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Abstract

The cannabinoid CB1 receptor is abundant in the central nervous system and regulates neuronal 

transmission and other key physiological processes including those leading to pain, inflammation, 

memory, and feeding behavior. CB1 is activated by the endogenous ligands, arachidonoyl 

ethanolamine and 2-arachidonoyl glycerol, by various synthetic ligands (e.g., CP55940), and by 

Δ9-tetrahydrocannabinol, the psychoactive component of Cannabis sativa. These CB1 ligands are 

orthosteric and transduce downstream signals by binding CB1 and primarily inducing Gi coupling, 

but Gs and β-arrestin coupling are also possible. Recently, allosteric modulators for CB1 were 

discovered that bind to topographically distinct sites and can noncompetitively impact the potency 

and efficacy of orthosteric compounds. These offer the exciting potential for mechanistic analyses 

and for developing therapeutics. Yet, it is critical to elucidate whether a compound is a positive 

allosteric modulator or a negative allosteric modulator of orthosteric ligand-induced CB1 profiles 

to understand pathway specificity and ameliorate diseases. In this chapter, we present equilibrium 

and kinetic binding analysis to reveal the impact of allosteric modulators on CB1. Also described 

are activities consistent with CB1 activation (or inactivation) and include cellular internalization of 

CB1 and downstream signaling patterns. Since many CB1 allosteric modulators do not enhance G 

protein coupling, it is critical to distinguish CB1 activation and biased signaling patterns via β-

arrestin from CB1 inactivation. These strategies can illuminate pathway specificity and are 

valuable for the fine-tuning of CB1 function.

1. INTRODUCTION

1.1 Cannabinoid Receptor System

The cannabinoid receptor 1 (CB1) binds the main active ingredient of Cannabis sativa 

(marijuana), Δ9-tetrahydrocannabinol (THC), to mediate its well-described psychoactive 

effects (Bhattacharyya et al., 2010; Little, Compton, Johnson, Melvin, & Martin, 1988; 

Prescott, Gold, & Martin, 1992). Regulation of CB1 functions has enormous potential to 

treat disorders of feeding behavior (Berry & Mechoulam, 2002; May, Leach, Sexton, & 

Christopoulos, 2007; Van Gaal et al., 2005), neuroinflammation (Saito, Rezende, & Teixeira, 

2012; Walter & Stella, 2004), and pain relief (Russo, 2008). Modulation of CB1 has been 

traditionally achieved through orthosteric ligands, such as THC (Howlett et al., 2002; 
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Pertwee et al., 2010), which bind to sites where endogenous cannabinoids bind. For 

instance, although orthosteric CB1 agonists such as Marinol® and Cesamet® are FDA-

approved for limited applications, such as chemotherapy-induced nausea in cancer patients 

(Walsh, Nelson, & Mahmoud, 2003), these drugs have undesirable psychoactive side effects. 

Additionally, inverse agonists of the CB1 receptor such as rimonabant and taranabant were 

once touted as novel anti-obesity agents because of their anorectic and lipogenesis-

decreasing properties (Ravinet Trillou et al., 2003); however, they may have also caused 

psychiatric side effects including depression and anxiety that terminated their clinical use 

(Rothman & Baumann, 2009). Therefore, while CB1 has strong potential as a therapeutic 

target, it has been underused and CB1 ligands with alternative mechanisms of action need to 

be developed.

CB1 is a G protein-coupled receptor (GPCR) localized in the membranes of presynaptic 

nerve terminals, and its activation directly inhibits neurotransmitter release (Mackie & Hille, 

1992). Endogenous cannabinoids such as arachidonoyl ethanolamide and 2-arachidonoyl 

glycerol are synthesized from lipid molecules on demand as a result of an influx of calcium 

into the cell (Di Marzo et al., 1994; Stella, Schweitzer, & Piomelli, 1997). Upon activation, 

