binding) values were determined by analyzing saturation binding data by nonlinear 

regression and fitted to a one-site binding model.  

2.2.11 Computational Methods 

The CB1 ORG27569 MD simulations used as a mutation hypothesis generator here 

were reported by Lynch et al. [155]. The original simulations were done before the 

publication of any CB1 crystal structures. In brief, the CB1 receptor model used, was based 

on the 2.8 Å crystal of inactive rhodopsin – PDB-ID: 1GZM – and modified to fit known 

mutagenesis and biophysical data for the CB1 receptor. The model was previously 

equilibrated in an MD simulation without ligands present, then it was suspended in a fully 

hydrated phospholipid bilayer containing 177 POPC molecules, 14 ORG27569 molecules, 

20,300 waters for a total of 90,921 atoms. Na+ and Cl- was added in sufficient quantity to 

neutralize the system and obtain an ionic strength of 0.1 M. The N-terminus and C-terminus 

were truncated at S88 and G417, respectively [180,181]. C415 was palmitoylated [182]. 

The CHARMM 22 protein force field and the CHARMM36 lipid force field were used in 

this study [183,184]. Parameters for ORG27569 were initially obtained from the 

ParamChem server and high penalty parameters were optimized [185–187]. Of the three 

independent systems reported by Lynch et al. [155], in one of these trajectories, ORG27569 

bound CB1 and promoted biased signaling. To show confirmation of hypotheses by 

experimental results, single mutations of I2.43A, I2.43T, N7.49A, and Y7.53F were 

created from coordinates taken at 266 ns and 430 ns from this productive trajectory. 

Extraction of CB1 coordinates was performed in VMD and subsequent mutation in 
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Maestro (Schrödinger, LLC, New York, NY, 2020) [188]. To understand and show the G-

protein signaling states, the PDB-ID: 6KPG and 6N4B was downloaded and prepared in 

Maestro to produce the S7.57E and Y7.53F mutations [147,148]. To measure atomic 

distances between D2.50, S3.39, and N7.49 the PDB-ID: 5U09, 5XRA, and 5XR8 were 

also downloaded and brought into Maestro [144,146]. 

2.2.12 Statistical Analysis  

Data is reported as mean ± standard error of the mean (SEM). In cAMP detection 

and b-arrestin recruitment assays, data was fit to a 3-parameter nonlinear regression curve, 

while in pERK dose-response assays, data was fit to a 4-parameter nonlinear regression 

analysis. Potency and efficacy were compared between WT and mutant receptors using 

unpaired Welch’s t test. When a confidence interval could not be calculated for dose-

response curves, differences between doses were compared by two-way Analysis of 

Variance (ANOVA). In pERK time curve assays, individual time points were compared by 

three-way ANOVA and adjusted for multiple comparisons with Tukey’s multiple 

comparisons test. Further, the area under the curve was calculated for each experiment and 

used to compare total pERK response between genotypes using two-way ANOVA with 

Tukey’s multiple comparisons test. All data analysis was performed on Prism 9.1 software 

(GraphPad Software, San Diego CA), and p<0.05 was considered statistically significant. 

2.3 Results 

 2.3.1 Ligand bias in HEK293 cells 

 Studies from different labs have produced variable results on CB1 receptor ligand 

bias, characterizing CP55,940 as both G-protein biased [142] and b-arrestin biased [140]. 
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For this reason, we tested the effect of classical CB1 agonists on G-protein and b-arrestin 

signaling in our experimental models. To test Gai/o signaling, we stably expressed CB1 in 

HEK293 cells, then exposed them to varying concentrations of CP55,940, 2-AG, 

WIN55,212-2, HU-210 and THC and measured cAMP accumulation in the presence of 5 

µM forskolin (Figure 2A). Potency and efficacy were compared using one-way ANOVA, 

and we found that potency varied significantly among ligands (p<0.0001), while efficacy 

varied (p<0.0001) only with THC (42% reduced, p<0.0001), as is expected from a partial 

agonist. Tukey’s multiple comparisons test revealed that 2-AG, THC and WIN55,212-2 

show similar potency (WIN55,212-2: p=0.73; THC: p=0.81), while the potency of 

CP55,940 is significantly higher than 2-AG (3.2-fold shift, p=0.003), THC (4.9-fold shift, 

p=0.0055) or WIN55,212-2 (4.5-fold shift, p=0.001). HU-210 had the lowest IC50, with 

36.2-fold greater potency than CP55,940 (p<0.0001). In the b-arrestin1 recruitment assay, 

a similar distribution of potencies among the agonists was observed (Figure 2B). One-way 

ANOVA (p<0.0001) with Tukey’s multiple comparisons test showed that 2-AG was the 

least potent compound, with an EC50 6.5-fold higher than WIN55,212-2 (p=0.003). 

WIN55,212-2 was also less potent than CP55,940 (7.1-fold shift, p=0.002), and HU-210 

had the highest potency (14.4-fold shift compared to CP55,940, p=0.0003). The maximal 

effect also varied in this assay (p=0.017). A confidence interval for maximal efficacy could 

not be calculated for 2-AG and WIN55,212-2 because the dose-response curves did not 

saturate. So, the effect of the highest dose used for each agonist was used to calculate the 

maximal effect. 2-AG had the highest effect (p=0.014 compared to CP55,940). No 

difference was found among other agonists. These results show that all agonists tested are 
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capable of signal transduction via Gai/o or b-arrestin1, with a similar rank order of 

potencies. Although potency was lower for b-arrestin1 recruitment than for Gai/o signaling, 

we cannot rule out the possibility that a difference in the sensitivity of each assay could be 

contribute to this finding. Nonetheless, a clear biased signaling profile could not be 

determined for any of the agonists tested. 

 
Figure 2. Agonist bias in HEK293 cells expressing CB1. (A) CB1 agonists inhibited forskolin 
stimulated accumulation of cAMP in CB1-HEK293 cells. Data shown as mean ± SEM from 3 
independent experiments performed in triplicate and fit to a 3-parameter non-linear regression 
curve. (B) CB1 agonists recruited b-arrestin1 in HEK293 cells. Data shown as mean ± SEM from 
3 independent experiments performed in triplicate and fit to a 3-parameter non-linear regression 
analysis. 

Next, we tested pERK signaling elicited by 2-AG, WIN55,212-2 and CP55,940 in 

HEK293 cells stably expressing CB1 (Figure 3). Cells were treated with vehicle or varying 

doses of agonist in serum-free media for 5 min at 37oC. We found that 2-AG stimulated 

pERK with lower potency than CP55,940 or WIN55,212-2 (Figure 3B), but with higher 

efficacy than CP55,940 (Figure 3C). The maximal efficacy of WIN55,212-2 was similar 

to 2-AG, but higher than CP55,940. 2-AG showed low potency but high efficacy in both 

b-arrestin1 recruitment and pERK signaling assays, while CP55,940 showed higher 

potency but lower efficacy in both assays. These findings suggest that 2-AG and CP55,940 

induced pERK signaling could be partially mediated by b-arrestin1 recruitment. For 
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WIN55,212-2, the higher comparative efficacy for pERK signaling than b-arrestin1 

recruitment could be due to the compounds’s reported ability to recruit and activate Gaq/11 

proteins [121]. For this reason, only 2-AG and CP55,940 were selected for further testing. 

 
Figure 3. CB1 agonist pERK signaling. (A) Dose-response curve for pERK signaling after a 5 
min treatment with 2-AG, CP55,940 or WIN55,212-2. Data from 6 independent experiments 
performed in triplicate and fit to a 4-parameter non-linear regression analysis. (B) Comparison of 
potencies among agonists. Log EC50 was compared by one-way ANOVA (p<0.0001) followed by 
Tukey’s multiple comparisons test: ****p<0.0001. (C) Comparison of efficacies among agonists. 
Emax was compared by one-way ANOVA (p=0.0005) followed by Tukey’s multiple comparisons 
test: **p=0.0077; ***p=0.0005. All data is shown as mean ± SEM. 

 Since G-protein mediated pERK has been reported to occur in a faster early 

signaling wave, while b-arrestin mediated pERK occurs in a slower late signaling wave 

[189], we tested 2-AG and CP55,940 signaling in a time curve. The dose chosen for 

treatment corresponded to the EC50 obtained for each agonist after a 5 min treatment 

(Figure 3; 2.7µM 2-AG and 116nM CP55,940). To better understand Gai/o-independent 

signaling, we also pre-treated the cells with either vehicle or PTx (100 ng/ml overnight). 

We found that 2-AG produced a significant level of pERK signaling at 2, 5 and 7 min. 

Exposure to PTx eliminated signaling at 2 min, and significantly reduced signaling at 5 and 

7 min (Figure 4A). This is consistent with a fast Gai/o dependent pERK signaling wave and 

a slower b-arrestin mediated pERK signaling wave. In contrast, CP55,940 only showed a 

statistically significant level of pERK signaling at 5 and 7 min, and the signaling was 
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partially reduced by PTx pre-treatment at both time points (Figure 4B). This finding 

suggests that CP55,940 is incapable of an early wave of purely Gai/o mediated pERK 

signaling, and instead produces one single signaling wave of both Gai/o and b-arrestin 

mediated pERK signaling.  

 
Figure 4. CB1 agonist Gai/o-independent pERK signaling. (A) 2-AG stimulated pERK signaling 
after pre-treatment with vehicle or PTx. Data shown as mean ± SEM from 5 independent 
experiments performed with 2-3 replicates and analyzed by two-way ANOVA (Time: p<0.0001, 
PTx: p<0.0001, interaction: p<0.0001) followed by Šidák’s multiple comparisons test: *p<0.0001 
vs. +PTx (time matched), #p=0.03 vs. vehicle (+PTx); ##p=0.0001 vs. vehicle (+PTx). (B) CP55,940 
stimulated pERK signaling after pre-treatment with vehicle or PTx. Data shown as mean ± SEM 
from 5 independent experiments performed with 2-3 replicates and analyzed by two-way ANOVA 
(Time: p<0.0001, PTx: p<0.0001, interaction: p<0.0001) followed by Šidák’s multiple 
comparisons test: *p<0.0001 vs. +PTx (time matched), #p<0.0001 vs. vehicle (+PTx). 

 These results show that all CB1 agonists tested stimulate both Gai/o and b-arrestin1 

signaling in our experimental model. 2-AG was selected to test the effect of proposed CB1 

mutations on signaling because it is an endogenous ligand and because of its high efficacy 

in cAMP inhibition, b-arrestin1 recruitment and pERK signaling. CP55,940 was also used 

as a secondary ligand to evaluate b-arrestin recruitment, due to its higher potency and 

stability during our 90 min treatment b-arrestin recruitment assays. 

 2.3.2 The Role of Y7.53 in CB1 Biased Signaling 
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As previously described, CB1-ORG MD simulations showed that the Y7.53 side 

chain undergoes a rotameric change in its c1 dihedral angle from trans to g+, which leads 

to formation of a hydrogen bond with D2.50 (Figure 5). To investigate whether this 

interaction is important for CB1 biased signaling, we proposed that mutating Y7.53 to Phe 

(Y7.53F) would remove the phenolic hydroxyl, making hydrogen bonding with D2.50 

impossible, and therefore impairing b-arrestin recruitment and signaling. 

 
Figure 5. Y7.53F impairs b-arrestin signaling state. (A) WT Y7.53 interaction with D2.50 via a 
bridging water. (B) Y7.53F mutant cannot form this interaction. Here 7.53 carbons are shown in 
blue, and D2.50 carbons in green. 

We expressed WT and Y7.53F CB1 in HEK293 cells and then measured 

recruitment of b-arrestin1 and b-arrestin2 in response to 2-AG or CP55,940. Y7.53F 

eliminated b-arrestin1 recruitment stimulated by either agonist. Since confidence intervals 

could not be calculated for the 2-AG dose-response curve fit parameters, we compared b-

arrestin1 recruitment by WT and mutated receptors using two-way ANOVA (treatment, 

genotype and interaction: p<0.0001) and found a reduced response at 10 µM and 30 µM 

(Figure 6A). Y7.53F reduced the efficacy of CP55,940 mediated b-arrestin1 recruitment 
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compared to WT, but had no effect on potency (Figure 6B). We also found that b-arrestin2 

recruitment was impaired in Y7.53F. The potency of 2-AG stimulated b-arrestin2 

recruitment was unchanged compared to vehicle, but the maximal efficacy in Y7.53F was 

reduced by approximately 40% (Figure 6C). Similarly, the maximal efficacy of CP55,940 

stimulated b-arrestin2 recruitment was reduced by approximately 72%, but no difference 

was found in potency (Figure 6D). This finding indicates that hydrogen bonding via the 

Y7.53 phenolic hydroxyl is an important feature of CB1 b-arrestin recruitment. 

 
Figure 6. Y7.53F impairs b-arrestin recruitment by the CB1 receptor. (A) 2-AG mediated b-
arrestin1 recruitment is eliminated in Y7.53F. Data for each dose was compared between genotypes 
by two-way ANOVA followed by Šidák’s multiple comparisons test: *p<0.0001 vs WT. (B) 
Impaired CP55,940 mediated b-arrestin1 recruitment in Y7.53F, with reduced Emax (p=0.0006) but 
unchanged EC50 (p=0.96). (C) Impaired 2-AG mediated b-arrestin2 recruitment in Y7.53F, with 
unchanged EC50 (p=0.081) and reduced Emax (p=0.024). (D) Impaired CP55,940 mediated b-
arrestin2 recruitment in Y7.53F, with reduced Emax (p=0.004) but unchanged EC50 (p=0.72). All 
data shown as mean ± SEM from 3 independent experiments performed in triplicate and fit to a 3-
parameter nonlinear regression curve. EC50 and Emax compared by unpaired Welch’s t test. 
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Next, we investigated the effect of Y7.53F in G-protein and pERK signaling. Gai/o 

signaling was estimated by measuring 2-AG mediated inhibition of forskolin stimulated 

cAMP accumulation. We found that Y7.53F slightly reduced the potency of 2-AG (2.4-

fold shift), but also increased the maximal efficacy (10%) for cAMP inhibition (Figure 

7A). This suggests that Gai/o signaling is largely unaffected by Y7.53F. We also analyzed 

cAMP stimulation after blockade of Gai/o coupling by pre-treatment with PTx, which is 

believed to unmask Gas signal transduction by CB1 [118–120]. We found that PTx 

treatment completely abolished suppression of AC activity, and instead stimulated cAMP 

accumulation above the level of forskolin. However, Y7.53F reduced the potency (5.2-fold 

shift) and efficacy (35% reduction) of 2-AG for cAMP stimulation (Figure 7B), indicating 

an impairment in Gas signaling. The effect of Y7.53F on pERK signaling was assessed 

first in a 2-AG dose-response curve after a 5 min treatment. Y7.53F reduced both the 

potency (3.7-fold shift) and efficacy (22% reduction) of 2-AG for pERK signaling (Figure 

7C). Further, we tested Gai/o-independent pERK signaling in cells pre-treated with PTx. In 

the absence of PTx, pERK signaling was reduced in Y7.53F at every time point analyzed. 

After PTx exposure, pERK signaling was also reduced by Y7.53F at 5, 15 and 20 min 

(Figure 7D). An area under the curve analysis revealed that Y7.53F impaired total pERK 

regardless of PTx pre-treatment (Figure 7E). These findings indicate that Y7.53F has little 

effect on Gai/o signaling, but reduced both Gas and pERK signaling. 
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Figure 7. Y7.53F reduced pERK signaling but not cAMP inhibition. (A) Inhibition of forskolin-
stimulated cAMP is largely unchanged by Y7.53F, with slightly increased IC50 (p=0.013) and Emax 
(p=0.038). Data from 4 independent experiments performed in triplicate and fit to a 3-parameter 
nonlinear regression curve. (B) Stimulation of cAMP is reduced in Y7.53F, with an increased EC50 
(p=0.007) and reduced Emax (p=0.015). Data from 3 independent experiments performed in 
triplicate and fit to a 3-parameter nonlinear regression curve. (C) pERK signaling is impaired in 
Y7.53F, with an increased EC50 (p=0.0007) and reduced Emax (p=0.0057). Data from 3 independent 
experiments performed in triplicate and fit to a 4-parameter nonlinear regression curve. (D) In a 
time curve, Y7.53F impaired pERK signaling stimulated by 10 µM 2-AG independent of PTx 
treatment. Data from 5 independent experiments performed in duplicate and analyzed by three-way 
ANOVA (p<0.0001) followed by Šídák's multiple comparison’s test: *p<0.05 for PTx effect; 
#p<0.05 for genotype effect. (E) Area under the curve analysis of pERK time curve. Data was 
analyzed by two-way ANOVA (PTx, genotype and interaction: p<0.0001) followed by Tukey’s 
multiple comparisons test: ***p<0.0001 for PTx effect; ###p<0.0001 for genotype effect. All data 
is shown as mean ± SEM. 

 Altogether, our results show that Y7.53F impairs b-arrestin recruitment with little 

effect to G-protein signaling. The reduction in Gai/o independent pERK signaling indicates 

that b-arrestin mediated signaling is also reduced by Y7.53F. These findings suggest that 

Y7.53F induces G-protein biased signaling. Our MD simulation indicates that this occurs 

because of the inability of F7.53 to form a hydrogen bond with D2.50 due to the loss of the 
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phenolic hydroxyl in the mutated residue (Figure 5). These findings highlight an important 

role for Y7.53 as a molecular switch for biased signaling at the CB1 receptor. 

 2.3.3 The Role of I2.43 in CB1 Biased Signaling 

 I2.43 is found on TMH2 and in the inactive state of CB1 it packs closely to Y7.53, 

forming a van der Waals (VdW) interaction and restricting its rotation (Figure 1). We 

hypothesized that mutating I2.43 to Ala, which has a shorter side chain, would lessen the 

VdW interactions in both inactive and ORG bound states, lowering the energy barrier for 

the rotameric change of Y7.53 (Figure 8A). Therefore, this mutation was predicted to 

enhance b-arrestin recruitment and signaling. In contrast, mutating I2.43 to Thr (I2.43T) 

introduced a residue side chain of similar size but with a hydroxyl that would interfere with 

the movement of Y7.53 (Figure 8B). Therefore, this mutation was predicted to inhibit b-

arrestin recruitment and signaling at the CB1 receptor. 