CB1 primarily binds to the intracellular Gi protein (Gi often refers to Gi/o proteins), which 

inhibits the enzyme adenylate cyclase and, thus, inhibits the production of cyclic adenosine 

monophosphate (cAMP) (Howlett & Fleming, 1984). However, CB1 can couple to other 

intracellular proteins including the Gs protein (Glass & Felder, 1997), and β-arrestin 

isoforms (Ahn, Mahmoud, Shim, & Kendall, 2013; Turu & Hunyady, 2010). The binding of 

different intracellular proteins leads to different physiological responses, and it would be 

advantageous to design drugs that selectively activate different signaling pathways. For 

example, the FDA-approved adrenergic receptor β-blocker carvedilol (Warne et al., 2008) 

and the agonist isoetharine (Liu, Horst, Katritch, Stevens, & Wuthrich, 2012) have different 

patterns of signaling in G protein and β-arrestin pathways, indicating that specific 

therapeutic outcomes can be achieved via different ligands for the same receptor.

1.2 Allosteric Modulation of the CB1 Receptor

In the past, the majority of GPCR-based drug discovery programs focused on the 

development of orthosteric molecules that compete with endogenous ligands. The recent 

development of more sophisticated functional reporter-based assays has made it possible to 

identify active ligands that bind to topographically distinct sites on the receptor, namely, 

allosteric sites. Allosteric ligands exert their effects by modifying the receptor conformation, 

leading to a change in the binding and/or functional properties and/or efficacies of 

orthosteric ligands (Fig. 1) (Langmead & Christopoulos, 2006; May et al., 2007; Wootten, 

Christopoulos, & Sexton, 2013). Compared to orthosteric ligands, allosteric ligands possess 

the following critical advantages for drug discovery:

1. increased receptor subtype selectivity due to their binding to structurally less-

conserved allosteric sites, and therefore, off-target side effects may be reduced 

(Christopoulos, 2002; Conn, Christopoulos, & Lindsley, 2009);

2. possess a “ceiling effect” on orthosteric ligand function such that increase in 

concentration beyond saturation of the allosteric receptor binding site does not 
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increase the magnitude of the allosteric effect (avoidance of overdosing) (May et 

al., 2007);

3. lead to pathway-specific modulation (biased signaling) so that “on-target” side 

effects from untoward interference may be reduced (DeWire & Violin, 2011; 

Kenakin & Miller, 2010; May et al., 2007); and

4. while systemically administered classical ligands modulate all target receptors in 

all accessible tissues of the body, an allosteric modulator theoretically impacts 

CB1 signaling only in tissues where the endogenous ligand is present. Given that 

endocannabinoids are produced and released “on demand,” this feature is 

particularly relevant for CB1 allosteric modulators, as it would theoretically 

allow for further fine-tuning (Burford et al., 2013; Burford, Watson, Bertekap, & 

Alt, 2011; Conn et al., 2009).

Recently, several CB1 allosteric modulators have been discovered. These novel CB1 ligands 

bind the receptor at sites topologically distinct from the orthosteric binding site (Fay & 

Farrens, 2012; Janero & Thakur, 2016; Shore et al., 2014; Stornaiuolo et al., 2015) and 

modulate the CB1 activity by acting as rheostats to alter the affinity and/or the efficacy of an 

orthosteric ligand in either a positive (positive allosteric modulator; PAM) or negative 

(negative allosteric modulator; NAM) manner depending on the functional property under 

investigation. For CB1, this includes: ORG27569, ORG27759, and ORG29647 (Price et al., 

2005), PSNCBAM-1 (Horswill et al., 2007), RTI-371 (Navarro, Howard, Pollard, & Carroll, 

2009), lipoxin A4 (Pamplona et al., 2012), and GAT211 and its enantiomer GAT229 

(Laprairie, Bagher, & Denovan-Wright, 2017; Laprairie, Kulkarni, et al., 2017). Some of 

these structures are shown in Fig. 2. Pepcans (Bauer et al., 2012), cannabidiol (Laprairie, 

Bagher, Kelly, & Denovan-Wright, 2015), pregnenolone (Vallée et al., 2014), and 

GW405833 (Dhopeshwarkar, Murataeva, Makriyannis, Straiker, & Mackie, 2017) are also 

possible allosteric modulators of CB1. The therapeutic usefulness of these CB1 allosteric 

modulators is emerging.

2. METHODS OF ALLOSTERIC LIGAND BINDING ANALYSIS

2.1 Impact of CB1 Allosteric Ligands on Orthosteric Ligand Affinity

To ascertain if a compound is an allosteric modulator, and if it promotes the active state of 

CB1 (a PAM) or the inactive state of CB1 (a NAM), a binding analysis is often used (Ahn, 

Mahmoud, Samala, Lu, & Kendall, 2013; Baillie et al., 2013; German et al., 2014; Khajehali 

et al., 2015; Khurana et al., 2014, 2017; Mahmoud et al., 2013; Price et al., 2005). For 

example, Ross and colleagues used equilibrium binding and kinetic binding assays to 

evaluate ORG27569 and related compounds and found that they elicit a conformational 

change that increases agonist affinity for the orthosteric site, although probe dependence was 

also observed (Baillie et al., 2013; Khajehali et al., 2015; Price et al., 2005). It should be 

noted that some functional assays show that ORG27569 and several derivatives do not 

induce Gi protein coupling with CB1 (Ahn et al., 2012; Ahn, Mahmoud, Samala, et al., 

2013; Baillie et al., 2013; Khurana et al., 2014; Mahmoud et al., 2013; Price et al., 2005; 

Qiao et al., 2016) unlike many orthosteric agonists that do (Howlett & Fleming, 1984), but 

these compounds do induce effects consistent with coupling to the β-arrestin isoforms 1 and 
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2 (Ahn et al., 2012; Ahn, Mahmoud, Samala, et al., 2013; Ahn, Mahmoud, Shim, et al., 

2013; Khurana et al., 2014).

Kendall and colleagues used equilibrium binding analysis to evaluate the affinity change in 

the presence of the allosteric modulator ORG27569 (Ahn et al., 2012). The basal activity of 

CB1 (R′) indicates that it is poised for conversion to either inactive (R) or more fully 

activated (R*) forms. T210 was identified on the same face of the helix as R214 of the DRY 

motif on TM3 (D’Antona, Ahn, & Kendall, 2006), and its substitution with Ile or Ala 

generates constitutively active or inactive receptor mutants, respectively, and provides 

powerful reagents to characterize these conformational states (D’Antona, Ahn, & Kendall, 

2006; D’Antona, Ahn, Wang, et al., 2006). The T210I receptor exhibited enhanced agonist 

and diminished inverse agonist affinity for a variety of ligands, consistent with a shift toward 

the active form. Decreased thermal stability of the T210I receptor, higher levels of coupling 

activity, and increased internalization of the T210I receptor were also observed, consistent 

with constitutive activity. In contrast, the T210A receptor exhibited the opposite profile as 

predicted for an inactive receptor. Indeed, these receptors provide a window to different 

GPCR conformational states with minimal amino acid manipulation.

T210I, wild-type (WT) CB1, and T210A receptors reveal propensities of different ligands to 

promote R* vs R forms of CB1 regardless of effector coupling (Fig. 3). Taking advantage of 

the T210A, WT, and T210I CB1 receptors that cover a spectrum of receptor states, the effect 

of ORG27569 on agonist affinity has been elucidated. Saturation binding experiments were 

performed for CP55940 in the absence and presence of ORG27569. As we have shown (Ahn 

et al., 2012), the T210I receptor has the greatest affinity for CP55940, with a Kd of 0.31nM, 

followed by the WT (Kd = 2.15nM) and T210A receptors (Kd = 7.82nM). In the presence of 

10 μM ORG27569, however, the three receptors exhibited an enhanced and similar Kd value 

for CP55940 (0.29nM, 0.42nM, and 0.30nM for the WT, T210I, and T210A, respectively) 

that corresponds to the high affinity observed with the T210I receptor. For WT CB1, 

ORG27569 enhances the affinity for the agonist, CP55940, by about sevenfold and 

decreases the affinity of the inverse agonist, SR141716A, by about eightfold as expected for 

an allosteric modulator that promotes a receptor active state. This suggests that ORG27569 

induces a CB1 state (R*) characterized by enhanced agonist affinity, and separately, analysis 

with SR141716A shows it induces decreased inverse agonist affinity, consistent with 

induction of an “active” conformation.