Figure 8. I2.43 mutations in the CB1 inactive state. (A) I2.43A in the inactive and b-arrestin 
signaling CB1 states has limited contacts with Y7.53. (B) I2.43T CB1 in the inactive state. The 
I2.43T is almost as bulky as the wild-type Ile, has more contact with Y7.53, and also has a hydroxyl, 
suggesting the possibility of intramolecular hydrogen bonding between the residues in such close 
proximity. A2.43 and T2.43 carbons are shown in green, while Y7.53 carbons are shown in blue. 
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 The I2.43A mutation was introduced into the CB1 receptor, and we evaluated the 

impact of this mutation on 2-AG and CP55,940 stimulated b-arrestin recruitment. We 

found that the I2.43A did not alter b-arrestin1 recruitment at any dose of 2-AG tested 

(Figure 9A). I2.43A also did not affect the potency or efficacy of CP55,940 in b-arrestin1 

recruitment (Figure 9B). Further, we also did not find any significant difference in potency 

or efficacy for b-arrestin2 recruitment in I2.43A (Figures 9C-D). This finding would seem 

to indicate that the I2.43A mutation has no effect on biased signaling. However, one 

limitation of this b-arrestin recruitment assay is that it measures cumulative recruitment 

over the course of a 90 min treatment. Therefore, the assay offers only a snapshot of the 

receptor’s response and occludes any changes to b-arrestin recruitment kinetics. 

 
Figure 9. No effect of I2.43A in a b-arrestin recruitment assay. (A) No change in 2-AG 
stimulated b-arrestin1 recruitment in I2.43A. Data from 3 independent experiments performed in 
triplicate and analyzed by two-way ANOVA (Treatment: p<0.0001; Genotype: p=0.99; Interaction: 
p=0.85). (B) I2.43A had no effect on CP55,940 stimulated b-arrestin1 recruitment, with no change 
in EC50 (p=0.30) or Emax (p=0.056). Data from 3 independent experiments performed in triplicate 
and fit to a 3-parameter nonlinear regression curve. (C) I2.43A did not affect 2-AG stimulated b-
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arrestin2 recruitment, with no change in EC50 (p=0.82) or Emax (p=0.25). Data from 4 independent 
experiments performed in triplicate and fit to a 3-parameter nonlinear regression curve. (D) I2.43A 
had no effect on CP55,940 stimulated b-arrestin2 recruitment, with no change in EC50 (p=0.060) 
or Emax (p=0.058). Data from 4 independent experiments performed in triplicate and fit to a 3-
parameter nonlinear regression curve. All data is shown as mean ± SEM. 

To measure b-arrestin recruitment in real time, we applied Bioluminescence 

Resonance Energy Transfer (BRET). In this case, we found that I2.43A significantly 

enhanced β-arrestin1 ligand-induced BRET (DBRET) in response to both 2-AG (Figure 

10A) and CP55,940 (Figure 10B) at early time points. Conversely, we found no changes 

to b-arrestin2 recruitment with either ligand (Figures 10C-D). An area under the curve 

analysis was used to quantify b-arrestin recruitment and compare it between genotypes. 

Accordingly, I2.43A enhanced β-arrestin1 recruitment with 2-AG (Figure 10E) and 

CP55,940 (Figure 10F), but it did not change β-arrestin2 recruitment (Figures 10G and 

10H). This finding shows that I2.43A stimulates early β-arrestin1 recruitment. 

 
Figure 10. I2.43A stimulates early β-arrestin1 recruitment. (A) I2.43A enhanced DBRET for 
β-arrestin1 with 30 µM 2-AG treatment. (B) I2.43A enhanced DBRET for β-arrestin1 with 10 µM 
CP55,940 treatment. (C) No change in DBRET for β-arrestin2 with 30 µM 2-AG. (D) No change 
in DBRET for β-arrestin2 with 10 µM CP55,940. (E) Area under the curve analysis for 2-AG 
stimulated β-arrestin1 DBRET. Difference between genotypes determined by unpaired Welch’s t 
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test: **p=0.0016. (F) Area under the curve analysis for CP55,940 stimulated β-arrestin1 DBRET. 
Difference between genotypes determined by unpaired Welch’s t test: **p=0.0012. (G) Area under 
the curve analysis for 2-AG stimulated β-arrestin2 DBRET. Difference between genotypes 
determined by unpaired Welch’s t test: p=0.059. (H) Area under the curve analysis for CP55,940 
stimulated β-arrestin2 DBRET. Difference between genotypes determined by unpaired Welch’s t 
test: p=0.45. All data is shown as mean ± SEM from 3 independent experiments performed in 
triplicate. 

To evaluate the effect of I2.43A on G-protein and pERK signaling, we measured 

response to 2-AG in cAMP inhibition and stimulation assays and in pERK dose-response 

and time curve assays. We found that I2.43A lowered the potency of 2-AG for inhibition 

of forskolin stimulated cAMP (24.7-fold shift), but had no effect on efficacy (Figure 11A), 

suggesting that this mutation reduces Gai/o mediated signaling. In the cAMP stimulation 

assay, where cells are pre-treated with PTx, the potency (6.7-fold shift) and efficacy (16% 

reduction) of 2-AG are also reduced in I2.43A (Figure 11B), suggesting that Gas mediated 

signaling is also impaired by this mutation. In a pERK dose-response curve performed after 

5 min of treatment with 2-AG, however, I2.43A did not significantly impact the potency 

or efficacy of 2-AG (Figure 11C). Likewise, in a pERK time curve where cells were treated 

with 3 µM 2-AG, I2.43A did not significantly alter pERK signaling at any individual time 

point analyzed, and PTx partially inhibited pERK signaling, similar to WT (Figure 11D). 

However, the area under the curve analysis revealed that the cumulative pERK signaling 

is higher in I2.43A compared to WT, and the effect is independent of PTx pre-treatment 

(Figure 11E), suggesting that I2.43A enhances pERK signaling. This increase in Gai/o 

independent pERK signaling could not be mediated by Gas signaling, because in cells 

expressing I2.43A, cAMP stimulation is decreased, suggesting this signal transduction 

pathway is impaired.  
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Figure 11. I2.43A inhibits G-protein signaling and enhances pERK. (A) Inhibition of forskolin-
stimulated cAMP is reduced in I2.43A, with an increased IC50 (p=0.0041) and Emax (p=0.404). Data 
from 3 independent experiments performed in triplicate and fit to a 3-parameter nonlinear 
regression curve. (B) Stimulation of cAMP is reduced in I2.43A, with an increased EC50 (p=0.0003) 
and reduced Emax (p=0.0038). Data from 3 independent experiments performed in triplicate and fit 
to a 3-parameter nonlinear regression curve. (C) I2.43A did not affect pERK signaling at 5 min, 
EC50 (p=0.17) and Emax (p=0.092). Data from 3 independent experiments performed in triplicate 
and fit to a 4-parameter nonlinear regression curve. (D) I2.43A did not significantly affect pERK 
signaling stimulated by 3µM 2-AG at any specific time point. Data from 4 independent experiments 
performed in triplicate and analyzed by three-way ANOVA (p<0.0001) followed by Šídák's 
multiple comparison’s test: *p<0.01 for PTx effect. (E) Area under the curve analysis of pERK 
time curve shows increased total pERK in I2.43A independent of PTx pre-treatment. Data was 
analyzed by two-way ANOVA (PTx, genotype and interaction: p<0.0001) followed by Tukey’s 
multiple comparisons test: ***p<0.0001 for PTx effect; #p=0.010 for genotype effect; ##p=0.0017 
for genotype effect. All data is shown as mean ± SEM. 

 In order to rule out the possibility that a rise in PTx-independent pERK signaling 

in I2.43A is mediated by an increase in Gaq/11 mediated signaling, we measured 

cytoplasmic calcium levels in HEK293 cells expressing WT or I2.43A CB1 receptor. 

While cells expressing WT receptor respond to 2-AG treatment with a sharp and transient, 

albeit small, rise in intracellular calcium levels, cells expressing I2.43A do not show this 
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response (Figure 12A). ATP was used as a positive control for Gaq/11 signaling. We also 

tested cytoplasmic calcium levels in cells treated with WIN55,212-2, which has been 

shown to stimulate Gaq/11 signaling via CB1 [121]. A similar response pattern was 

observed with this agonist, where in cells expressing WT receptor, WIN55,212-2 

stimulated a small rise in cytoplasmic calcium levels, but the same response was not 

observed in cells expressing I2.43A (Figure 12B). This finding suggests that Gaq/11 

signaling is impaired by the I2.43A mutation, and therefore this signal transducer cannot 

be responsible for the increase in Gai/o independent pERK signaling. 

 
Figure 12. I2.43A inhibits CB1 mediated intracellular calcium signaling. (A) No rise in 
cytosolic Ca2+ levels in I2.43A after treatment with 10 µM 2-AG as measured by Fura-2AM 
fluorescence (WT: N=62; I2.43A: N=56) (B) No rise in cytosolic Ca2+ levels in I2.43A after 
treatment with 10 µM WIN55,212-2 as measured by Fura-2AM fluorescence (WT: N=40; I2.43A: 
N=56). All data shown as mean ± SEM. 

Altogether, our results show that the I2.43A mutation enhances b-arrestin1 

recruitment and pERK signaling. Since Gai/o, Gas and Gaq/11 signaling are reduced, 

increased pERK signaling in I2.43A is likely due to the rise in b-arrestin1 recruitment. 

These findings indicate that I2.43A induces b-arrestin1 biased signaling at the CB1 

receptor. This is in line with our MD simulation that predicted that this mutation would 

facilitate the rotameric change in Y7.53 that allows its interaction with D2.50, showing the 
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importance of this interaction to b-arrestin biased signaling, and the role of I2.43 in 

restricting the function of Y7.53 as a switch for b-arrestin signaling. 

An I2.43T mutation was also introduced into the CB1 receptor and its effect on b-

arrestin recruitment was analyzed. We found that b-arrestin1 recruitment with 10 and 30 

µM 2-AG was significantly reduced in I2.43T (Figure 13A). The maximal efficacy of 

CP55,940 for b-arrestin1 recruitment was also decreased by the I2.43T mutation (32% 

reduction), but no change was found in potency (Figure 13B). Similarly, the maximal 

efficacy of 2-AG for b-arrestin2 recruitment was decreased by I2.43T (53% reduction), but 

no change was observed in potency (Figure 13C). Conversely, CP55,940 stimulated b-

arrestin2 recruitment was not affected by I2.43T. These findings show that the I2.43T 

mutation inhibits b-arrestin recruitment, albeit more strongly with 2-AG than CP55,940. 

 
Figure 13. I2.43T inhibits b-arrestin recruitment. (A) I2.43T decreased 2-AG stimulated b-
arrestin1 recruitment. Response at each dose compared by two-way ANOVA (treatment, genotype 
and interaction: p<0.0001) followed by Šídák's multiple comparisons test: **p=0.0069; 
***p<0.0001. (B) I2.43T reduced CP55,940 stimulated b-arrestin1 recruitment, with no change in 
EC50 (p=0.88) and a decreased Emax (p=0.013). (C) I2.43T decreased 2-AG stimulated b-arrestin2 
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recruitment, with no change in EC50 (p=0.75) and a decreased Emax (p=0.0089). (D) I2.43T did not 
affect CP55,940 stimulated b-arrestin2 recruitment, with no change in EC50 (p=0.34) or Emax 
(p=0.86). All data is shown as mean ± SEM from 3 independent experiments performed in triplicate 
and fit to a 3-parameter nonlinear regression curve. Potency and efficacy were compared by 
unpaired Welch’s t test. 

Additionally, we analyzed G-protein and pERK signaling in cells expressing CB1 

receptor with the I2.43T mutation. I2.43T had no effect on cAMP inhibition (Figure 14A) 

or cAMP stimulation in cells exposed to PTx (Figure 14B). These findings indicate that 

I2.43T does not affect G-protein signaling at the CB1 receptor. However, the maximal 

efficacy of 2-AG at pERK signaling was decreased in I2.43T (27% reduction), although 

no difference in potency was observed. Accordingly, in a time curve for 2-AG stimulated 

pERK signaling, the response was reduced in I2.43T at 2 and 5 min, both in cells pre-

treated with vehicle and cells pre-treated with PTx (Figure 14D). Similarly, area under the 

curve analysis showed that cumulative pERK response is decreased by I2.43T, independent 

of PTx treatment (Figure 14E). Since G-protein signaling is unchanged, the reduction in 

pERK signaling with this mutation can be attributed to the partial impairment in b-arrestin 

recruitment. These findings suggest that I2.43T induces G-protein biased signaling. 
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Figure 14. I2.43T has no effect on G-protein signaling but inhibits pERK signaling. (A) 
Inhibition of forskolin-stimulated cAMP is unchanged in I2.43T: IC50 (p=0.30), Emax (p=0.17). Data 
from 3 independent experiments performed in triplicate and fit to a 3-parameter nonlinear 
regression curve. (B) Stimulation of cAMP is unchanged in I2.43T: EC50 (p=0.37), Emax (p=0.12). 
Data from 3 independent experiments performed in triplicate and fit to a 3-parameter nonlinear 
regression curve. (C) I2.43T reduced pERK signaling at 5 min, with no change to EC50 (p=0.17) 
and reduced Emax (p=0.0073). Data from 3 independent experiments performed in triplicate and fit 
to a 4-parameter nonlinear regression curve. (D) I2.43T decreased pERK signaling stimulated by 3 
µM 2-AG. Data from 4 independent experiments performed in triplicate and analyzed by three-
way ANOVA (p<0.0001) followed by Šídák's multiple comparisons test: *p<0.001 for PTx effect; 
#p<0.001 for genotype effect. (E) Area under the curve analysis of pERK time curve shows 
increased total pERK in I2.43T independent of PTx pre-treatment. Data was analyzed by two-way 
ANOVA (PTx, genotype and interaction: p<0.0001) followed by Tukey’s multiple comparisons 
test: ***p<0.0001 for PTx effect; ##p=0.0023 for genotype effect; ###p<0.0001 for genotype effect. 
All data is shown as mean ± SEM. 

In the results reported by this study, the size of the residue at position 2.43 had a 

strong influence on b-arrestin signaling at the CB1 receptor. The A2.43 is less bulky than 

the native Ile, reducing steric hindrance on the rotameric switch of Y7.53. This induced b-

arrestin1 biased signaling. The T2.43 is almost as bulky as the WT Ile, but has more contact 

with Y7.53, and also has a hydroxyl, suggesting the possibility of intramolecular hydrogen 

bonding between the residues in such close proximity. This would further hinder the 

rotametic switch of Y7.53. Accordingly, this mutation resulted in G-protein biased 
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signaling. These results show that the residue at 2.43 is positioned to modulate b-arrestin 

signaling. 

2.3.4 The Role of N7.49 in CB1 Biased Signaling 

Since ORG inhibits G-protein signaling and promotes b-arrestin signaling, the 

conformational changes seen in the CB1-ORG simulation can be said to induce a b-arrestin 

biased state. In this state, N7.49 and D2.50 form a strong hydrogen bond (Figure 1C). To 

create the anchoring interaction with D2.50 and to allow the bend in TMH7, an inward 

movement of N7.49 (toward TMH2) is necessary. Initially, in the CB1-ORG MD 

simulation, N7.49 is not hydrogen bonded to D2.50 but becomes available as ORG moves 

between the EC ends of TMH6 and TMH7. The ligand pushes the EC end of TMH7 

outward, causing N7.49 to move toward D2.50. This approach makes hydrogen bonding 

possible, and as ORG dissociates from the receptor, the distance between between the two 

residues increases again (Figure 15). As N7.49 becomes hydrogen bonded to D2.50, this 

interaction acts as an anchor, as the EC end of TMH7 is forced toward the bundle by ORG, 

and the IC end of TMH7 bends away from bundle [155]. This hinge hydrogen bond is what 

allows the TMH7/Hx8 elbow region to move outward, allowing interaction with the b-

arrestin. Comparatively, in G-protein signaling, N7.49 does not change position, and 

hydrogen bonds directly with S3.39 [146]. Given N7.49’s central importance as the fulcrum 

in the b-arrestin signaling state, mutating N7.49 to Ala (N7.49A) should impede hydrogen 

bonding with D2.50, and therefore disrupt b-arrestin signaling. 
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Figure 15. N7.49 forms a hydrogen bond with D2.50 in the b-arrestin signaling state. In the 
CB1-ORG MD simulation, when ORG is in close association with the CB1 receptor, D2.50 and 
N7.49 are in hydrogen bonding distance until ORG dissociates from the receptor. 

 In order to evaluate the role of N7.49 in b-arrestin signaling experimentally, we 

introduced the N7.49A mutation into the CB1 receptor and measured b-arrestin recruitment 

in the presence of 2-AG or CP55,940. Remarkably, N7.49A abolished b-arrestin1 

recruitment to CB1. No stimulation of b-arrestin1 recruitment was observed with any of 

the doses of 2-AG (Figure 16A) or CP55,940 (Figure 16B) tested. Further, b-arrestin2 

recruitment was also inhibited. We found that N7.49A increased the potency of 2-AG at b-

arrestin2 recruitment (14.3-fold shift), but it greatly decreased the maximal efficacy (76% 

reduction; Figure 16C). Similarly, the potency of CP55,940 for b-arrestin2 recruitment was 

increased (42.6-fold shift), but the maximal efficacy was greatly decreased (86% reduction; 

Figure 16D). In addition, a different study showed that, in the d-opioid receptor (DOR), 

the N7.49A mutation, turned an antagonist into a b-arrestin biased agonist [190], so we 

investigated whether the same could occur for the CB1 receptor. Interestingly, N7.49A had 
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no significant impact on the inverse agonist effect of SR141716A on CB1 mediated b-

arrestin1 recruitment (Figure 16E). These results show that the N7.49A mutation does not 

cause an efficacy switch for CB1 as it does for the DOR [190], however it does greatly 

impair b-arrestin recruitment, attesting to the importance of this residue in the 

conformational state that favors b-arrestin biased signaling. 