2.2 Equilibrium Binding Assays With Allosteric Modulators

The degree of binding of the allosteric modulator is typically dependent on the affinity of the 

orthosteric ligand for the receptor. Thus, to elucidate how an allosteric modulator impacts 

orthosteric ligand binding, it is necessary to first examine how the orthosteric ligand 

independently binds to the protein. This involves saturation binding assays to determine the 

equilibrium dissociation constant, Kd, of the orthosteric ligand to the receptor and 

competition binding assays involving a labeled and unlabeled orthosteric compound, to 

determine Ki. IC50 can be converted to the inhibition equilibrium constant, Ki, using the 

Cheng–Prusoff equation (Cheng & Prusoff, 1973) shown in Eq. (1):
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(1)

where [A] is the concentration of the competitive ligand and Ki is dependent on Kd, which 

was determined from saturation binding assays. Equilibrium binding assays with allosteric 

modulators show the strength of binding to the receptor, and the impact that the allosteric 

modulator has on the binding of orthosteric ligands. They reveal the cooperativity between 

molecules binding at two distinct sites, that is, if binding of the allosteric modulator 

enhances or decreases the binding of the orthosteric ligand. When an allosteric modulator is 

the test compound, it will not compete with the orthosteric compound (usually radiolabeled) 

on the target protein. Instead of using the one-site model to determine the Ki, the allosteric 

ternary complex model is used, which describes the interaction of an allosteric modulator 

binding to a GPCR in the presence of an orthosteric ligand (Christopoulos & Kenakin, 2002; 

De Lean, Stadel, & Lefkowitz, 1980). This model is applied to find the fraction of specific 

binding as shown in Eq. (2) (Price et al., 2005):

(2)

where Y is the specific binding fraction of the radiolabeled ligand, [A] and [B] are the 

concentrations of the orthosteric ligand and allosteric modulator, respectively, KA and KB 

are the equilibrium dissociation constants of the orthosteric ligand and allosteric modulator, 

respectively, and a is the magnitude of the cooperativity binding factor. This value expresses 

how the allosteric modulator affects orthosteric ligand binding (Fig. 4). An α value greater 

than 1 indicates that the compound is a PAM and improves the binding of the orthosteric 

ligand. An α value less than 1 indicates that the compound is a NAM by inducing less 

favorable orthosteric ligand binding. When α=1, the compound is a silent allosteric 

modulator (SAM) because it has no effect on the binding of the orthosteric ligand. Of the 

parameters shown in Eq. (2), [A] and KA are fixed constants, with the latter value is 

determined by saturation binding assays for the orthosteric agonist. The values of α and KB 

are established by nonlinear regression (Price et al., 2005).

2.2.1 Equipment and Reagents for Equilibrium Binding—Needed equipment are 11 

pairs of silanized test tubes, a vortexer, microcentrifuge, glass pestle tissue grinder, shaking 

water bath, Brandel cell harvester, refrigerated condensation trap, Whatman GF/C filter 

paper for 24 wells without deposit system (Brandel), GraphPad Prism software (for plotting 

and analysis), liquid scintillant, and liquid scintillation counter.

Chemicals, biological agents, and other reagents needed are membrane preparation of 

human embryonic kidney (HEK293) cells transfected with CB1 protein, cold compounds 

such as CP55940 (Tocris), a radiolabeled orthosteric tracer such as 3H-CP55940 

(PerkinElmer), and allosteric modulators (e.g., LDK1285, LDK1288, LDK1305). Also 

needed are dimethyl sulfoxide (DMSO), TME buffer (25mM Tris–HCl, 5mM MgCl2, 1mM 
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EDTA, pH 7.4), fatty acid-free bovine serum acid (BSA) (Sigma Aldrich), TME buffer+5% 

BSA, TME+0.2% BSA, TME+7% sucrose, and ScintiSafe™ 30% Cocktail (Fisher 

Chemical).

2.2.2 Protocol for Equilibrium Binding—Note: The following procedure is written for 

reactions that are read in a liquid scintillation counter. The procedure can be adapted for a 

microtiter plate reader.

1. Perform serial dilution of the test allosteric modulator compounds. Add DMSO 

to the compounds to create nine samples typically ranging in concentrations of 

0.1μM to 1.0mM.

2. Create 1.0mM concentration of CP55940 (or other cold orthosteric compound 

for nonspecific binding) by mixing 2μL of 10mM of the stock CP55940 and 

18μL of DMSO.

3. Add 2μL of each compound to each of the pairs of test tubes. To the first pair, 

add 2μL of DMSO—this is the control that represents total binding of the 

orthosteric compounds to the CB1 protein. In the second pair of test tubes, add 

2μL of the cold 1.0mM CP55940 created in the step above—to represent the 

amount of nonspecific binding to the CB1 membrane preparation. In the 

remaining nine pairs of test tubes, add 2μL of the test allosteric modulators in 

concentrations increasing from 0.1μM to 1.0mM.

4. In a separate test tube, add TME+0.2% BSA buffer. This amount depends on the 

activity level of the radioactive CP55940 compound.

5. To this same test tube, add the desired amount of the radioactive compound. 

Wrap the top of the test tube in parafilm and vortex to mix the solution.

6. Pipette 148μL of the mixed radioactive solution into each of the 11 pairs of test 

tubes. Vortex each test tube.

7. In a 3-mL glass pestle tissue grinder, add 1175μL of TME+7% sucrose buffer.

8. Pipette 75μL CB1 membrane preparation from cells expressing CB1 into the 3-

mL glass pestle tissue grinder with the buffer.

9. Homogenize the CB1 containing membrane preparation.

10. Pipette 50μL of the membrane preparation from cells expressing CB1 into each 

of the 11 pairs of test tubes. Vortex each test tube.

11. Incubate at 30°C for 1h in a Precision™ shaking water bath.

12. Stop the reaction by adding 300μL TME+5% BSA to each test tube.

13. Place filter paper in the Brandel cell harvester. Rinse the test tubes twice with 

2mL of 1× TME buffer followed by rinsing twice with 4mL of 1× TME buffer.

14. Collect the filter paper and put each piece in a separate scintillation vial, one 

corresponding to each test tube.
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15. Fill each vial with 4mL of ScintiSafe scintillation fluid. Vortex each vial. Let it 

for at least 8h.

16. Measure the radioactivity of each vial with the liquid scintillation counter.

2.3 Kinetic Binding Assays With Allosteric Modulators

The rates of association and dissociation of ligands (often labeled with radioactivity) are 

useful to determine when an experiment has reached equilibrium, to determine the 

cooperativity of binding, and to validate test compounds as allosteric modulators. First, the 

kinetics of the orthosteric ligand are determined. In association binding kinetic assays, the 

radiolabeled ligand is incubated with the membrane for times typically ranging from 2 to 

20min. In dissociation binding kinetics assays (Fig. 5), the radiolabeled ligand is incubated 

with the membranes for a full hour to ensure full association before the competing 

orthosteric ligand is added at times ranging from 2 to 20min. Data are analyzed with the 

one-phase association model to obtain the observed association rate, kobs, and the 

dissociation rate, koff. Using these two values and the concentration of the orthosteric ligand, 

we can determine the association rate constant, kon, as shown in Eq. (3):

(3)

The observed association and dissociation rates of the orthosteric ligand are dependent on its 

binding affinity for the receptor, as shown in Eq. (4):

(4)

The dissociation constant (Kd) is inversely proportional to the kon and directly proportional 

to the koff.