 
Figure 16. N7.49A impairs CB1 b-arrestin recruitment. (A) N7.49A eliminated 2-AG mediated 
b-arrestin1 recruitment. Response at each dose compared by two-way ANOVA (treatment, 
genotype and interaction: p<0.0001) followed by Šídák's multiple comparisons test: *p<0.0001. 
Data is shown as mean ± SEM from 3 independent experiments performed in triplicate. (B) N7.49A 
eliminated CP55,940 mediated b-arrestin1 recruitment. Response at each dose compared by two-
way ANOVA (treatment, genotype and interaction: p<0.0001) followed by Šídák's multiple 
comparisons test: *p<0.0001. Data is shown as mean ± SEM from 3 independent experiments 
performed in triplicate. (C) N7.49A decreased 2-AG stimulated b-arrestin2 recruitment, with 
decreased EC50 (p=0.0075) and Emax (p=0.0005). Data is shown as mean ± SEM from 4 independent 
experiments performed in triplicate and fit to a 3-parameter nonlinear regression curve. Potency 
and efficacy were compared by unpaired Welch’s t test. (D) N7.49A inhibited CP55,940 stimulated 
b-arrestin2 recruitment, with a decrease in EC50 (p=0.025) and Emax (p=0.0011). Data is shown as 
mean ± SEM from 4 independent experiments performed in triplicate and fit to a 3-parameter 
nonlinear regression curve. Potency and efficacy were compared by unpaired Welch’s t test. (E) 
N7.49A did not alter the effect of SR141716A on CB1 mediated b-arrestin1 recruitment. Data is 
shown as mean ± SEM from 3 independent experiments performed in triplicate and fit to a 3-
parameter nonlinear regression curve. 
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 Further, we analyzed the effect of the N7.49A mutation on G-protein and pERK 

signaling. N7.49A had no effect on inhibition of cAMP (Figure 17A), indicating that this 

mutation had no impact on Gai/o mediated signaling. Similar to the results obtained for b-

arrestin2 recruitment, N7.49A increased the potency of 2-AG (11.1-fold shift) for cAMP 

stimulation in PTx exposed cells, but it also greatly decreased the maximal efficacy (73% 

reduction; Figure 17B). This result indicates that N7.49A impaired Gas mediated signaling. 

A significant decrease in pERK signaling was also observed. In a dose-response curve, 

N7.49A did not affect 2-AG potency, but it largely decreased the maximal efficacy (64% 

reduction; Figure 17C). This indicates that N7.49A impairs pERK signaling. Similarly, in 

a time curve, the pERK response was reduced in N7.49A at every time point analyzed 

(Figure 17D). This response was still sensitive to PTx inhibition at 5 min, suggesting that 

pERK signaling in N7.49A is partially mediated by Gai/o signaling. In accordance, area 

under the curve analysis showed that pERK signaling is reduced in N7.49A, and the effect 

is independent of PTx pre-treatment (Figure 17E). 
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Figure 17. N7.49A has no effect on Gai/o signaling but inhibits pERK signaling. (A) Inhibition 
of forskolin-stimulated cAMP is unchanged in N7.49A: IC50 (p=0.65), Emax (p=0.34). Data from 3 
independent experiments performed in triplicate and fit to a 3-parameter nonlinear regression curve. 
(B) Stimulation of cAMP is reduced in N7.49A: decreased EC50 (p=0.049) and Emax (p=0.0025). 
Data from 3 independent experiments performed in triplicate and fit to a 3-parameter nonlinear 
regression curve. (C) N7.49A reduced pERK signaling at 5 min, with no change to EC50 (p=0.64) 
and reduced Emax (p<0.0001). Data from 4 independent experiments performed in triplicate and fit 
to a 3-parameter nonlinear regression curve. (D) N7.49A decreased pERK signaling stimulated by 
3 µM 2-AG. Data from 6 independent experiments performed in triplicate and analyzed by three-
way ANOVA (p<0.0001) followed by Šídák's multiple comparisons test: *p<0.01 for PTx effect; 
#p<0.0001 for genotype effect. (E) Area under the curve analysis of pERK time curve shows 
decreased total pERK in N7.49A. Data was analyzed by two-way ANOVA (PTx, genotype and 
interaction: p<0.0001) followed by Tukey’s multiple comparisons test: ***p<0.0001 for PTx 
effect; ###p<0.0001 for genotype effect. All data is shown as mean ± SEM. 

 The lack of effect of the N7.49A mutation on cAMP inhibition confirms that this 

residue is of little importance to Gai/o signaling by the CB1 receptor. In contrast, this 

mutation drastically reduced b-arrestin recruitment and pERK signaling. These results 

suggest that the N7.49A mutation induces a G-protein biased signaling profile in the CB1 

receptor, and show that N7.49 is indispensable for b-arrestin1 recruitment and signaling. 

Our findings support the hypothesis that conformational changes that favor b-arrestin 

biased signaling involve the formation of a hinge hydrogen bond between N7.49 and D2.50 

that serves as a fulcrum on which the TMH7/Hx8 elbow bends away from the 

transmembrane bundle. This movement could be an important step in the formation of 

strong interactions with b-arrestins, promoting b-arrestin mediated pERK signaling. 

 2.3.5 S7.57E Mutation Impairs CB1 Signaling 

 Next, we evaluated the impact of a residue that was not predicted to participate in 

the conformational changes of NPXXY motif residues in the CB1-ORG simulation. S7.57E 

lies in the TMH7/Hx8 elbow region. We proposed to mutate S7.57 to Glu (S7.57E), which 

would introduce a large charged residue in that position. In the G-protein signaling state, 
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the E7.57 may clash with the a-5 helix of the Ga protein as it tries to insert into the 

transmembrane core of the receptor (Figure 18A). We also found that the E7.57 may 

interact with R3.50 via a salt bridge, tethering TMH7 near TMH3, which would prevent 

the outward movement of the TMH7/Hx8 elbow region (Figure 18B). Therefore, this 

mutation is predicted to have a negative impact on both G-protein and b-arrestin signaling. 

 
Figure 18. S7.57E impairs both G-protein and b-arrestin signaling states. (A) S7.57E creates 
a steric clash with the G-protein in the CB1 G-protein bound state. PDB-ID: 6KPG is shown here 
with S7.57 mutated to a Glu. E7.57 carbons are displayed in green and Gai a-5 residue G(352) in 
the b-hairpin turn is shown is lavender. (B) E7.57 is also likely to form a salt bridge with R3.50, 
preventing the outward movement of the TMH7/8 region and impairing b-arrestin signaling. E7.57 
carbons are shown in green tube display and R3.50 carbons are in yellow. TMH6 is partially 
removed for clarity. 

 We analyzed the effect of the S7.57E mutation on b-arrestin recruitment to the CB1 

receptor. As predicted, S7.57E eliminated b-arrestin1 recruitment. At every dose tested, no 

recruitment of b-arrestin1 to CB1 was observed in cells expressing S7.57E treated with 2-

AG (Figure 19A) or CP55,940 (Figure 19B). Interestingly, b-arrestin2 recruitment was 

inhibited but not completely abolished. S7.57E decreased the maximal efficacy of 2-AG at 

b-arrestin2 recruitment (65% reduction), but did not affect its potency (Figure 19C). 
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Similarly, S7.57E greatly reduced the maximal efficacy of CP55,940 at b-arrestin2 

recruitment (86% reduction) without affecting its potency (Figure 19D). These results show 

that the S7.57E mutation largely impaired b-arrestin recruitment to the CB1 receptor. 

 
Figure 19. S7.57E impairs CB1 b-arrestin recruitment. (A) S7.57E impaired 2-AG mediated b-
arrestin1 recruitment. Response at each dose compared by two-way ANOVA (treatment, genotype 
and interaction: p<0.0001) followed by Šídák's multiple comparisons test: *p<0.0001. (B) S7.57E 
eliminated CP55,940 mediated b-arrestin1 recruitment. Response at each dose compared by two-
way ANOVA (treatment, genotype and interaction: p<0.0001) followed by Šídák's multiple 
comparisons test: *p<0.001. (C) S7.57E decreased 2-AG stimulated b-arrestin2 recruitment, with 
no change in EC50 (p=0.30) and a decrease in Emax (p=0.006). (D) S7.57E inhibited CP55,940 
stimulated b-arrestin2 recruitment, with no change in EC50 (p=0.49) and a decrease in the Emax 
(p=0.0051). All data is shown as mean ± SEM from 3 independent experiments performed in 
triplicate and fit to a 3-parameter nonlinear regression curve. Potency and efficacy were compared 
by unpaired Welch’s t test. 

 Then, we evaluated the impact of S7.57E on G-protein and pERK signaling. As 

predicted, both responses were inhibited by this mutation. No inhibition of forskolin 

stimulated cAMP accumulation was observed with S7.57E in respone to 2-AG (Figure 

20A), indicating that this mutation eliminated Gai/o signaling. In the cAMP stimulation 

response, where cells are pre-treated with PTx, no difference was found in 2-AG potency, 
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but maximal efficacy was significantly decreased (53% reduction) in cells expressing 

S7.57E (Figure 20B), indicating that this mutation also impaired Gas signaling. The 

potency of 2-AG for pERK signaling was slightly reduced in S7.57E (1.8-fold shift), as 

was the maximal efficacy (13% reduction), showing that this mutation inhibits pERK 

signaling (Figure 20C). Likewise, the pERK response in the absence of PTx pre-treatment 

was reduced in S7.57E at 2, 5 and 7 min (Figure 20D). Intriguingly, although this mutation 

precludes inhibition of forskolin-stimulated cAMP, the pERK response is still sensitive to 

PTx treatment, indicating that this receptor is still able to activate Gi/o mediated pERK, 

albeit to a lesser extent. In cells that were exposed to PTx, pERK signaling was only 

inhibited by S7.57E at 2 min. Accordingly, area under the curve analysis revealed that, 

although the total pERK response is reduced by the mutation in cells without PTx exposure, 

there is no significant difference in the pERK response of cells expressing WT or S7.57E 

if they were pre-treated with PTx (Figure 20E). This finding suggests that a larger portion 

of pERK signaling in S7.57E is not mediated by Gi/o proteins. 
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Figure 20. S7.57E inhibits G-protein and pERK signaling. (A) No inhibition of forskolin-
stimulated cAMP was oserved in S7.57E. Data from 3 independent experiments performed in 
triplicate and fit to a 3-parameter nonlinear regression curve. (B) Stimulation of cAMP is reduced 
in S7.57E: no change in EC50 (p=0.070) and decreased Emax (p=0.0051). Data from 3 independent 
experiments performed in triplicate and fit to a 3-parameter nonlinear regression curve. (C) S7.57E 
reduced pERK signaling at 5 min, with increased EC50 (p=0.013) and reduced Emax (p=0.034). Data 
from 3 independent experiments performed in triplicate and fit to a 3-parameter nonlinear 
regression curve. (D) S7.57E decreased pERK signaling stimulated by 3 µM 2-AG. Data from 4 
independent experiments performed in triplicate and analyzed by three-way ANOVA (p<0.0001) 
followed by Šídák's multiple comparisons test: *p<0.001 for PTx effect; #p=0.015 for genotype 
effect (+PTx); ##p<0.001 for genotype effect (-PTx). (E) Area under the curve analysis of pERK 
time curve shows decreased total pERK in S7.57E (-PTx). Data was analyzed by two-way ANOVA 
(PTx, genotype and interaction: p<0.0001) followed by Tukey’s multiple comparisons test: 
***p<0.0001 for PTx effect; ###p=0.0004 for genotype effect. All data is shown as mean ± SEM. 

 To investigate the source of non-Gi/o mediated pERK signaling in S7.57E, we 

pursued the possibility that Gaq/11 signaling could be altered in cells expressing mutated 

CB1. We found that S7.57E did not display a sharp transient rise in cytosolic calcium levels 

with 2-AG (Figure 21A) or WIN55,212-2 (Figure 21B) treatment. This indicates that 

Gaq/11 signaling is absent in S7.57E.  

 
Figure 21. S7.57E inhibits CB1 mediated intracellular calcium signaling. (A) No rise in 
cytosolic Ca2+ levels in S7.57E after treatment with 10 µM 2-AG as measured by Fura-2AM 
fluorescence (WT: N=62; S7.57E: N=53) (B) No rise in cytosolic Ca2+ levels in I2.43A after 
treatment with 10 µM WIN55,212-2 as measured by Fura-2AM fluorescence (WT: N=40; I2.43A: 
N=56). All data shown as mean ± SEM. 
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Altogether, these results show that the S7.57E mutation had a negative impact on 

both G-protein and b-arrestin signaling. Remarkably, this mutation caused total ablation of 

cAMP inhibition and b-arrestin1 recruitment. These findings are consistent with the 

predictions that the E7.57 would cause a steric clash with the a-5 helix of the Ga protein, 

precluding G-protein coupling, and would cause a hydrogen bond to form between E7.57 

and R3.50, preventing the movement of the TMH7/Hx8 elbow, which is important for b-

arrestin interaction with the receptor. A low level of b-arrestin2 recruitment was still 

observed with 2-AG in S7.57E, which may indicate that movement of the TMH7/Hx8 

elbow is important but not essential for recruitment of b-arrestin2. The pERK response is 

lowered but present, however, as is sensitivity to inhibition of Gi/o coupling with PTx in 

this response, meaning that a low level of Gi/o activation occurs, enough to stimulate pERK 

signaling, though not enough to inhibit cAMP accumulation. 

2.3.6 Radioligand Binding in Cells Stably Expressing CB1 

To evaluate if receptor expression levels could impact results from assays where 

cell lines stably expressing WT and mutated CB1 were used – cAMP detection and pERK 

signaling assays –  receptor abundance was estimated using a radioligand saturation 

binding assay (Table 2). We found that none of the cell lines tested showed a significant 

difference in the Kd (dissociation constant), indicating that ligand affinity is unchanged. 

This was expected, since none of the amino acid residues mutated are part of the orthosteric 

binding pocket [144,145]. Further, no difference in Bmax was found between cells 

expressing WT and I2.43A receptor, indicating that increased pERK signaling by I2.43A 

could not be due to increased receptor number. Similarly, the Bmax from membranes 
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containing WT and Y7.53F receptor were comparable, so receptor number could not have 

affected the way this mutation altered CB1 signaling. In I2.43T membranes, Bmax was 

slightly lower than WT, indicating that CB1 expression in this cell line is lower than in WT. 

This may have impacted the lower pERK signaling observed with this mutation. However, 

cAMP inhibition and stimulation were unchanged. Therefore, if this level of reduced 

expression is enough to impact the signaling response, then G-protein signaling by each 

receptor is increased, further supporting our conclusion that I2.43T promotes G-protein 

biased signaling. 

In S7.57E and N7.49A membranes, on the other hand, Bmax was significantly higher 

than in WT membranes. For N7.49A, the increase in receptor number could indicate that 

no change in cAMP inhibition actually represents a reduction in cAMP per receptor if the 

response has not saturated. However, pERK signaling was reduced despite increased 

receptor number, supporting our finding that this mutation induces G-protein biased 

signaling. Since S7.57E showed no inhibition of cAMP, it may be argued that the increased 

receptor number interfered with the receptor’s capacity to couple to and activate G-

proteins. However, the level of receptor expression is similar between S7.57E and N7.49A, 

and the latter shows no change in Gαi/o signaling. This indicates that increased receptor 

expression level cannot explain the lack of Gαi/o signaling in S7.57E, as the receptor should 

still be able to inhibit cAMP accumulation at that level of expression. In brief, changes in 

receptor number or ligand binding affinity cannot explain the changes in the signaling 

profiles we observed with each mutation. It is more likely that disruption of molecular 
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mechanisms that regulate biased signaling at the CB1 receptor are responsible for the 

results observed in this study. 

Table 2  
 
Radioligand Binding in HEK293 Cells Stably Expressing WT or Mutated CB1 
Mutation Kd (nM) Bmax (pmol/mg) 
WT 3.48 ± 0.24 29.16 ± 0.62 
I2.43A 2.67 ± 0.28 27.32 ± 0.83 
I2.43T 3.46 ± 0.75 21.28 ± 1.42* 
Y7.53F 4.22 ± 0.42 33.44 ± 1.06 
N7.49A 4.76 ± 0.40 51.31 ± 1.51# 

S7.57E 4.88 ± 0.38 53.47 ± 1.41$ 

Note: Data shown as mean ± SEM from 3 independent experiments performed in triplicate and 
analyzed by Brown-Forsythe and Welch’s ANOVA followed by Dunnett’s multiple 
comparisons test.  
 
*p=0.048; #p=0.0029; $p=0.0019. 

 

2.4 Discussion 

 Class A GPCRs show similar mechanisms of activation that are mediated by highly 

conserved amino acid residues on their transmembrane helices. For instance, the DRY 

motif on TMH3 is part of the ionic lock that maintains the inactive state of the receptor 

[47,144,145], and the CWXP motif participates in a toggle switch mechanism that 

promotes the outward movement of the IC end of TMH6, which is essential for interaction 

with the a-5 helix of the Ga protein and activation of the heterotrimeric G-protein 

[64,65,146,147,150]. Although these mechanisms are important for G-protein signaling, 

an analogous mechanism has not yet been reported for b-arrestin signaling. Therefore, we 

set out to study conformational changes on the IC end of the receptor that could uncover a 
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molecular switch for b-arrestin biased signaling, using the CB1 receptor as a prototype 

class A GPCR. Biophysical studies suggest that although G-protein signaling depends on 

an outward movement of the IC end of TMH6, conformational changes on TMH7 are 

observed in the presence of b-arrestin biased ligands [58,59]. Using site-directed 

fluorescence labeling, Fay & Farrens [191] investigated the movements of TMH6 and 

TMH7/Hx8 when the CB1 receptor is bound to ORG, an allosteric ligand that has been 

shown to elicit b-arrestin biased signaling by inhibiting G-protein activity and promoting 

b-arrestin1 dependent pERK signaling [135,157–159].  They reported that ORG blocked 

the movement of TMH6, which likely is responsible for its NAM effect on G-protein 

signaling [60,191], while it enhanced movement of the TMH7/Hx8 elbow [60]. The latter 

is not observed under treatment with the inverse agonist SR141716A, showing that it is not 

important for an antagonist effect on CB1 signaling. This finding indicated that ORG 

stabilizes CB1 in an alternative conformational state, that is neither the inactive state, 

stabilized by an inverse agonist (SR141716A), nor the canonical active state, stabilized by 

an orthosteric agonist that promotes G-protein signaling (CP55,940). This alternative 

conformational state is likely responsible for b-arrestin dependent signaling produced by 

ORG. Therefore, here we refer to this state as the alternative active state, or the b-arrestin 

biased state. 

 Since this alternative active state involves conformational changes on TMH7, the 

highly conserved amino acid residues that comprise the NPXXY motif, located on TMH7, 

were good candidates to form molecular switches for b-arrestin biased signaling. So, we 

investigated conformational changes involving this motif that would occur during b-
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arrestin biased signaling. We used the MD simulation of ORG bound CB1 reported by 

Lynch et al. [155] as a hypothesis generator for mutations that could help unravel the role 

of the NPXXY motif in b-arrestin biased signaling. Among known CB1 ligands, ORG was 

the perfect choice for this purpose, allowing us to evaluate conformational dynamics in a 

system unfavorable to G-protein signaling and favorable to b-arrestin signaling. In the MD 

simulation, ORG bound on the EC side. At 33 ns, ORG approached CB1 and interacted 

with Y6.57 and F7.35, at 250 ns ORG inserted between TMH6 and TMH7, and at 328 ns 

ORG interacts with residues on ECL3. This docking caused the EC end of TMH7 to bend 

inward, toward the transmembrane bundle, while the IC end bent outward, away from the 

bundle, creating an IC opening the authors suggested would be large enough to 

accommodate the finger loop of the b-arrestin [155]. Additionally, as the TMH7/Hx8 

elbow bent outward, a large influx of water was observed at the IC end of the receptor. In 

the inactive state, it has been shown that a hydrophobic layer forms on the IC end near the 

NPXXY motif, and that receptor activation would involve disruption of this hydrophobic 

layer by conformational changes in Y7.53 [63]. Therefore, the water influx after ORG 

binding could represent ligand induced conformational changes reaching the NPXXY 

motif, and contributing to the activation of an alternative signaling pathway, such as b-

arrestin recruitment, since ORG does not activate G-proteins. So, we introduced mutations 

that were predicted to disrupt conformational changes observed in the CB1-ORG 

simulation and investigated their role in CB1 biased signaling. To the best of our 

knowledge, this is the first study to investigate the effect of mutations that affect the 

NPXXY motif in the CB1 receptor. 
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 Upon a closer look at conformational changes in the IC end of the receptor in the 

CB1-ORG simulation, we found that Y7.53 changes its rotameric state, from c1 trans to 

g+, after ORG binds. This conformation favors formation of a hydrogen bond between 

Y7.53 and D2.50 via a water molecule (Figure 1A-B). This finding supports the role of the 

NPXXY motif in regulating an internal water pathway at the IC end of the GPCR [63], and 

shows that the presence of water molecules within the transmembrane space can contribute 

to intramolecular interactions that may be important for receptor signaling states. To 

investigate if this interaction is important for b-arrestin signaling, we introduced the 

Y7.53F mutation into the CB1 receptor. The F7.53 lacks the phenolic hydroxyl, so it cannot 

form a hydrogen bond with the D2.50. Therefore, if the Y7.53-D2.50 interaction is 

important for the b-arrestin biased state, Y7.53F should have a negative impact on b-

arrestin recruitment. Indeed, we found that this mutation abolished b-arrestin1 recruitment 

and significantly reduced b-arrestin2 recruitment. Further, G-protein signaling is 

preserved, showing that this Y7.53F induces G-protein biased signaling. This finding 

supports the importance of a hydrogen bond between Y7.53 and D2.50 in the stabilization 

of an alternative active state that favors b-arrestin recruitment and signaling. In the b2AR, 

Y7.53 also seems to be an important residue for b-arrestin recruitment, as mutating Y7.53 

to Ala or Phe was shown to impair receptor internalization [192–194]. However, in these 

studies, Y7.53F also partially reduced G-protein signaling [192–194]. More recently, 

Ragnarsson et al. [174] showed that Y7.53F impaired b-arrestin2 recruitment to b2-AR 

and the a1B-adrenergic receptor (a1B-AR). This mutation also partially reduced 

norepinephrine and isoproterenol potency in G-protein signaling by the a1B-AR and b2-
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AR, respectively [174]. Similarly, for the AT1R, Y7.53F decreased the rate of 

internalization and impaired b-arrestin2 recruitment, but also partially reduced G-protein 

signaling [195,196]. In contrast, in the N-Formyl Peptide Receptor (FPR1) and the 

Vasopressin V2 Receptor (V2R), Y7.53F impaired receptor internalization without 

affecting G-protein signaling [197,198]. The results in the present study align with findings 

for FPR1 and V2R, since in the CB1 receptor, Y7.53F greatly impaired b-arrestin 

recruitment while G-protein signaling is largely unchanged. Further, in the DOR, Y7.53F 

was found to impair not only receptor internalization but also pERK signaling, with no 

change in G-protein activation [199]. This study is also in agreement with our findings for 

the CB1 receptor, where Y7.53F impaired both b-arrestin recruitment and pERK signaling. 

All together, these findings show that Y7.53 is important for b-arrestin recruitment and 

signaling in many class A GPCRs. For G-protein signaling, however, the relevance of the 

phenolic hydroxyl in Y7.53 varies in different receptors, being dispensible for G-protein 

signaling in CB1, FPR1, DOR and V2R, but important in the b2-AR, a1B-AR and AT1R. 

This difference may be due to the G-protein subtype, as CB1, DOR and FPR1 primarily 

couple to Gi/o proteins, while b2-AR and AT1R also couple to Gs and Gq/11. This line of 

reasoning would explain why we observed a reduction in cAMP stimulation but not cAMP 

inhibition with Y7.53F in the CB1 receptor. On the other hand, Gas signaling was not 

impacted by Y7.53F in V2R [198]. Therefore, further studies are required to investigate 

why this mutation affects G-protein signaling in some class A GPCRs but not others. The 

data on receptor internalization and b-arrestin recruitment, however, was consistent and it 
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supports our findings that Y7.53 acts as a molecular switch for b-arrestin biased signaling 

due to formation of a hydrogen bond via its phenolic hydroxyl. 

Additionally, in the present study we show that the size of the residue at position 

2.43 affects b-arrestin signaling at the CB1 receptor. For the rotameric change in Y7.53 to 

occur and allow interaction with D2.50, Y7.53 must bypass steric hindrance from I2.43. 

Reducing the size of this residue with the I2.43A mutation enhanced b-arrestin1 

recruitment and pERK signaling, and inhibited G-protein signaling. I2.43A, therefore, 

exhibited a b-arrestin1 biased signaling profile, which is consistent with a negative 

regulatory role of I2.43 on the conformation that the side chain of Y7.53 must assume in 

the b-arrestin biased conformational state. On the other hand, introducing a polar residue 

with the I2.43T mutation inhibited b-arrestin recruitment and pERK signaling, with no 

effect on G-protein signaling. I2.43T, therefore, induced a G-protein biased signaling 

profile, which supports our finding that the T2.43 inhibits b-arrestin recruitment by 

hindering the rotation of Y7.53, and due to close proximity, may form a hydrogen bond 

with it, tethering TMH7 near TMH2. In summary, I2.43 is central to the role of Y7.53 as a 

switch for b-arrestin signaling, acting as a “gate” for Y7.53 to move into a g+ χ1 and 

hydrogen bond with D2.50. To our knowledge, this is the first study to describe the effect 

of mutations to the residue at position 2.43. However, I2.43 is partially conserved, and a 

hydrophobic residue is normally found at this position, usually forming part of a 

hydrophobic layer on the IC side of the receptor, which prevents water influx and helps 

maintain the inactive state of the receptor [63]. Therefore, the 2.43 residue is likely to 

perform a similar function in other class A GPCRs. 
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We proposed that N7.49 forms a hydrogen bond with D2.50, an interaction that, in 

the b-arrestin biased signaling state, serves as a pivot point on which the IC end of TMH7 

can bend outward. Mutating N7.49 to Ala greatly impaired b-arrestin recruitment and 

pERK signaling, but had no effect on Gai/o signaling, inducing a G-protein biased signaling 

profile. Since the expression level was higher in HEK293 cells stably expressing N7.49A 

than in cells expressing WT, it is possible that G-protein signaling is reduced relative to 

receptor expression level. However, despite high expression level, this mutation nearly 

eliminated b-arrestin recruitment and PTx insensitive pERK signaling, showing that it had 

a much greater impact on b-arrestin signaling. Therefore, our results support the role of 

N7.49 in forming the fulcrum that allows TMH7 to bend in the alternative active state that 

favors b-arrestin signaling. In the b2-AR, N7.49A abolished receptor phosphorylation and 

internalization as well as G-protein signaling [193]. In the DOR, N7.49A greatly reduced 

or eliminated agonist induced b-arrestin recruitment, but only slightly reduced agonist 

induced G-protein signaling [190]. Interestingly, in the DOR, N7.49A also caused an 

efficacy switch, turning an antagonist into a b-arrestin biased agonist [190]. Further, in the 

FPR1, N7.49A impaired receptor phosphorylation, internalization and desensitization, and 

did not affect the G-protein mediated response, suggesting that b-arrestin recruitment is 

impaired, but not G-protein signaling [172]. Our results for this mutation in the CB1 

receptor are in agreement with findings for the FPR1 and partially with findings for the 

DOR. However, our data differed from findings in the b2-AR, since in CB1 G-protein 

signaling was not eliminated by N7.49A. This could be due to a stronger effect of this 

mutation on Gs coupling, to which b2-AR preferentially couples, than on Gi/o coupling, to 
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which CB1, FPR1 and DOR preferentially couple. The fact that, in CB1, N7.49A disrupted 

stimulation of cAMP supports a greater impact of this mutation on Gs rather than Gi/o 

activation. In summary, the results reported in the current study and in the literature support 

a role for N7.49 in b-arrestin biased signaling. We propose that this is due to an interaction 

with D2.50 that acts as a fulcrum upon which TMH7 bends, moving the TMH7/Hx8 elbow 

away from the transmembrane bundle in the b-arrestin biased conformational state. 

In summary, the results reported by the present study reveal a novel molecular 

mechanism by which the highly conserved NPXXY motif regulates b-arrestin biased 

signaling. We propose and show experimental evidence that supports a role for Y7.53 as a 

rotamer toggle switch residue, a role for I2.43 as a “gate” to hinder the movement of Y7.53, 

and a role for N7.49 as part of a hinge hydrogen bond that functions as a fulcrum upon 

which TMH7 bends. These interactions converge to form a hydrogen bond network among 

D2.50, Y7.53 and N7.49. This is an important feature of the alternative active conformation 

that promotes b-arrestin biased signaling, since disrupting this hydrogen bond network via 

mutagenesis strongly impaired b-arrestin recruitment and signaling. The hydrogen bond 

network we describe may also be important for b-arrestin biased signaling in other class A 

GPCRs, as similar mutations also impaired b-arrestin recruitment and function in other 

receptors. The findings reported here will be important for further studies that aim to 

investigate the role of CB1 biased signaling in more complex biological systems, and 

studies aimed at finding novel biased ligands for class A GPCRs using structure guided 

drug design. 
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CHAPTER 3 

BIASED ALLOSTERIC MODULATORS OF THE CB1 RECEPTOR 

 

3.1 Introduction 

 As an alternate strategy to study biased signaling at the CB1 receptor, we aimed to 

discover novel biased allosteric modulators. ORG and Pregnenolone have been described 

to enhance and suppress b-arrestin function, respectively [135,159,167]. ORG can 

stimulate b-arrestin recruitment and pERK signaling on its own or enhance these responses 

in the presence of CP55,940 [135,158,159], while suppressing G-protein signaling 

[157,158,160]. Therefore, it is both a NAM and a b-arrestin biased ago-PAM. 

Pregnenolone, on the other hand, can inhibit the THC induced pERK response without 

affecting cAMP inhibition [167]. In the absence of an orthosteric agonist, it has no effect 

on the CB1 receptor [167]. Therefore, pregnenolone is a signaling specific NAM at CB1 

believed to target only b-arrestin signaling. Studies that address the binding site of these 

ligands and what effect they have on the receptor’s active conformations can illuminate 

features of the alternative active state and show us how these sites can be explored for the 

design of new biased ligands. ORG and pregnenolone accomplish signal specificity by 

regulating conformational changes on TMH7. As previously discussed, ORG induces an 

outward movement of the TMH7/Hx8 elbow of CB1 [60,155]. In contrast, pregnenolone 

binds to CB1 on the IC end between TMH1 and TMH7, restricting the movement of TMH7 

[167]. Unfortunately, due to poor solubility and distribution, metabolism and off-target 

concerns [163,200], ORG and pregnenolone are ill suited as CB1 targeted drugs. Therefore, 
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we proposed analogs of the two parent compounds as putative biased allosteric modulators 

of CB1. In the present study, we tested these novel drugs for their ability to regulate pERK 

signaling and b-arrestin recruitment in cells expressing the CB1 receptor. 

 In addition, we set out to characterize G-protein biased CB1 allosteric modulators. 

GAT211 is a CB1 ago-PAM, having the ability to potentiate signaling from orthosteric 

ligands and to elicit signaling on its own [168]. Although GAT211 can enhance both G-

protein and b-arrestin signaling, we proposed strategies to design novel analogs of GAT211 

that might improve affinity for CB1 and their signaling pathway specificity. In order to 

tease out allosteric agonist and PAM effects of GAT211 analogs, the compounds were 

tested in agonist and PAM modes, where they were administered alone or in combination 

with CP55,940. The results reported here show that these compounds can have different 

biased signaling profiles when administered on their own or in combination with the 

orthosteric agonist. 

3.2 Materials and Methods 

 3.2.1 Drugs and Chemicals 

CP55,940 was acquired from MilliporeSigma and dissolved in DMSO, or 

synthesized at RTI International and provided in 100% ethanol. CP55,940 was dissolved 

to 10mM, aliquoted and stored at -20o C. 2-AG was synthesized at RTI International, 

aliquoted and stored at -80o C at a concentration of 10 or 100 mM in DMSO. ORG and 

pregnenolone analogs were designed by Dr. Patricia Reggio (University of North Carolina-

Greensboro, Greensboro, NC) and were synthesized at RTI International, dissolved in 

DMSO to 10 mM, aliquoted and stored at -20o C or used fresh. GAT211 analogs were 
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designed, synthesized and donated by Dr. Ganesh Thakur at Northeastern University 

(Boston, MA), dissolved in DMSO, aliquoted and stored at -20o C.  All drug and vehicle 

solutions were prepared immediately prior to treatment in serum-free cell culture medium 

or HBSS containing 0.1 to 0.3% DMSO or ethanol. 

Pertussis Toxin (PTx) from Bordetella pertussis was purchased from 

MilliporeSigma, dissolved in sterile MilliQ water to 100 µg/ml, stored at 4o C and handled 

according to biohazard material safety regulations under Dr. Mary Abood’s BSL-2 license. 

3.2.2 Cell Culture 

 HEK293 cells were acquired from ATCC and cultured in DMEM (Corning 

Cellgro), supplemented with 10% characterized FBS (GE Healthcare Hyclone 

Laboratories). Cells were grown at 37o C and 5% CO2 until reaching 70 to 90% confluency, 

then passaged by dissociation with Trypsin (0.05%)-EDTA (0.1%) (Quality Biological) 

and resuspension in growth media (DMEM + 10% FBS).  

 3.2.3 Generation of Stable Cell Lines 

 Cell lines stably expressing WT CB1 receptor were obtained by transfecting EGFP-

rCB1 into HEK293 cells. Approximately 200,000 cells were seeded in each well of a 24-

well cell culture plate in the presence of 400 ng of plasmid and 1 µl of Lipofectamine 2000 

(Invitrogen). After 6 hours, transfection mix was replaced with growth media. On the next 

day, cells were trypsinized and transferred to two 100 mm cell culture dishes per well. 

Forty-eight hours post-transfection, EGFP-rCB1 positive clones were selected by adding 

800 μg/ml G418 (Geneticin, Enzo Life Sciences) to growth media. After two weeks in 



 

90 

selection media, individual clones were isolated and CB1 expression was determined by 

assessing EGFP fluorescence in a Nikon Eclipse 80i epifluorescence microscope. 

 Similarly, cell lines stably expressing β-arrestin constructs were obtained by 

transfecting βGal-β-arrestin1 or 2 plasmids into HEK293 cells using Lipofectamine 2000 

according to the same transfection protocol described above. Clonal cells were selected in 

growth media with 200 μg/ml Hygromycin B (Enzo Life Sciences) and isolated for 

expansion. Expression of β-arrestin constructs was assessed by β-arrestin recruitment 

chemiluminescence assay described below. Selected cell lines were maintained in selection 

media (growth media containing 800 μg/ml G418 or 100-200 μg/ml Hygromycin B) and 

were not used after passage 25. 

 3.2.4 Detection of cAMP 

Cells stably expressing EGFP-rCB1 were cultured in a 24-well plate until 70-80% 

confluent, then trypsinized, centrifuged at 200g for 5 min and resuspended in stimulation 

buffer composed of HBSS containing 0.1% Bovine Serum Albumine and 0.5mM IBMX 

(Sigma-Aldrich). The cell suspension was transferred to a white 384-well plate at a density 

of 500 cells per well and treated with 5 μM forskolin (Cayman Chemical, Ann Arbor MI) 

along with CB1 ligands for 30min. After drug treatment, cAMP levels were detected using 

the LANCE Ultra cAMP detection kit (PerkinElmer, Waltham MA) according to the 

manufacturer’s instructions. In this TR-FRET immunoassay, cells were lysed and 

incubated with europium (Eu) chelate-labeled cAMP and ULightTM dye-labeled 

monoclonal antibody directed against cAMP. After at least 1 hour incubation, light 

emissions at 665 nm and 615 nm were measured in an EnVision 2104 multilabel plate 
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reader (PerkinElmer). Fluorescence counts at 665 nm were used to estimate cAMP 

concentration in samples based on a cAMP standard curve. The cAMP concentration in 

each sample was normalized to cAMP levels in samples treated only with forskolin. Data 

was fit to a 3-parameter nonlinear regression analysis.  

Different drug treatment protocols were used to assess allosteric agonist and PAM 

activities. In agonist mode assays, cells were treated with novel compounds alone. In PAM 

mode assays, cells were treated with a fixed dose of the compound being tested and variable 

doses of CP55,940, or cells were treated with a fixed low dose of CP55,940 and a variable 

dose of the compound being tested. 