Allosteric modulators can impact the kinetics of dissociation of the orthosteric ligand in 

ways that competitive orthosteric ligands cannot. Both orthosteric ligands and allosteric 

modulators affect the association kinetics because orthosteric ligands and the radiolabeled 

ligand compete for the same binding site, and binding of an allosteric modulator induces a 

conformational change that will impact the orthosteric site. The rate of radiolabeled ligand 

dissociation, however, only changes as a result of conformational changes, such as those 

caused by the allosteric modulator (Christopoulos, 2001), and is not affected by the presence 

of a radiolabeled ligand. Therefore, dissociation kinetic binding assays are especially useful 

in examining if a ligand is an allosteric modulator or another orthosteric ligand. ORG2769, 

for example, was shown to be an allosteric modulator as opposed to an agonist because it 

affected the kinetics of CP55940 binding by decreasing the rate of dissociation of CP55940 

alone from CB1 (Price et al., 2005). The procedure for the dissociation binding assays in the 

presence of the allosteric modulator follows that of the equilibrium binding assays except 

the reactions are incubated for different periods of time and a highly concentrated solution of 
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the unlabeled ligand needs to be added to prevent the radiolabeled ligand from reassociating 

with the proteins following disassociation (Christopoulos, 2001).

3. G-PROTEIN COUPLING

CB1 predominantly couples to the Gi protein, which, upon activation, undergoes an 

exchange of guanosine diphosphate (GDP) by guanosine triphosphate (GTP). G protein 

binding assays determine the extent to which a PAM induces CB1 coupling to the Gi protein. 

To evaluate the extent of G protein coupling, as a result of the impact of an allosteric 

modulator, stimulation of 35S-guanine 5′-3-O-(thio)triphosphate (GTPγS) binding (Ahn et 

al., 2012; Ahn, Mahmoud, Samala, et al., 2013; Baillie et al., 2013; Khurana et al., 2014; 

Mahmoud et al., 2013; Price et al., 2005; Qiao et al., 2016) or the level of cAMP 

accumulation is monitored (Baillie et al., 2013; Cawston et al., 2013; Khajehali et al., 2015; 

Laprairie, Kulkarni, et al., 2017) using cells or inhibition of electrically stimulated 

contractions in a vas deferens assay from mice is evaluated (Laprairie, Kulkarni, et al., 2017; 

Price et al., 2005). This has been carried out for ORG27569, PSNCBAM-1, and several 

analogues of these that function as PAMs with respect to agonist binding, yet most show 

inhibition of the extent of G protein coupling and some specifically Gi coupling (Ahn et al., 

2012; Ahn, Mahmoud, Samala, et al., 2013; Baillie et al., 2013; Khurana et al., 2014, 2017; 

Mahmoud et al., 2013; Qiao et al., 2016).

Here we describe the protocol for using a GTPγS assay, in which GTPγS acts as a substitute 

for GTP and binds to the Gi protein during activation (Howlett & Fleming, 1984). The 

radiolabeled component is the GTPγS, and GDP is added to promote the exchange. 

Unlabeled agonists and allosteric modulators are used in this assay. The amount of G protein 

exchange is determined by measuring the amount of radiolabeled 35S-GTPγS bound. The 

degree to which a test compound stimulates (or inhibits) GTPγS binding is measured by the 

EC50 values, or the concentration of ligand needed to produce 50% of the maximum 

biological response and/or the Emax value which corresponds to the level of coupling 

achieved.