3.2.5 Western Blotting 

EGFP-rCB1 expressing HEK293 cells were plated on poly-D-lysine (50ug/ml; 

MilliporeSigma) coated 6-well dishes in growth media (DMEM supplemented with 10% 

FBS) containing G418 (800 µg/ml) until cells were 80–90% confluent. Then, growth media 

was replaced with serum-free DMEM, and cells were serum starved overnight. On the next 

day, cells were incubated with CP55,940 and allosteric ligands prepared in DMEM for 5 

min  at 37°C and 5% CO2. Cells were then lysed with the addition of lysis buffer containing 

protease and phosphatase inhibitors: HEPES (50mM), NaCl (150mM), EDTA (1mM), 

EGTA (1mM), glycerol (10%, w/v), Triton X-100 (1%, w/v), MgCl2 (10μM), 20 mM p-

nitrophenyl phosphate, 1 mM Na3VO4, 25 mM NaF, and a EDTA-free protease inhibitor 

cocktail (1:50, pH 7.5). Cell lysates were incubated on ice for 30 min followed by 

centrifugation at 6000 g (4°C) for 30 min, and protein concentration was determined by 

the Bradford method. Proteins (20 μg) were separated by gel electrophoresis on a 10% 
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polyacrylamide gel (SDS-PAGE), then transferred to a nitrocellulose membrane. The 

membrane was then incubated in Odyssey® Blocking Buffer (LI-COR) for 1h before 

addition of primary antibodies: mouse anti-phosphorylated ERK1/2 monoclonal antibod) 

and rabbit anti-ERK1/2 polyclonal antibody (1:5000, MilliporeSigma). Primary antibodies 

were incubated overnight at 4°C, then membrane was rinsed in PBS containing 0.1% 

Tween-20 before being incubated with secondary antibodies for 1 h at room temperature: 

goat-anti-mouse IgG IRdye 800CW, goat anti-rabbit IgG IRDye 680RD (1:5,000, LI-

COR). Finally, membrane was washed in PBS containing 0.1% Tween-20 before being 

imaged on an Odyssey® scanner (LI-COR). Total fluorescence was quantified and level of 

phosphorylated ERK1/2 was normalized to the level of total ERK1/2 in each sample. 

Changes in pERK levels were calculated as fold-change over vehicle-treated samples in 

each membrane. 

3.2.6 In-Cell Western 

Cells stably expressing EGFP-rCB1 were seeded in a Poly-D-Lysine (100ug/ml) 

coated 96-well plate at a density of 40,000 to 50,000 cells per well and cultivated for 6-8 h 

at 37 o C and 5% CO2 before being serum starved overnight in DMEM alone or in the 

presence of 100 ng/ml PTx. All drug treatments were carried out in DMEM with 0.1% 

DMSO at 37°C. Cells were treated with orthosteric and allosteric ligands prepared in 

DMEM for 5 min at 37°C and 5% CO2, or prepared in HBSS for 10 min at room 

temperature. After treatment, drugs and vehicle were removed and cells were quickly fixed 

in 4% Paraformaldehyde for 1 hour. Then, cells were permeabilized in 100% methanol at 

-20o C for 20 min, washed in PBS and incubated in Odyssey® Blocking Buffer for 90 min. 
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Cells were then incubated with primary antibodies overnight at 4°C: rabbit anti-pERK1/2 

polyclonal antibody and mouse anti-ERK1/2 (L34F12) monoclonal antibody (1:100; Cell 

Signaling Technology, Danvers MA). Primary antibodies were washed in PBS/0.1% 

Tween-20, and cells were incubated with secondary antibodies for 1h at room temperature: 

goat anti-mouse IgG 680RD and goat anti-rabbit IgG 800CW (1:500, LI-COR). Finally, 

the plate was washed in PBS/0.1% Tween-20 and imaged on an Odyssey® scanner. Total 

fluorescence in each well was quantified and level of phosphorylated ERK1/2 was 

normalized by level of total ERK1/2 in each individual sample. Changes in pERK were 

calculated as fold-change over vehicle treated samples.  

3.2.7 b-Arrestin Recruitment Assay 

 Assessment of β-arrestin recruitment was performed using HEK293 cells stably 

expressing either β-arrestin1 or β-arrestin2 fused to a fragment of the β-Galactosidase 

enzyme (βGal-β-arrestin1/2), generated as described above. Cells were transiently 

transfected with CB1 receptor fused to a complementary fragment of the β-Galactosidase 

enzyme on the C-terminus (CB1-βGal). Briefly, cells were plated in a white 96-well plate 

at a density of 40,000 cells per well in the presence of 100 ng of CB1-βGal plasmid DNA 

and 0.25 µl of Lipofectamine 2000. After 6h, media containing transfection mix was 

removed and cells were incubated in serum-free DMEM overnight. Twenty-four hours 

after transfection, cells were treated with CB1 ligands for 90 min, then lysed with Tropix® 

Lysis Solution (Applied Biosystems) for 10 min at room temperature. Next, samples were 

incubated with Galacto-Star™ One-Step β-Galactosidase Reporter Gene Assay System 

(Applied Biosystems) detection reagents for one hour, followed by chemiluminescence 
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detection in an EnVision 2104 multilabel plate reader (PerkinElmer). Luminescence counts 

were expressed as relative luminescence units fold-change when normalized to vehicle 

treated samples, or percentage of maximum CP55,940 response. 

 3.2.8 Statistical Analysis 

All data is reported as mean ± SEM. In dose-response assays, data was fit to a 3 or 

4-parameter nonlinear regression curve. Potency and efficacy were compared in reference 

to CP55,940, using unpaired Welch’s t test or one-way ANOVA followed by Dunnett’s 

multiple comparisons test. In Western Blotting results, data was compared using two-way 

ANOVA followed by Dunnett’s multiple comparisons test. All data analysis was 

performed on Prism 9.1 (GraphPad Software), and p<0.05 was considered statistically 

significant. 

3.3 Results 

 3.3.1 ORG27569 Analogs 

 ORG not only stimulates b-arrestin signaling, but it also inhibits G-protein 

signaling. The ORG analog PHR-019 (Figure 22B), however, had a different profile. Under 

preliminary testing, it had no effect in the presence CP55,940 and did not inhibit G-protein 

signaling, but stimulated pERK signaling in rat cortical neurons, N18TG2 cells and in CB1 

transfected HEK293 cells (unpublished data communicated by Dr. Linda Console-Bram 

and Dr. Patricia Reggio). Therefore, PHR-019 was a b-arrestin biased allosteric agonist. 

To improve upon the solubility and distribution properties of PHR-019, we proposed 

analogs that were predicted to have similar signaling properties Figure 22). These analogs 
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were tested for their ability to elicit pERK signaling and b-arrestin signaling in HEK293 

cells. 

 
Figure 22. Molecular structures of ORG27569 and its analogs. (A) Structure of ORG. (B) 
Structure of PHR-019. (C) Structure of PHR-019A. (D) Structure of PHR-019B.  

 PHR-019 and its analog, PHR-019A, were tested for the ability to stimulate pERK 

signaling in both agonist and PAM modes. In agonist mode, where cells were exposed to 

either the orthosteric agonist or the putative allosteric ligand per se, PHR-019 had a highly 

potent (1610-fold shift) effect on pERK signaling, but its efficacy was very low, only 

amounting to approximately 9% of the maximal efficacy observed with CP55,940, which 

was about 1.78-fold over basal pERK levels (Figure 23A). PHR-019A, similarly, showed 

even higher potency (6177-fold shift compared to CP55,940), but slightly lower efficacy, 

with only 6% the efficacy of CP55,940 at its maximal pERK response, which is 

approximately 1.54-fold above vehicle treated samples (Figure 22B). Since the agonist 

effect of these compounds was weak, we tested them in PAM mode to investigate whether 

they could enhance the effect of CP55,940. In PAM mode, cells were treated with a fixed 

dose of the compound (1 µM) along with increasing concentrations of the orthosteric 

agonist CP55,940. PHR-019 did not significantly alter the potency or efficacy of CP55,940 

in pERK signaling (Figure 23C), however our data included only two independent 

experiments, so it is possible that further testing would have revealed a PAM effect. PHR-

019A did show a PAM effect, significantly increasing the potency of CP55,940 (1.9-fold 

shift) in pERK signaling (Figure 23D), though it had no effect on efficacy. Since these 
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ORG analogs showed a stronger PAM effect than an allosteric agonist effect in our 

experimental system, the next compound, PHR-019B, was tested in PAM mode. We found 

that PHR-019B, however, had no PAM effect for pERK signaling in the presence of 

CP55,940 (Figure 23E). Therefore, the ORG analogs PHR-019 and PHR-019A showed 

very little allosteric agonist effect, but instead favored a PAM effect for CP55,940 in pERK 

signaling. PHR-019B, on the other hand, showed no PAM effect, though it was not tested 

in agonist mode, so whether it has any effect in pERK signaling when administered alone 

remains to be determined. 

 
Figure 23. Agonist and PAM effects of ORG analogs in pERK signaling. (A) Agonist effect of 
PHR-019 in pERK signaling, with reduced EC50 (p=0.0011) and Emax (p=0.0015) compared to 
CP55,940. Data from 6 independent experiments performed in triplicate and fit to a 3-parameter 
nolinear regression curve. (B) Agonist effect of PHR-019A in pERK signaling, with reduced EC50 
(p=0.0086) and Emax (p=0.0077) compared to CP55,940. Data from 5 independent experiments 
performed in triplicate and fit to a 3-parameter nonlinear regression curve. (C) No PAM effect of 
1 µM PHR-019 on CP55,940 mediated pERK signaling, with no change in EC50 (p=0.26) or Emax 
(p=0.17). Data from 2 independent experiments performed in triplicate and fit to a 4-parameter 
nonlinear regression curve. (D) PAM effect of 1 µM PHR-019A on CP55,940 mediated pERK 
signaling, with reduced EC50 (p=0.011) and no change in Emax (p=0.11). Data from 3 independent 
experiments performed in triplicate and fit to a 4-parameter nonlinear regression curve. (E) No 
PAM effect of 1 µM PHR-019B on CP55,940 mediated pERK signaling: EC50 (p=0.31), Emax 
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(p=0.39). Data from 3 independent experiments performed in triplicate and fit to a 3-parameter 
nolinear regression curve. All data shown as mean ± SEM. 

 Next, the compounds were tested for their ability to stimulate b-arrestin 

recruitment. In agonist mode, PHR-019, PHR-019A and PHR-019B did not stimulate 

recruitment of b-arrestin1 to levels above vehicle treated samples (Figure 24A). In PAM 

mode, however, the compounds altered CP55,940 mediated b-arrestin1 recruitment. PHR-

019 showed a PAM effect (Figure 24B), enhancing the potency of CP55,940 when 

administered at 300 nM (2.18-fold shift) and at 1 µM (7.14-fold shift). Interestingly, at 10 

nM, PHR-019 enhanced the maximal efficacy of CP55,940 (39% increase), while at 1 µM, 

it significantly reduced the maximal efficacy of CP55,940 at b-arrestin1 recruitment (33% 

reduction). PHR-019A also showed a PAM effect for b-arrestin1 recruitment (Figure 24C), 

enhancing the potency of CP55,940 at 100 nM (1.43-fold shift), 300 nM (1.76-fold shift) 

and at 1 µM (4.82-fold shift). At lower doses, PHR-019A also enhanced the maximal 

efficacy of CP55,940 (approximately 32% increase), but not at 1 µM. On the other hand, 

PHR-019B showed a NAM effect for b-arrestin1 recruitment (Figure 24D), reducing the 

maximal efficacy of CP55,940 (31% reduction) when administered at 1 µM. These results 

indicate that PHR-019 and PHR-019A are not allosteric agonists for b-arrestin1 

recruitment, but instead are CB1 PAMs for this response. In contrast, PHR-019B slightly 

inhibited the b-arrestin1 recruitment effect of a high dose of CP55,940. 
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Figure 24. ORG analogs act as PAMs for b-arrestin1 recruitment. (A) No agonist effect of 
PHR-019, PHR-019A or PHR-019B for b-arrestin1 recruitment. (B) PAM effect of PHR-019 for 
CP55,940 mediated b-arrestin1 recruitment. EC50 is reduced (ANOVA: p<0.0001) at 300 nM 
(p=0.049) and 1 µM (p=0.0001). Emax (ANOVA: p=0.0002) is enhanced at 10 nM (p=0.0055) and 
reduced at 1 µM (p=0.016). (C) PAM effect of PHR-019A for CP55,940 mediated b-arrestin1 
recruitment. EC50 is reduced (ANOVA: p<0.0001) at 100 nM (p=0.0064), 300 nM (p=0.0002) and 
1 µM (p<0.0001). Emax is increased (ANOVA: p=0.0002) at 10 nM (p=0.0002), 100 nM (p<0.0001) 
and 300 nM (p<0.0001). (D) NAM effect of PHR-019B for CP55,940 mediated b-arrestin1 
recruitment. Emax is reduced (ANOVA: p=0.011) at 1 µM (p=0.035). All data is shown as mean ± 
SEM from 3 indepdent experiments performed in triplicate and fit to a 3-parameter nonlinear 
regression analysis. Potencies and efficacies compared by one-way ANOVA followed by Dunnett’s 
multiple comparisons test. 

 Next, we tested the effect of ORG analogs on b-arrestin2 recruitment. In agonist 

mode, PHR-019, PHR-019A and PHR-019B did not stimulate b-arrestin2 recruitment to 

levels above vehicle treated samples (Figure 25A). Further, in PAM mode, PHR-019 had 

no significant effect on CP55,940 mediated b-arrestin2 recruitment (Figure 25B). 

Similarly, at lower concentrations, PHR-019A had no significant effect on CP55,940 

mediated b-arrestin2 recruitment. However, at 1 µM, PHR-019A enhanced the potency of 

CP55,940, but inhibited its maximal efficacy (Figure 25B). Unlike what we observed for 
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b-arrestin1, PHR-019 and PHR-019A have no PAM effect on b-arrestin2 recruitment, 

although PHR-019A can negatively regulate the effect of high doses of CP55,940 on b-

arrestin2 recruitment with low potency. 

 
Figure 25. ORG analogs do not enhance b-arrestin2 recruitment. (A) No agonist effect of PHR-
019, PHR-019A or PHR-019B for b-arrestin2 recruitment. (B) No effect of PHR-019 on CP55,940 
mediated b-arrestin2 recruitment: EC50 (p=0.14) and Emax (p=0.098). (C) NAM effect of PHR-019A 
on CP55,940 mediated b-arrestin2 recruitment. At 1 µM, EC50 (p=0.0008) and Emax (p=0.013) are 
reduced (ANOVA: p=0.0005, p=0.023, respectively). All data is shown as mean ± SEM from 3 
indepdent experiments performed in triplicate and fit to a 3-parameter nonlinear regression 
analysis. Potencies and efficacies compared by one-way ANOVA followed by Dunnett’s multiple 
comparisons test. 

Since ORG inhibits CB1 mediated G-protein signaling, we decided to investigate 

if the ORG analogs tested in this study also regulate CP55,940 induced Gai/o signaling. We 

found that in agonist mode, there was no effect of PHR-019 or PHR-019A on forskolin 

stimulated cAMP accumulation (Figure 26A). In PAM mode, PHR-019 also did not affect 

CP55,940 mediated inhibition of cAMP (Figure 26B). Similarly, PHR-019A had no PAM 

or NAM effect on CP55,940 mediated inhibition of cAMP (Figure 26C). These results 

show that the ORG analogs do not stimulate or inhibit CB1 G-protein signaling. 
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Figure 26. ORG analogs have no effect on G-protein signaling. (A) No agonist effect of PHR-
019 or PHR-019A on inhibition of forskolin stimulated cAMP. Data from 1 (PHR-019A) or 3 
(PHR-019) independent experiments performed in triplicate and fit to a 3-parameter nonlinear 
regression analysis. (B) No PAM or NAM effect of PHR-019 on CP55,940-mediated cAMP 
inhibition: IC50 (p=0.33), Top (p=0.057), Bottom (p=0.49). Data from 2 independent experiments 
performed in triplicate and fit to a 3-parameter nonlinear regression curve. (C) No PAM or NAM 
effect of PHR-019A on CP55,940-mediated cAMP inhibition: IC50 (p=0.22), Top (p=0.18), Bottom 
(p=0.89). Data from 2 independent experiments performed in triplicate and fit to a 3-parameter 
nonlinear regression curve. All data shown as mean ± SEM. Parameters were compared by one-
way ANOVA. 

Our findings show that PHR-019 and PHR-019A have no effect on CB1 signaling 

when administered alone, and therefore cannot be considered allosteric agonists or inverse 

agonists at CB1. However, both compounds showed a PAM effect for pERK signaling and 

b-arrestin1 recruitment. Further, PHR-019 and PHR-019A had no effect on G-protein 

signaling and did not enhance b-arrestin2 recruitment. Therefore, these compounds can be 

considered b-arrestin1 biased PAMs at the CB1 receptor. 

 3.3.2 Pregnenolone Analogs 

 Pregnenolone is a neurosteroid that was found to be a signaling specific NAM of 

CB1, inhibiting THC stimulated pERK, but not G-protein signaling [167]. Besides acting 

at CB1, Pregnenolone is also an agonist for the Sigma-1 receptor, and also binds to 

microtubule-associated protein-2, stimulating microtubule polymerization and 

stabilization [200]. Additionally, pregnenolone is synthesized from cholesterol by 

mitochondrial cytochrome P450scc, which is the rate limiting step for the synthesis of all 
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other steroid hormones, being converted into pregnenolone sulfate, 17-

hydroxypregnenolone and progesterone [200]. Due to its off-target effects and the 

bioactivity of its metabolites, pregnenolone is poorly suited as a CB1 targeted drug, 

including for the study of CB1 biased signaling, as non-specific confounding effects may 

arise. Therefore, we proposed a novel set of pregnenolone analogs that would fit into the 

proposed IC TMH1/TMH7 binding site for pregnenolone [167], have improved Lipinski 

parameters and avoid the steroid scaffold. These analogs, PRG-A, PRG-E, PRG-H and 

PRG-I, are illustrated below (Figure 27). Each analog was evaluated for its ability to inhibit 

orthosteric agonist induced pERK signaling in HEK293 cells expressing CB1 receptor. 

 
Figure 27. Molecular structures of pregnenolone and its analogs. (A). Structure of 
pregnenolone. (B) Structure of PRG-A. (C) Structure of PRG-E. (D) Structure of PRG-H. (E) 
Structure of PRG-I. 

 PRG-A was the first analog investigated, and it was designed to eliminate the 

steroid scaffold of pregnenolone, while maintaining the polar ends that would be required 

to bind to the pregnenolone allosteric site. Cells were pre-treated with PRG-A for 30 min, 

followed by treatment with vehicle or an orthosteric agonist. When administered alone, 

PRG-A had no effect on basal pERK signaling. When administered along with an 

orthosteric agonist, PRG-A partially inhibited CP55,940 mediated pERK signaling at 1 and 

2 µM by approximately 30% (Figure 28). At 10 µM, there was a trend toward decreased 

pERK signaling, but that was not statistically significant. To evaluate whether PRG-A 

inhibits pERK signaling via a mechanism involving G-proteins, we investigated the effect 
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of PRG-A in cells where Gai/o signaling is ablated by exposing cells to PTx. We found that 

PRG-A inhibited CP55,940 mediated pERK signaling both in the absence (Figure 28C) or 

presence of PTx exposure (Figure 28D), showing that the effect of PRG-A is PTx-

insensitive. Next, we tested the effect of PRG-A with a different orthosteric agonist, 2-AG. 

We found that PRG-A had no effect on 2-AG stimulated pERK signaling, independent of 

PTx exposure (Figures 28E and 28F). These results show that PRG-A acted as a NAM for 

Gai/o independent signaling, suggesting that this is a viable scaffold for the development 

of novel CB1 targeted biased allosteric modulators. Further, PRG-A shows agonist 

specificity, inhibiting signaling in the presence of CP55,940, but not 2-AG. 
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Figure 28. PRG-A inhibits pERK signaling. (A) Western Blotting of CB1-HEK293 cells pre-
treated with PRG-A for 30 min and treated with 100 nM CP55,940 for 5 min at 37°C. (B) 
Quantification of Western Blotting. Data (N=3-6) was analyzed by two-way ANOVA (PRG-A: 
p=0.0054; CP55,940: p<0.0001; Interaction: p=0.025) followed by Dunnett’s multiple comparisons 
test. (C) In-Cell Western of CB1-HEK293 cells treated with PRG-A for 30 min and then treated 
with 1 µM CP55,940 for 10 min at room temperature. Data from 3 experiments performed in 
triplicate and analyzed by two-way ANOVA (PRG-A: p<0.0001; CP55,940: p<0.0001; Interaction: 
p=0.0002) followed by Dunnett’s multiple comparisons test. (D) In-Cell Western of CB1-HEK293 
cells exposed to PTx (100 ng/ml overnight), treated with PRG-A for 30 min and then treated with 
1 µM CP55,940 for 10 min at room temperature. Data from 3 experiments in triplicate and analyzed 
by two-way ANOVA (PRG-A: p=0.0012; CP55,940: p<0.0001; Interaction: p=0.027) followed by 
Dunnett’s multiple comparisons test. (E) In-Cell Western of CB1-HEK293 cells treated with PRG-
A for 30 min and then treated with 1 µM 2-AG for 10 min at room temperature. Data from 2 
experiments performed in triplicate and analyzed by two-way ANOVA (PRG-A: p=0.31; 2-AG: 
p<0.0001; Interaction: p=0.76). (F) In-Cell Western of CB1-HEK293 cells exposed to PTx (100 
ng/ml overnight), treated with PRG-A for 30 min and then treated with 1 µM 2-AG for 10 min at 
room temperature. Data from 2 experiments in triplicate and analyzed by two-way ANOVA (PRG-
A: p=0.35; 2-AG: p<0.0001; Interaction: p=0.67). All data is shown as mean ± SEM. 

 The next analog tested was PRG-E, which was designed to test if a shorter distance 

between the ketone oxygen and the hydroxyl groups could be used. We investigated the 

role of PRG-E in CB1 mediated pERK signaling by pre-treating cells with PRG-E for 30 

min, followed by treatment with an orthosteric agonist, and measured pERK signaling 

using In-Cell Western. When administered alone, PRG-E had no effect on pERK levels. 

When administered with CP55,940, however, PRG-E effectively inhibited pERK signaling 

by approximately 60% (Figure 29A). When cells had been exposed to PTx (100 ng/ml 

overnight) to eliminate Gai/o signaling, PRG-E also effectively inhibited (52-65% 

reduction) CP55,940 stimulated pERK signaling (Figure 29B). When administered with 2-

AG, however, PRG-E had no effect on pERK signaling in cells pre-exposed to vehicle 

(Figure 29C) or PTx (Figure 29D). These results show that, similar to what we observed 

for PRG-A, PRG-E showed a NAM effect for CB1 mediated Gai/o independent signaling, 
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but its effect is agonist specific, altering signaling induced by CP55,940, but not by the 

endogenous agonist 2-AG. 

 
Figure 29. PRG-E inhibits CP55,940 stimulated pERK signaling. (A) PRG-E inhibited 
CP55,940 (1 µM for 10 min at room temperature) mediated pERK response. Data from 3 
independent experiments performed in triplicate and analyzed by two-way ANOVA (CP55,950: 
p<0.0001; PRG-E: p=0.0067; Interaction: p=0.027) followed by Dunnett’s multiple comparisons 
test. (B) PRG-E inhibited CP55,940 (1 µM for 10 min at room temperature) mediated pERK 
response in cells exposed to PTx. Data from 3 independent experiments performed in triplicate and 
analyzed by two-way ANOVA (CP55,950: p<0.0001; PRG-E: p=0.32; Interaction: p=0.0026) 
followed by Dunnett’s multiple comparisons test. (C) PRG-E did not affect 2-AG (1 µM for 10 min 
at room temperature) stimulated pERK response. Data from 3 independent experiments performed 
in triplicate and analyzed by two-way ANOVA (2-AG: p<0.0001; PRG-E: p=0.15; Interaction: 
p=0.50). (D) PRG-E did not affect 2-AG (1 µM for 10 min at room temperature) stimulated pERK 
response in cells exposed to PTx. Data from 3 independent experiments performed in triplicate and 
analyzed by two-way ANOVA (2-AG: p<0.0001; PRG-E: p=0.24; Interaction: p=0.33). All data 
shown as mean ± SEM. 

 Although PRG-A and PRG-E were both effective, the stability of these compounds 

was an issue for their development as viable CB1 ligands. Therefore, we proposed PRG-H 

and PRG-I as alternative analogs that would eliminate the triple bond, contributing to the 

compounds’ stability. The pERK response was measured by In-Cell Western after cells 
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were pre-treated with PRG-H or PRG-I for 30 min followed by treatment with CP55,940. 

We found that PRG-H did not affect CP55,940 stimulated pERK signaling (Figure 30A). 

PRG-I, on the other hand, showed a small inhibitory effect – approximately 13% reduction 

– on CP55,940 stimulated pERK signaling (Figure 30B). However, when cells were 

exposed to PTx, this effect was no longer observed (Figure 30C). These results show that 

PRG-H and PRG-I did not retain the NAM effect for CB1 mediated Gai/o independent 

signaling that we observed with PRG-A and PRG-E. 

 
Figure 30. PRG-H and PRG-I do not inhibit G-protein independent pERK signaling. (A) 
PRG-H had no effect on CP55,940 (1 µM for 5 min at 37°C) stimulated pERK response. Data from 
3 independent experiments in triplicate and analyzed by two-way ANOVA (CP55,940: p<0.0001; 
PRG-H: p=0.88; Interaction: p=0.52). (B) PRG-I slightly inhibited CP55,940 (1 µM for 5 min at 
37°C) pERK signaling at 1 µM. Data from 2 independent experiments in triplicate and analyzed by 
two-way ANOVA (CP55,940: p<0.0001; PRG-H: p=0.049; Interaction: p=0.50) followed by 
Dunnett’s multiple comparisons test. (C) PRG-I did not inhibit CP55,940 (1 µM for 5 min at 37°C) 
pERK signaling in cells exposed to PTx. Data from 2 independent experiments in triplicate and 
analyzed by two-way ANOVA (CP55,940: p<0.0001; PRG-H: p=0.54; Interaction: p=0.73). All 
data shown as mean ± SEM. 

 In summary, we described two pregnenolone analogs with NAM activity at CB1, 

PRG-A and PRG-E, though these compounds only inhibited pERK signaling stimulated by 

CP55,940, having no effect on signaling stimulated by the endocannabinoid 2-AG. These 

compounds were effective, but optimization is still required to obtain analogs with 

enhanced stability that maintain this NAM effect, as PRG-H and PRG-I, which are more 

stable, did not inhibit Gai/o independent pERK signaling. 
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 3.3.3 GAT211 Analogs 

 GAT211 is an ago-PAM at the CB1 receptor [168]. GAT211 and its enantiomers 

have been investigated as potential treatments in preclinical models of glaucoma, HD and 

neuropathic pain with promising results [201–203]. However, GAT211 has moderate 

potency at CB1, low solubility and it is metabolized quickly. Further, it stimulates both G-

protein signaling and b-arrestin1 recruitment, showing little signaling bias [168]. 

Therefore, we proposed strategies to design novel GAT211 analogs with improved potency 

and biased signaling. The first strategy was the introduction of nitrogen atoms into the 

(hetero)aromatic rings (“nitrogen walk” or N-walk). This process can enhance the 

physicochemical and pharmacological properties of a drug by altering intramolecular or 

ligand–GPCR interactions [204,205]. Further, systematic introduction of fluorine (F-walk) 

around the core structure of an allosteric ligand can decrease lipophilicity, and enhance 

pharmacological activity, metabolic stability and bioavailability [206]. Therefore, F/N-

walk approaches, with systematic introduction of fluorine and nitrogen into the GAT211 

scaffold, were used to propose novel analogs with potentially improved pharmacokinetic 

and pharmacodynamic properties. After preliminary testing, three key compounds were 

selected and their ago-PAM effects on CB1 were investigated (Figure 31). 

 

 
Figure 31. Molecular structures of GAT211 analogs developed by F/N-walk approaches. 
Structures of (A) GAT211, (B) GAT592, (C) GAT591 and (D) GAT593. 



 

107 

 First, GAT591, GAT592 and GAT593 were administered to CB1-HEK293 cells 

alone to test their allosteric agonist properties, and inhibition of forskolin stimulated cAMP 

accumulation was measured (Figure 32). We found that all compounds showed similar 

maximal efficacy to CP55,940, which was used as the reference orthosteric ligand for all 

GAT211 analogs. The potency of GAT211, however, was lower than that of CP55,940 

(13.6-fold shift), as was the potency of GAT592 (38.0-fold shift). No significant difference 

was found between the potencies of GAT211 and GAT592 (p=0.38). However, GAT591 

and GAT593 showed improved potency compared to GAT211 (approximately 9.2-fold 

shift), and had similar potency to CP55,940 (p=0.95). These results show that GAT591 and 

GAT593 are highly potent allosteric agonists of CB1, while GAT592 is a low potency, but 

full agonist at CB1. 

 
Figure 32. Allosteric agonist effect of GAT591, GAT592 and GAT593. All compounds induced 
inhibition of forskolin stimulated cAMP to full efficacy. Potency and efficacy were compared by 
two-way ANOVA (potency: p=0.0002; efficacy: p=0.048) followed by Tukey’s multiple 
comparisons test. GAT592 was the least potent compound, with increased IC50 compared to 
CP55,940 (p=0.0004). GAT211 was also less potent than CP55,940 (p=0.0052). GAT591 and 
GAT593 had similar potency to CP55,940 and were more potent than GAT211 (GAT591: p=0.014; 
GAT593: p=0.0052). Data shown as mean ± SEM from 3 independent experiments performed in 
triplicate and fit to a 3-parameter nonlinear regression curve. 

 Next, we tested the compounds on the cAMP inhibition assay in PAM mode, where 

CB1-HEK293 cells were treated with a fixed dose of the compound being tested along with 
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varying concentrations of CP55,940. We found that GAT211 significantly decreased the 

top of the CP55,940 dose-response curve at 100 nM (14% decrease) and 300 nM (29% 

decrease), indicating that it enhances the effect of low-dose CP55,940 (Figure 33A). 

GAT592 showed the same PAM effect, but with lower potency, as it was only observed at 

300 nM (18% reduction; Figure 33B). GAT591 showed increased PAM effect compared 

to GAT211, as it decreased the top of the CP55,940 dose-response curve at the lowest dose 

tested, 10 nM (16% reduction), and continued to decrease it in a dose-dependent manner, 

conferring 100% efficacy for low-dose CP55,940 when GAT591 was administered at 300 

nM (Figure 33C). Similarly, GAT593 also showed a PAM effect at 10 nM (22% reduction) 

that was dose-dependent and conferred maximal efficacy to low-dose CP55,940 at 300 nM 

(Figure 33D). These results show that GAT591 and GAT593 are highly potent PAMs at 

the CB1 receptor. 

 
Figure 33. GAT591 and GAT593 show potent PAM effect for cAMP inhibition. (A) GAT211 
enhanced the effect of low doses of CP55,940 for cAMP inhibition. IC50 was unchanged (p=0.33), 
but top of the CP55,940 dose-response curve was decreased (ANOVA: p<0.0001) at 100 nM 
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(p=0.0062) and 300 nM (p<0.0001). (B) GAT592 enhanced the effect of low doses of CP55,940 
for cAMP inhibition. IC50 was unchanged (p=0.76), but top of the CP55,940 dose-response curve 
was decreased (ANOVA: p=0.0002) at 300 nM (p=0.0012). (C) GAT591 enhanced the effect of 
low dose CP55,940 for cAMP inhibition. IC50 was unchanged (p=0.97), but the top of the CP55,940 
dose-response curve was decreased (ANOVA: p<0.0001) at all doses tested (p<0.001). (D) 
GAT593 enhanced the effect of low doses of CP55,940 for cAMP inhibition. IC50 was unchanged 
(p=0.12), but top of the CP55,940 dose-response curve was decreased (ANOVA: p=0.0005) at all 
doses tested (p<0.0001). All data is shown as mean ± SEM from 3 independent experiments 
performed in triplicate and fit to a 3-parameter nonlinear regression curve. Parameters were 
compared by one-way ANOVA followed by Dunnett’s multiple comparisons test. 

 In summary, the F-walk approach yielded two GAT211 analogs with improved 

potency at both allosteric agonist and PAM effects for CB1 G-protein signaling. However, 

analysis of cAMP inhibition along with a b-arrestin2 recruitment assay revealed that, 

although GAT211, GAT591 and GAT593 show G-protein biased signaling when 

compared to CP55,940, the novel analogs did not improve upon the biased signaling profile 

of GAT211 [207]. GAT592 was less potent, but it is an unbiased ligand compared to 

CP55,940 [207]. Therefore, the F/N-walk approaches, in this case, did not yield allosteric 

modulators with enhanced biased signaling properties. As an alternative strategy, we 

explored methylation to design novel biased GAT211 analogs. The methylation strategy, 

by which a hydrogen atom is replaced with a methyl group in strategic positions within a 

molecule, has been previously employed to profoundly alter the biological activity of 

selected compounds [208]. Since a chiral center on GAT211 was previously shown to 

affect the activity of this compound by allowing enantiospecific interactions with CB1 

[168], it was possible that creating an additional chiral center by introducing a methyl group 

at the α-position of the nitro functional group would affect the activity and functional 

selectivity of GAT211 analogs. We selected GAT562 and its two diastereomers, GAT1600 
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and GAT1601 (Figure 34) to investigate their ability to stimulate G-protein signaling and 

b-arrestin1/2 recruitment as allosteric agonists and PAMs in the presence of CP55,940.  

 
Figure 34. Molecular structures of GAT211 analogs designed using the methylation strategy. 
(A) Structure of GAT211: 9 indicates position where methyl group was added. (B) Structure of 
GAT562, a racemic mixture. (C) Structure of GAT1600, the (S,R)-diastereomer. (D) Structure of 
GAT1601, the (R,S)-diastereomer. 

 We investigated the effect of GAT562, GAT1600 and GAT1601 on cAMP 

inhibition, b-arrestin1 and b-arrestin2 recruitment in HEK293 cells expressing CB1. When 

administered alone, all three compounds showed full efficacy at cAMP inhibition (Figure 

35A). GAT1600 was highly potent in the cAMP inhibition assay, showing a similar 

potency to CP55,940. In contrast, GAT1601 was less potent than CP55,940 (13.4-fold 

shift) for cAMP inhibition in agonist mode. GAT562 had intermediate potency (2.7-fold 

shift from CP55,940), as would be expected for a racemic mixture. In agonist mode, all 

three compounds were partial agonists for b-arrestin1 recruitment compared to CP55,940 

(Figure 35B). Since confidence intervals could not be calculated for parameters on 

GAT211 analog dose-response curves, the b-arrestin1 recruitment effect within doses and 

compared to vehicle treated samples was calculated by two-way ANOVA. GAT1600 was 

the most efficacious compound, stimulating approximately 53% as much b-arrestin1 

recruitment as CP55,940 at 10 µM. GAT1601, on the other hand, did not stimulate b-

arrestin1 recruitment to levels above vehicle treated cells at any dose tested (p=0.89 at 10 
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mM vs. vehicle). GAT562 showed an intermediate b-arrestin1 recruitment effect at 10 µM 

(p=0.0003 vs. GAT562 and p<0.0001 vs. GAT1601). In the b-arrestin2 recruitment assay, 

the compounds were also partial agonists compared to CP55,940 (Figure 35C). GAT1600 

and GAT562 showed similar potency to CP55,940, but their maximal efficacy was only 

50-60% that of CP55,940. No difference was found between the maximal efficacy of 

GAT562 and GAT1600. Interestingly, GAT1601 showed higher potency than CP55,940 

(98.8-fold shift) for b-arrestin2 recruitment, but its maximal efficacy was much lower than 

CP55,940 (20% of maximal CP55,940 response). The maximal efficacy of GAT1601 was 

also significantly lower than that of GAT562 (39%) or GAT1600 (33%). These results 

show that all three compounds show G-protein biased signaling when acting as allosteric 

agonists, however GAT1601 showed the highest signaling bias, with no stimulation of b-

arrestin1 recruitment and reduced stimulation of b-arrestin2 recruitment compared to all 

compounds, while maintaining maximal efficacy at cAMP inhibition. 

 
Figure 35. GAT211 analogs show G-protein biased signaling in agonist mode. (A) Full agonist 
effect of GAT211 analogs on cAMP inhibition. Parameters were compared by one-way ANOVA 
followed by Tukey’s multiple comparisons test: IC50 (ANOVA: p<0.0001; GAT1600: p=0.96; 
GAT562: 0.0086; GAT1601: p<0.0001), Emax (ANOVA: p=0.27). (B) Partial agonist effect of 
GAT211 analogs on b-arrestin1 recruitment. Total b-arrestin1 response at 10 µM was compared 
by two-way ANOVA (Compound, dose and interaction: p<0.0001) followed by Tukey’s multiple 
comparisons test: GAT1600, GAT562 and GAT1601 vs. CP55,940 (p<0.0001); GAT1600 
(p=0.0003) and GAT1601 (p<0.0001) vs. GAT562; GAT1601 vs. GAT1600 (p<0.0001); 
GAT1601 vs. vehicle (p=0.89). (C) Partial agonist effect of GAT211 analogs on b-arrestin2 
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recruitment. Parameters were compared by one-way ANOVA (p<0.0001) followed by Tukey’s 
multiple comparisons test: IC50 (GAT1601: p=0.0005 vs. CP55,940; p<0.0001 vs. GAT562; 
p=0.050 vs. GAT1600), Emax (vs. CP55,940: GAT1600 p= 0.021, GAT562 p=0.0006, GAT1601 
p<0.0001; vs. GAT1601: GAT1600 p=0.019, GAT562 p=0.029). All data shown as mean ± SEM 
from 3-6 independent experiments performed in 2-3 replicates and fit to a 3-parameter nonlinear 
regression curve. 