GTPγS assays clarify the extent of receptor coupling in the presence of the allosteric 

modulator and may indicate if the compound is a PAM or a NAM. One example is 

ORG2769, which showed positive cooperativity with the agonist CP55940 and increased its 

binding. For ORG2769 to be considered a PAM (as opposed to a NAM), it is expected that 

the compound would enhance the potency and efficacy of G protein binding because PAMs 

increase the binding affinity of agonists (likely by a conformation that corresponds to the 

active state of the receptor) to the target. Counterintuitively, GTPγS assays showed that, in 

the presence of the agonist WIN55212-2 (Baillie et al., 2013) or CP55940 (Ahn et al., 2012; 

Price et al., 2005), ORG2769 did not affect the potency of G protein binding and decreased 

its efficacy, which suggests that ORG2769 inhibits the activation of CB1 even in the 

presence of an agonist. Subsequent studies indicated that ORG2769 induced internalization 

of CB1 and signaled in a β-arrestin-dependent manner, which suggested that ORG2769 is a 

biased PAM (Ahn et al., 2012; Ahn, Mahmoud, Shim, et al., 2013). Thus, the GTPγS assays 

provided insight into the function and selective signaling of this allosteric modulator.
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4. CELLULAR INTERNALIZATION OF CB1

Since binding assays and G protein coupling assays can give apparently conflicting results 

(Ahn et al., 2012; Ahn, Mahmoud, Samala, et al., 2013; Khurana et al., 2014, 2017; 

Mahmoud et al., 2013; Price et al., 2005; Qiao et al., 2016), it is helpful to evaluate allosteric 

modulators by other means to determine if CB1 functions as if it is activated or inactivated 

by the modulator. For example, following prolonged activation, GPCRs typically become 

desensitized and become internalized in cells (Appleyard, Patterson, Jin, & Chavkin, 1997; 

Jin et al., 1999; Kovoor, Nappey, Kieffer, & Chavkin, 1997; Krupnick & Benovic, 1998; 

Zhang et al., 1997). Since the WT CB1 localizes mainly to intracellular vesicles in various 

cell lines in the absence of ligand (Ahn, Nishiyama, Mierke, & Kendall, 2009; Kenakin, 

1995; Leterrier, Bonnard, Carrel, Rossier, & Lenkei, 2004) consistent with its partial 

constitutive activity, Kendall and colleagues have used the previously characterized inactive 

T210A mutant receptor, which is exclusively expressed at the cell surface (Ahn et al., 2012; 

D’Antona, Ahn, & Kendall, 2006). Alternatively, treatment of the WT CB1 with the inverse 

agonist SR141716A produces a more inactive form of the receptor and brings it to the cell 

surface, but SR141716A must then be removed thoroughly without cell loss prior to 

subsequent treatment. The extent of internalization can be assessed by colocalization of the 

receptors with the late endosome marker, LAMP-1 (Ahn et al., 2012, 2009; Kenakin, 1995). 

Confocal microscopy shows that CB1 T210A expressing HEK293 cells treated with 

CP55940 plus ORG27569, or ORG27569 alone, internalized the receptor. When treated with 

both CP55940 and ORG27569, the CB1 T210A receptors are internalized more readily than 

CP55940 treatment alone (Ahn et al., 2012). These results are consistent with activation of 

the receptor by this allosteric modulator and showed receptor internalization as seen 

following CP55940 agonist treatment alone (Daigle, Kwok, & Mackie, 2008; Hsieh, Brown, 

Derleth, & Mackie, 1999).

Furthermore, a different primary role of the two β-arrestin isoforms was observed. While 

suppressing β-arrestin 1 expression levels with isoform-specific siRNA, no effect on CB1 

T210A internalization was observed induced by CP55940 or that induced by ORG27569. 

Yet, internalization was dramatically attenuated in β-arrestin 2 siRNA-transfected cells, in 

both cases, suggesting that the CB1 receptor undergoes β-arrestin 2-mediated internalization 

following both CP55940 treatment and ORG27569 treatment. Thus, β-arrestin 2 but not β-

arrestin 1 appears to play a critical role in receptor internalization regardless of the extent of 

G protein coupling induced by different compounds. β-Arrestin 1, however, appears to be 

mediate signaling (see Section 5), indicating a differential role of the two β-arrestin isoforms 

in CB1 signaling and internalization (Ahn, Mahmoud, Shim, et al., 2013).