 To compare the PAM effect of compounds, we exposed cells to a low dose 

CP55,940, which roughly corresponded to the concentration needed to obtain 20% of the 

maximal response for each assay, along with varying concentrations of GAT211 analogs. 

In the cAMP inhibition assay, all compounds enhanced the effect of 10 nM CP55,940 in a 

dose-dependent manner to the maximal efficacy observed with the orthosteric agonist 

(Figure 36A). GAT562 and GAT1600 showed similar potency to CP55,940 in this assay, 

but GAT1601 had lower potency (31.3-fold shift) compared to CP55,940. In the b-arrestin1 

recruitment assay, compounds enhanced 100 nM CP55,940 stimulated b-arrestin1 

recruitment in a dose-dependent manner, but to different degrees (Figure 36B). The 

maximal efficacy of GAT1600 was enhanced approximately 35% above the maximal effect 

of the orthosteric agonist, while its potency was comparable to that of CP55,940. In 

contrast, GAT1601 showed a lower potency than CP55,940 (11.8-fold shift) and lower 

efficacy compared to CP55,940 (62% of CP55,940 Emax), GAT1600 (46% of GAT1600 

Emax) or GAT562 (55% of GAT562 Emax). Similar to what we observed in agonist mode, 

GAT562 had an intermediate effect on 100 nM CP55,940 stimulated b-arrestin1 

recruitment, with similar maximal efficacy to CP55,940, but with lower potency (10.4-fold 

shift). Similar to the results obtained for b-arrestin1 recruitment, we found that compounds 

enhanced 100 nM CP55,940 induced b-arrestin2 recruitment to different degrees (Figure 
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36C). While GAT1600 and GAT562 enhanced b-arrestin2 recruitment to the maximal 

efficacy of CP55,940 and with similar potency to the orthosteric agonist, GAT1601 had a 

decreased b-arrestin2 recruitment response. Since confidence intervals could not be 

calculated for the parameters on the GAT1601 nonlinear regression curve, b-arrestin2 

recruitment stimulated by the highest dose tested was compared among compounds. We 

found that the GAT1601 enhanced b-arrestin2 recruitment to approximately 55% of the 

maximal response, which was significantly lower than obtained with both allosteric ligands 

and the orthosteric agonist. 

 
Figure 36. GAT1601 shows G-protein biased signaling in the presence of low-dose CP55,940. 
(A) Inhibition of forskolin stimulated cAMP in the presence of 10 nM CP55,940. GAT211 analogs 
enhance 10 nM CP55,940 inhibition of cAMP to maximal efficacy (ANOVA Emax: p=0.14). IC50 
(ANOVA p=0.015) was comparable to CP55,940 for GAT562 (p=0.20) and GAT1600 (p=0.23), 
while GAT1601 had higher IC50 compared to CP55,940 (p=0.0089). (B) b-arrestin1 recruitment in 
the presence of 100 nM CP55,940. EC50 varied among compounds (p=0.0017) compared to 
CP55,940: no change for GAT1600 (p=0.051); lower for GAT562 (p=0.0034) and GAT1601 
(p=0.0023). Emax (ANOVA Emax: p<0.0001) was higher for GAT1600 (p=0.025 vs. CP55,940; 
p<0.0001 vs. GAT1601), intermediate for GAT562 (p=0.61 vs. CP55,940; p=0.0005 vs. GAT1601) 
and lower for GAT1601 (p=0.0034 vs. CP55,940). (C) b-arrestin2 recruitment in the presence of 
100 nM CP55,940. EC50 was comparable to CP55,940 for all compounds (p=0.56). Emax of GAT562 
and GAT1600 was similar to CP55,940 (ANOVA: p=0.78). Total b-arrestin2 recruitment at highest 
dose was compared by one-way ANOVA followed by Dunnett’s multiple comparisons test: 
response was lower for GAT1601 (p=0.0091) compared to CP55,940 (p=0.017), GAT1600 
(p=0.0084) or GAT562 (0.022). All data shown as mean ± SEM from 3 experiments in triplicate 
and fit to a 3-parameter nonlinear regression curve. Parameters were compared by one-way 
ANOVA followed by Tukey’s multiple comparisons test. 
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 To investigate the PAM effect of the GAT211 analogs, we tested them in PAM 

mode, where cells were exposed to fixed doses of the compounds along with varying doses 

of CP55,940. We found that, in the cAMP inhibition assay, GAT1600 dose-dependently 

reduced the top of the CP55,940 dose-response curve at concentrations as low as 10 nM 

(71%), enhancing the response of low dose CP55,940 to the maximal effect (Figure 37A). 

In the b-arrestin1 recruitment assay, GAT1600 enhanced the maximal effect of CP55,940 

at 30, 100 and 300 nM (25-80% increase), and increased the potency of CP55,940 when 

administered at 100 nM (1.5-fold shift) and 300 nM (9.1-fold shift), serving as a high 

potency PAM for b-arrestin1 recruitment (Figure 37B). In the b-arrestin2 recruitment 

assay, however, GAT1600 only enhanced the CP55,940 response when administered at 

300 nM (88% increase in maximal efficacy). GAT1600, therefore, showed low potency 

but high efficacy PAM effect for b-arrestin2 recruitment (Figure 37C) compared to b-

arrestin1, but showed no clear biased signaling profile between cAMP inhibition and b-

arrestin1 recruitment. In contrast, GAT1601 enhanced the effect of low dose CP55,940 for 

cAMP inhibition when administered at 100 nM (80% of top) and 300 nM (61% of top), 

showing a lower potency PAM effect for cAMP inhibition than GAT1600 (Figure 37D). 

In the b-arrestin1 recruitment assay, GAT1601 did not enhance the effect of CP55,940, and 

at 300 nM GAT1601 inhibited the maximal efficacy of CP55,940 by 14%, indicating that 

this compound can bias signaling away from b-arrestin1 recruitment (Figure 37E). In the 

b-arrestin2 recruitment assay, however, GAT1601 enhanced the effect of CP55,940, 

increasing potency at 300 nM (9.1-fold shift), and increasing the maximal efficacy by up 

to 45% (Figure 37F). GAT1601, in PAM mode, favored cAMP inhibition and b-arrestin2 
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recruitment instead of b-arrestin1 recruitment, but showed no clear signaling bias between 

cAMP inhibition and b-arrestin2 recruitment. Similar to GAT1600, GAT562 showed a 

strong PAM effect for cAMP inhibition, enhancing the effect of low dose CP55,940 at a 

concentration as low as 10 nM, reaching maximal efficacy at 300 nM (Figure 37G). In the 

b-arrestin1 recruitment assay, GAT562 acted as a PAM, enhancing the potency of 

CP55,940 when administered at 300 nM (9.1-fold shift), and enhancing the maximal 

efficacy of CP55,940 by 36% when administered at 100 or 300 nM (Figure 37H). In the b-

arrestin2 recruitment assay, GAT562 also acted as a PAM, enhancing the potency of 

CP55,940 when administered at 300 nM (4.3-fold shift), and enhancing the maximal 

efficacy of CP55,940 by 86% at 30 nM, up to 102% at 300 nM (Figure 37I).  
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Figure 37. GAT211 analogs biased PAM effect. (A) GAT1600 enhanced cAMP inhibition, 
decreasing the top of the CP55,940 dose-response curve (p<0.0001) at all doses tested (p<0.01). 
(B) GAT1600 enhanced b-arrestin1 recruitment, decreasing CP55,940 EC50 (p=0.0034) at 100 nM 
(p=0.018) and 300 nM (p=0.039), and increasing Emax (p<0.0001) at 30 nM (p=0.019), 100 nM 
(p=0.028) and 300 nM (p<0.0001). (C) GAT1600 enhanced b-arrestin2 recruitment, with no 
change in CP55,940 EC50 (p=0.32), and enhanced Emax (p=0.0002) at 300 nM (p=0.0005). (D) 
GAT1601 enhanced cAMP inhibition, decreasing the top of the CP55,940 dose-response curve 
(p<0.0001), at 100 and 300 nM (p<0.0001). (E) GAT1601 inhibited b-arrestin1 recruitment, with 
no change in CP55,940 EC50 (p=0.099), and deceased Emax (p=0.0011) at 300 nM (p=0.016). (F) 
GAT1601 enhanced b-arrestin2 recruitment, with a decrease in CP55,940 EC50 (p=0.0003) at 300 
nM (p=0.034), and an increase in Emax (p=0.002) at 30 nM (p=0.0059) and 100 nM (p=0.0011). (G) 
GAT562 enhanced cAMP inhibition, decreasing the top of the CP55,940 dose-response curve 
(p<0.0001) at all doses tested (p<0.001). (H) GAT562 enhanced b-arrestin1 recruitment, 
decreasing CP55,940 EC50 (p<0.0001) at 300 nM (p<0.0001), and increasing Emax (p=0.017) at 100 
nM (p=0.0066) and 300 nM (p=0.041). (I) GAT562 enhanced b-arrestin2 recruitment, with a 
decrease in CP55,940 EC50 (p=0.0015) at 300 nM (p=0.029), and an increase in Emax (p<0.0001) at 
30 nM (p=0.0004), 100 nM (p<0.0001) and 300 nM (p=0.0002). All data is shown as mean ± SEM 
from 3-4 independent experiments in triplicate and fit to a 3-parameter nonlinear regression curve. 
Parameters were compared by one-way ANOVA with Dunnett’s multiple comparisons test. 

 In summary, GAT211 analogs designed using the methylation approach show 

diastereomer specific biased signaling profiles. As allosteric agonists, GAT1601 favored 

G-protein signaling over b-arrestin2 recruitment and was unable to stimulate b-arrestin1 

recruitment, while GAT1600 showed no functional selectivity between G-protein signaling 

and b-arrestin2 recruitment, but was less efficient than CP55,940 at b-arrestin1 

recruitment. In PAM mode, GAT1601 favored G-protein signaling over b-arrestin1 

recruitment, as it was only able to enhance b-arrestin1 recruitment stimulated by low dose 

CP55,940 at high doses (>3 µM). Interestingly, GAT1601 was able to enhance b-arrestin2 

recruitment at lower doses (>30 nM), so it seems to be unbiased between G-protein and b-

arrestin2. GAT1600, on the other hand, was less potent for b-arrestin2 recruitment, 

favoring b-arrestin1 instead, and favoring G-protein signaling over b-arrestin2, but not b-
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arrestin1. GAT562 had an intermediate biased signaling profile compared to the two 

diastereomers in both agonist and PAM modes, as is expected for a racemic mixture of the 

two diastereomers, and therefore can be considered G-protein biased in agonist mode and 

unbiased in PAM mode, showing no preference for either b-arrestin1 or b-arrestin2. 

3.4 Discussion 

 In the present study we described three sets of novel allosteric modulators of the 

CB1 receptor with biased signaling profiles: analogs of ORG, pregnenolone and GAT211. 

The ORG analogs, PHR-019 and PHR-019A, seem to have lost the ability to induce b-

arrestin signaling on their own, but proved to be PAMs for b-arrestin1 recruitment and 

signaling. Additionally, the novel compounds lost the NAM effect on G-protein signaling, 

which is seen with ORG [157,158]. To our knowledge, this is the first record of a b-

arrestin1 specific PAM for CB1 that has no effect on G-protein signaling. These 

compounds could be a very useful tool to study the potential of CB1 b-arrestin1 signaling 

in cannabinoid induced behavior, since they eliminate the confounding aspect of increasing 

b-arrestin1 recruitment along with inhibiting G-protein signaling. The selective effect of 

PHR-019 and PHR-019A on b-arrestin1 signaling means that any cellular, molecular or 

behavioral effects enhanced or inhibited by these compounds are due to signal transduction 

via b-arrestin1. Studies with the b-arrestin1 biased S426A/S430A CB1 mutant indicate that 

this signal transduction pathway modulates the expression of genes related to cancer 

growth and neurodegeneration [138]. In addition, studies have suggested that b-arrestin1 

signaling partially mediates cannabinoid antinociception and hypothermia, as b-arrestin1 

KO mice show reduced antinociceptive and hypothermic responses to CP55,940 [130], 
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while S426A/S430A CB1 knock-in mice show increased and prolonged antinociceptive 

and hypothermic responses to THC [209]. In aged mice, CB1 mediated pERK signaling 

was associated with prevention of cognitive decline, enhanced synaptogenesis and 

modulated expression of age-related genes [88]. Therefore, a b-arrestin1/pERK biased 

allosteric modulator of CB1 could have a therapeutic effect in the contexts of pain, cancer 

and neurodegeneration. Moreover, the reason why PHR-019 and PHR-019A do not inhibit 

G-protein signaling may be an important subject for drug design. PHR-019 differs from 

ORG only by the addition of a cyclopropyl group to the phenyl ring. It is possible that the 

cyclopropyl group changes the conformation or the size of the compound in such a way 

that interactions with residues on TMH6, that grant the ability to inhibit movement of 

TMH6 and G-protein signaling, are no longer possible. However, the compounds should 

have maintained the ability to induce conformational changes on the TMH7/Hx8 region 

that favor b-arrestin biased signaling [60]. Further studies are required to determine how 

the ligand-GPCR interactions differ between ORG and PHR-019/019A. The ability of 

PHR-019 and PHR-019A to enhance CP55,940 mediated b-arrestin1 signaling was 

demonstrated here, but whether they alter signaling from other exogenous and endogenous 

CB1 ligands remains to be determined and could have important implications on the 

modulation of endogenous signaling. Finally, introducing a nitrogen to the phenyl ring of 

PHR-019A improved the compound’s solubility while maintaining its biological activity, 

however, further attempt to improve solubility by introducing an oxygen atom to the 

piperidine group (PHR-019B) eliminated the PAM effect for pERK signaling and b-
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arrestin1 recruitment, indicating that hydrophobic interactions in that position are 

important for the effect of these allosteric modulators. 

Pregnenolone can inhibit THC mediated responses on the cannabinoid tetrad, 

prevent THC induced increase in food intake and cognitive impairment, as well as inhibit 

cannabinoid self-administration in rats [167]. For these reasons, it has been suggested as a 

treatment for Cannabis intoxication [167] and for cannabinoid-induced psychotic-like state 

[210]. However, pregnenolone also has other biological actions, binding to the Sigma-1 

receptor and microtubule-associated protein-2, and it is quickly metabolized into other 

bioactive molecules [200]. In the present study, we have characterized two pregnenolone 

analogs, PRG-A and PRG-E, that lack the steroid scaffold but maintain a NAM effect on 

CB1 mediated pERK signaling. Importantly, PRG-A and PRG-E antagonized the effect of 

the exogenous agonist CP55,940, with no effect on the endogenous agonist 2-AG. 

Orthosteric agonist specificity is a feature that has been previously described for other CB1 

allosteric modulators [158,211]. In the case of PRG-A and PRG-E, a selective NAM effect 

for exogenous ligands may be especially useful in the treatment of conditions caused by 

Cannabis abuse, since the compounds would have no effect on endogenous signaling, 

therefore avoiding adverse effects often caused by CB1 antagonists and inverse agonists, 

such as depression and anxiety [212]. This bears even deeper consideration in face of the 

growing synthetic cannabinoid abuse crisis that has developed over the last decade and that 

has been associated with more severe toxicity, dependence and even lethality than 

Cannabis abuse [213]. However, the efficacy of the NAMs described in this study must 

still be investigated in the presence of commonly abused synthetic cannabinoid receptor 
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agonists, such as JWH-018 and AMB-FUBINACA. In addition, although we have 

confirmed the efficacy of PRG-A and PRG-E, the compounds still require further 

optimization to improve chemical stability. 

GAT211 is a CB1 ago-PAM with moderate G-protein biased signaling properties 

[168,207]. The therapeutic potential of GAT211 and its enantiomers has been shown in 

several preclinical models. GAT211 and its enantiomers enhanced cell viability in a striatal 

cell line expressing mHTT, and improved motor coordination and prevented motor 

impairment in the R6/2 mouse model of HD [201]. In a preclinical model of glaucoma, 

GAT229, a GAT211 enatiomer with PAM function, reduced intraocular pressure [202]. 

GAT211 and enantiomers also reduced seizures in a preclinical model of childhood 

epilepsy [214]. Further, GAT211 induced antinociception in preclinical models of 

inflammatory and neuropathic pain without affecting motor coordination or body 

temperature, and without inducing tolerance, conditioned place preference or antagonist 

precipitated withdrawal symptoms [203]. Additionally, in a preclinical model of 

neuropathic pain, GAT211 enhanced morphine analgesia and prevented opioid tolerance 

development [215]. These studies suggest that a CB1 PAM or ago-PAM, such as GAT211, 

could have therapeutic effects in the contexts of HD, epilepsy and pathological pain. 

Importantly, GAT211 could be used as an opioid sparing treatment, which is especially 

relevant in the face of the current opioid epidemic. GAT211, as a CB1 ago-PAM, may also 

have therapeutic potential in disorders associated with an impaired endocannabinoid 

system, such as during aging and neurodegeneration, as it would be able to counteract 

reduced CB1 expression and boost endogenous cannabinoid signaling [88–90,216]. 
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However, GAT211 is a probe compound, not intended to be developed for the clinic, due 

to its low affinity for CB1 and rapid metabolic clearance. Optimization in the drug design 

is necessary to obtain compounds with improved potency and metabolic stability. 

Searching for novel CB1 allosteric modulators, we investigated GAT211 analogs by 

exploring F/N-walk and methylation approaches. In this manner, we sought to describe 

novel compounds with improved CB1 affinity and biased signaling profiles. Using the F-

walk approach and introducing fluorine atoms to all three phenyl rings yielded compounds 

(GAT591 and GAT593) with high CB1 potency acting as both allosteric agonists and 

PAMs. These compounds presented a slight G-protein bias over b-arrestin2 in agonist and 

PAM modes, similar to GAT211 [207].  Introducing a fluorine and a nitrogen atom on the 

C3 phenyl group yielded a compound (GAT592) with a potency comparable to GAT211 

in agonist mode, but with lower potency in PAM mode, where it only enhanced the effect 

of CP55,940 at the highest dose tested (Figure 33B). Therefore, GAT591 and GAT593, but 

not GAT592, are novel G-protein biased CB1 allosteric agonists with improved potency. 

GAT591 and GAT593 were also found to induce antinociception in a preclinical model of 

inflammatory pain, without promoting catalepsy or hypothermia [207]. These novel 

compounds may have increased potential as CB1 targeted drugs. 

Although GAT591 and GAT593 improved upon the biological action of GAT211, 

they were not compounds with an improved level of biased signaling. Therefore, we 

utilized another approach propose novel biased CB1 allosteric modulators on the GAT211 

scaffold. To explore methylation as a strategy to modify a compound’s biological activity 

[208] and to take advantage of the effect of chirality on GAT211 function [168], we 
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evaluated the impact of creating a new chiral center by introducing a methyl group at the 

α-position of the nitro functional group on the compounds’ biased signaling profile. 

Remarkably, we found that biased signaling was diastereomer specific. In agonist mode, 

all compounds favor G-protein signaling rather than b-arrestin1, but GAT1601 also 

favored G-protein signaling over b-arrestin2, while GAT1600 showed similar b-arrestin2 

recruitment levels to CP55,940. In PAM mode, in the presence of a low concentration of 

orthosteric agonist, GAT1601 also favored G-protein signaling over recruitment of either 

b-arrestin1 or b-arrestin2. GAT1600, however, enhanced the effect of CP55,940 for all 

signal transducers. In the presence of increasing concentrations of the orthosteric agonist, 

GAT1601 enhanced recruitment of b-arrestin2 but not b-arrestin1, showing G-protein 

biased signaling vs. b-arrestin1, but not b-arrestin2. In contrast, GAT1600 had higher 

potency for enhancement of b-arrestin1 rather than b-arrestin2. The racemic compound, 

GAT562, showed intermediate effects compared to GAT1600 and GAT1601. The 

difference between b-arrestin1 and b-arrestin2 recruitment with the two diastereomers 

could be a valuable tool to unravel the effects of CB1-induced b-arrestin1 signaling vs. b-

arrestin2 induced receptor internalization. Further, in agonist mode, GAT1601 showed a 

clear G-protein biased signaling profile vs. either b-arrestin1 or b-arrestin2, indicating that 

this compound can be used as way to induce CB1 G-protein biased signaling. While 

GAT1600 can bind at both allosteric agonist and PAM GAT211 binding sites on CB1, 

GAT1601 has steric clashes with Y2.57 on the PAM site, which inhibits its action as a 

PAM [217], indicating that it is a better allosteric agonist than a PAM at CB1. It is possible 

that the allosteric agonist site may be a good binding pocket for the design of novel purely 



 

123 

G-protein biased allosteric agonists of CB1. Nonetheless, GAT1601 can still be used to 

investigate CB1 G-protein biased signaling in models where endogenous cannabinoids are 

absent or produced at low levels, and to study the effect of anti-b-arrestin1 biased signaling 

on cannabinoid activity in models with moderate to high levels of CB1 orthosteric ligands. 

Therapeutic potential may exist in both conditions. In fact, GAT1601 was more potent than 

GAT1600 at decreasing intraocular pressure in a mouse model of glaucoma, which is 

known to stimulate endocannabinoid synthesis [217], indicating that anti-b-arrestin1 

biased signaling may be a beneficial therapeutic strategy in this context. 
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

4.1 Summary of Conclusions 

 In the present study, we set out to investigate biased signaling at the CB1 

cannabinoid receptor. To understand biased signaling, we proposed to create molecular and 

pharmacological tools that would aid in biased ligand drug discovery and in future studies 

of the therapeutic potential of CB1 biased signaling. For this purpose, we used two different 

strategies: discovering the molecular mechanism behind CB1 b-arrestin biased signaling 

via targeted mutagenesis along with molecular modeling; and discovering novel allosteric 

modulators that can alter biased signaling in different ways. 

 Using the first strategy, we have identified functional amino acids on the CB1 

receptor that are important for b-arrestin biased signaling. Mutations on two amino acids 

on TMH7, N7.49 and Y7.53, that eliminated the ability of their side chains to form 

intramolecular hydrogen bonds – N7.49A and Y7.53F – also abolished the mutated 

receptor’s ability to recruit b-arrestin1 and greatly impaired their ability to recruit b-

arrestin2. This was accompanied by a reduction in PTx-insensitive pERK signaling, but 

not in Gai/o protein signaling. MD simulations of CB1 bound to ORG [155], an allosteric 

ligand that stimulated signaling only via b-arrestin recruitment, indicates that N7.49 and 

Y7.53 both form a hydrogen bond network with D2.50 on TMH2, which stabilizes 

conformational rearrangements that occur in the ORG bound state. Our results, therefore, 

indicate that this hydrogen bond network is essential for the conformational state of CB1 
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that allows b-arrestin recruitment and signaling, as disrupting it through mutation of either 

TMH7 residue had strikingly negative consequences for the interactions with these 

signaling transducers. A role for Y7.53 in biased signaling is also supported by findings 

from previous studies and from the present study. In previous studies, it has been found 

that Y7.53 can adopt three different conformational states in an inactive GPCR, in an active 

state in a G-protein biased ligand bound GPCR, and in an intermediate – or alternative 

active – state that occurs in a b-arrestin biased ligand bound GPCR [48,61,63]. In the 

present study, we described a function for I2.43, an amino acid on TMH2 that forms part 

of the hydrophobic layer in the inactive state GPCR , as a “gate” for the change in the 

conformational state of Y7.53 in b-arrestin biased signaling. Reducing the steric hindrance 

on Y7.53 by mutating this residue to an Ala would facilitate the rotation of Y7.53, and 

correspondingly, this mutation facilitated b-arrestin1 recruitment and pERK signaling 

while reducing G-protein signaling. In contrast, introducing a polar residue that would 

hinder the rotation of Y7.53 by mutating I2.43 to Thr, inhibited b-arrestin recruitment and 

pERK signaling wihtout affecting G-protein signaling. These results show that the residue 

at position 2.43 impacts the change in the rotameric state of Y7.53 from c1 trans to g+, 

supporting a role of Y7.53 as a rotamer toggle switch residue in biased signaling. The 

N7.49 and Y7.53 residues are part of a functional motif, i.e. the NPXXY motif, that is 

highly conserved across class A GPCRs, and when the same or similar mutations were 

introduced in other receptors, similarly disrupted b-arrestin recruitment and function were 

found [172,174,190,193,195–198]. Therefore, the intramolecular interactions we 

characterized for CB1 may occur in other GPCRs, constituting a common molecular 
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mechanism for b-arrestin biased signaling in class A GPCRs. This mechanism involves 

N7.49 functioning as a fulcrum that is stabilized by the hydrogen bond with D2.50, 

allowing TMH7 to bend at P7.50, which would allow movement of the TMH7/Hx8 elbow 

that has been found by biophysical studies of b-arrestin biased ligand bound GPCRs 

[58,60]. Additionally, Y7.53 functions as a rotamer toggle switch residue, adopting 

different rotameric positions during G-protein and b-arrestin biased signaling. The 

mutations characterized in this study would be of great value for future studies that address 

the functional significance of CB1 biased signaling in more complex biological systems, 

and the molecular mechanism we described will be of great value for establishing 

parameters in structure guided drug design of novel biased GPCR ligands. 

 Allosteric binding sites have proven to be a viable strategy for modulating biased 

signaling in the CB1 receptor, as several CB1 allosteric ligands show biased signaling 

properties [135,159,167,207,217]. Therefore, we set out characterize novel CB1 ligands 

with improved drug-like and biased signaling properties that could be used as 

pharmacological tools to achieve CB1 biased signaling in complex biological systems. As 

putative b-arrestin biased PAMs, we characterized a set of ORG analogs. As putative b-

arrestin signaling NAMs, we characterized a set of pregnenolone analogs. And as putative 

G-protein biased ago-PAMs, we characterized two sets of GAT211 analogs. 

 Interestingly, ORG functions as a NAM for G-protein signaling [157,158], and an 

ago-PAM for b-arrestin signaling [135,159]. To dissociate those two effects, we 

characterized a novel analog, PHR-019, which proved to be a PAM for b-arrestin1 

recruitment and pERK signaling, having no effect on G-protein signaling. With PHR-
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019A, we improved drug-like properties while maintaining similar signaling effects. 

Importantly, while these compounds enhanced b-arrestin1 recruitment, they slightly 

inhibited b-arrestin2 recruitment. These results show that PHR-019 and PHR-019A are 

CB1 PAMs exclusively for b-arrestin1 signal transduction, which constitutes the first 

reported instance of a CB1 ligand that selectively stimulates b-arrestin1 rather than b-

arrestin2. Therefore, these compounds hold great potential for the study of the role of CB1 

mediated b-arrestin1 signaling, since functional consequences from parallel stimulation of 

other signal transducers would not be an issue with PHR-019 and PHR-019A. Further, 

studies that address ligand-GPCR interactions of PHR-019/019A bound CB1 would also 

be of great value to unravel how ligand-GPCR interactions shape the GPCR 

conformational dynamics to induce b-arrestin1 signaling without inhibiting G-protein 

signaling. Understanding how the conformational changes from PHR-019 binding differ 

from the conformational changes that have been described during ORG binding [155,218] 

may provide valuable information on the b-arrestin1 biased conformational state of CB1. 

ORG inhibits G-protein signaling by inhibiting the movement of TMH6 [60,218] and 

induces or enhances b-arrestin recruitment by stimulating the movement of TMH7 

[60,155]. Therefore, PHR-019 and PHR-019A likely facilitate movement of TMH7 

without inhibiting the outward movement of the IC end of TMH6, shifting the 

conformational dynamics equilibrium toward the alternative active conformational state of 

CB1 to enhance b-arrestin1 recruitment and signaling. 

 Pregnenolone is a signaling specific NAM for CB1, inhibiting pERK signaling, but 

not G-protein signaling [167]. Here, we have characterized novel pregnenolone analogs – 
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PRG-A and PRG-E – that avoid the steroid scaffold, thereby contributing to their metabolic 

stability and avoiding off-target effects, while retaining the ability to inhibit pERK 

signaling stimulated by exogenous, but not by endogenous CB1 ligands. The NAM effect 

of pregenenolone has only been characterized in the presence of THC [167], so its ability 

to modulate signaling from endogenous ligands remains unknown. Agonist selectivity for 

exogenous cannabinoids – phytocannabinoids and synthetic cannabinoids – may be 

therapeutically beneficial if pregnenolone and its analogs are used in the context of 

Cannabis and synthetic cannabinoid use to counteract symptoms of cannabinoid 

intoxication and inhibit cannabinoid substance abuse, as has been previously suggested for 

pregnenolone [167,210], since the effect of the drug of abuse would be antagonized but not 

endogenous signaling. It can be postulated that the pregnenolone-mediated NAM effect for 

pERK results from selective inhibition of b-arrestin recruitment, since G-protein signaling 

is unchanged and since pregnenolone binds to an IC site between TMH1 and TMH7, 

restricting the movement of the TMH7/Hx8 elbow [167], which is a conformational change 

associated with b-arrestin biased ligands [58,60]. Our results support this hypothesis, since 

PRG-A and PRG-E inhibited pERK signaling in cells exposed to PTx, where Gai/o 

signaling is ablated. However, pregnenolone and pregnenolone analog mediated inhibition 

of b-arrestin recruitment has not been directly demonstrated. Nonetheless, PRG-A and 

PRG-E likely bind to the pregnenolone binding site on the IC end of the receptor, forming 

hydrogen bonds with E1.49 and R7.65, thereby arresting conformational changes on 

TMH7, which also indicates that these compounds inhibit b-arrestin signaling. 
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GAT211 is an ago-PAM at the CB1 receptor, and displays enantiomer specific 

allosteric agonist and PAM effects [168], as well as moderate G-protein biased signaling 

[207]. In the present study, we used two strategies to propose novel GAT211 analogs with 

improved CB1 potency and biased signaling properties. The F-walk approach yielded 

compounds – GAT591 and GAT593 – with greatly improved CB1 potency, but similar G-

protein vs. b-arrestin2 biased signaling profile to GAT211 [207]. In this case, b-arrestin1 

recruitment was not assessed and may have presented different biased signaling properties 

from what was observed with b-arrestin2. Nevertheless, the compounds produced 

antinociception in mice while avoiding adverse effects such as catalepsy [207], showing 

that even moderate CB1 G-protein biased signaling may have therapeutic potential. Using 

a methylation strategy yielded compounds with different biased signaling profiles. 

Remarkably, GAT1601 selectively stimulated G-protein signaling in agonist mode and, in 

the presence of CP55,940, selectively enhanced G-protein signaling or recruitment of b-

arrestin2, but not b-arrestin1. These results indicate that GAT1601 presents an anti-b-

arrestin1 biased signaling profile, which may have an interesting impact on CB1 function. 

This compound was more effective than its diastereomer, GAT1600, which had a more 

balanced PAM profile among the three signal transducers, in reducing intraocular pressure 

in a preclinical model of glaucoma [217], suggesting that avoiding b-arrestin1 signaling 

may contribute to CB1 therapeutic potential in some instances. Further, GAT1601 binds 

better to the GAT211 allosteric agonist site on CB1 than the GAT211 PAM site [217]. In 

agonist mode, GAT1601 was highly biased toward stimulation of G-protein signaling vs. 

either b-arrestin, suggesting that the GAT211 allosteric agonist site is favorable to the 
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design of novel G-protein biased ligands. In fact, it has been shown that, in this binding 

site, GAT228, a GAT211 enantiomer that functions as an allosteric agonist, binds to a 

TMH1-2-4 exosite, where it stimulates movement of TMH3 toward TMH4, stretching the 

ionic lock until it is broken, which facilitates movement of TMH6 [170]. Therefore, ligands 

binding at this site, such as the GAT211 analogs described here, are more likely to shift the 

conformational dynamics toward the canonical active state and promote G-protein biased 

signaling, since they do not facilitate the movement of TMH7, only TMH6. 

Taken together, the results presented throughout this dissertation show that 

stimulating or inhibiting conformational changes on TMH7, either via amino acid 

mutations or allosteric modulators, affects b-arrestin biased signaling. This confirms our 

hypothesis that the alternative active conformational state that allows b-arrestin 

recruitment and signaling involves movement of the TMH7/Hx8 elbow. Interestingly, all 

approaches used in this study had a greater impact on the recruitment of b-arrestin1 rather 

than b-arrestin2. Mutations on the NPXXY motif eliminated b-arrestin1 recruitment while 

only partially reducing b-arrestin2 recruitment. ORG analogs enhanced the recruitment of 

b-arrestin1, but not b-arrestin2. And GAT1601 enhanced CP55,940 mediated b-arrestin2 

recruitment, but not b-arrestin1. These findings suggest a novel way to consider CB1 

biased signaling, whereby ligands are not only biased between G-protein and b-arrestin, 

but can also present bias between recruitment of b-arrestin1 and b-arrestin2. This may be 

explained by a difference in how the two b-arrestins interact with CB1. Since eliminating 

the most proximal phosphorylation sites with the S426A/S430A CB1 mutant induced b-

arrestin1 biased signaling [138], b-arrestin1 must interact with the more distal 
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phosphorylated residues on CB1, while b-arrestin2 can interact with the more proximal 

residues (Ser426 and Ser430 on rat or mouse CB1 and Ser425 and Ser429 in human CB1). 

Our results also suggest that the conformational changes on TMH7 that we proposed more 

strongly favor b-arrestin1 recruitment than b-arrestin2. This may be attributed to a different 

conformation of the C-terminal tail after movement of the TMH7/Hx8 elbow. Since the C-

terminal tail of CB1 forms Hx9, which associates with the plasma membrane, movement 

of the TMH7/Hx8 elbow may expose or conceal different residues upstream or on Hx9 for 

phosphorylation by GRKs and binding to b-arrestin1. CB1 is highly expressed throughout 

the CNS in excitatory and inhibitory neurons as well as astrocytes, giving it the potential 

to impact a myriad of CNS physiological functions and disease states. Understanding 

biased signaling and dissociating the activation of G-protein, b-arrestin1 or b-arrestin2 

functions may be a viable strategy to refine CB1 targeted therapeutics. 

4.2 Future Directions 

 The strategies we used to induce biased signaling had different effects on the extent 

to which CB1 interacts with different signal transducers. However, the role of these 

mutations and allosteric modulators on more complex functions mediated by CB1 were not 

addressed. From receptor desensitization and tolerance development to modulation of 

neuronal excitability and induction of synaptic plasticity, the role of G-protein and b-

arrestin, especially b-arrestin1, biased signaling would allow a greater understanding of the 

functional role and therapeutic potential of different signal transducers. Studies with CB1 

mutant knock-in mice and infusion of biased allosteric modulators of CB1 in different brain 
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regions or spinal cord, where the effects of acute and chronic CB1 ligand administration is 

assessed, could help answer some of these remaining questions. 

 In addition to differential effects on b-arrestin1 or b-arrestin2 recruitment, G-

protein selectivity may be another source of CB1 biased signaling. Aside from majorly 

activating Gai/o, CB1 has been shown to couple to Gaq/11, Gas and Ga12/13 with low 

efficiency [117,121,123], an effect that may be ligand dependent [121,126]. Since weak 

interactions between ICL2 and the Ras domain of the Ga protein are likely the source of 

G-protein promiscuity [147], it would be interesting to find the effects that orthosteric 

ligands may have on the conformation of ICL2. Further, the extent to which the CB1 

mutations and allosteric modulators we described in the present study affect coupling to 

non-Gai/o proteins may also shed some light on this issue. 

 The effect of pregnenolone and the novel analogs we described on pERK signaling 

may be due to an inhibition of b-arrestin recruitment. However, a direct assessment of the 

role of b-arrestins in the NAM effect of pregnenolone, PRG-A or PRG-E has not yet been 

demonstrated. Therefore, these compounds must be evaluated in the context of CB1-

mediated b-arrestin recruitment assays. Finally, PRG-A and PRG-E showed orthosteric 

agonist specificity, inhibiting CP55,940 mediated signaling, but not signaling from the 

endogenous agonist 2-AG. Other novel allosteric ligands were only evaluated in the 

presence of CP55,940 in the present study. Further characterization of the effect of these 

compounds in the presence of other exogenous agonists and, most importantly, endogenous 

ligands is necessary to estimate how they would affect CB1 signaling in vivo, potentially 

affecting endogenous signaling or the effects of Cannabis and synthetic cannabinoids.  
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