4.1 Protocol for Cellular Internalization of CB1

HEK293 cells expressing CB1-GFP receptors (carrying the T210A mutation or CB1 WT 

treated with SR141716A then washed thoroughly) are seeded onto 35-mm glass-bottomed 

dishes precoated with poly-D-lysine. They are treated with ligands (orthosteric and/or 

allosteric and/or vehicle) for various lengths of time (typically 5min to 3h) then washed 

three times with phosphate-buffered saline (PBS) followed by fixation with 4% paraformal-

dehyde for 10min at room temperature.
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Cells are mounted in Vectashield mounting medium (Vector Laboratories, Burlingame, CA) 

and visualized using a Leica TCS SP2 confocal microscope (Leica Microsystems, Wetzlar, 

Germany).

Images are collected from at least three independently transfected cell dishes and processed 

for presentation using Adobe Photoshop 6.0 (Adobe Systems, San Jose, CA). Quantification 

of colocalization is performed using ImageJ software (National Institutes of Health, 

Bethesda, MD) with the JACoP plugin.

5. ANALYSIS OF KINASE PHOSPHORYLATION

5.1 ERK1/2 Phosphorylation

As shown in Fig. 6, both the Gi and β-arrestin proteins cause downfield signaling that 

typically results in the phosphorylation of extracellular signal-regulated kinase isoforms 1 

and 2 (ERK1/2) (for review, see Turu & Hunyady, 2010). However, the use of pertussis toxin 

(PTX) precludes CB1 from coupling with the Gi protein. Thus, by using immunoblotting 

procedures, we can determine if ERK1/2 phosphorylation is a result of activating 

endogenous Gi protein. Alternatively, transfection with specific β-arrestin siRNA greatly 

reduces the expression of endogenous β-arrestin isoforms 1 or 2, and it can be determined if 

β-arrestins contribute to G protein-independent ERK1/2 activation (see Fig. 7). This is a 

comparable procedure for orthosteric and allosteric modulators. Strikingly, the reduced 

expression of β-arrestin 1 nearly abolished ORG27569-induced ERK1/2 phosphorylation 

(but not that by CP55940), whereas cotransfection with β-arrestin 2 siRNA did not alter 

patterns of ERK1/2 phosphorylation (induced by either ligand) compared to those observed 

by control siRNA transfection. Analogues of ORG27569 are typically comparable (Ahn et 

al., 2012; Ahn, Mahmoud, Samala, et al., 2013; Ahn, Mahmoud, Shim, et al., 2013; Khurana 

et al., 2014; Mahmoud et al., 2013; Qiao et al., 2016), but other results have been observed 

(Gamage, Anderson, & Abood, 2016).

5.2 Phosphorylation of Other Kinases

To elucidate other phosphorylation patterns, Kendall and colleagues investigated the 

activation of other kinases resulting from the ORG27569-induced CB1-β-arrestin 1 

interaction relative to the CB1 Gi protein interaction resulting from CP55940 alone. These 

include MEK1/2, Src, and Akt kinases. First, phosphorylation of MEK1/2, an upstream 

kinase (MAPKK) of MAPK in the MEK-ERK signaling pathway, was assessed to evaluate 

the effect of β-arrestins on its signaling. In control siRNA transfection, both CP55940 and 

ORG27569 produced a peak at 5min after treatment. The silencing of β-arrestin 1 abolished 

MEK1/2 phosphorylation upon treatment with ORG27569 but had no significant effect on 

CP55940-induced phosphorylation. Thus, we demonstrated that the MEK1/2-ERK1/2 

pathway is β-arrestin 1-dependent upon ORG27569 treatment. Second, we assessed the 

activation of upstream kinases, Src and Akt. Src phosphorylation is a necessary step in the 

activation of various mitogenic signaling pathways activated by GPCRs. It has been shown 

that non-receptor tyrosine kinases from the Src family are recruited to GPCRs via β-arrestin 

interactions (Barlic et al., 2000; Imamura et al., 2001). Akt also plays a role in the β-

arrestin-mediated ERK1/2 signaling pathway (Goel, Phillips-Mason, Raben, & Baldassare, 
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2002; Povsic, Kohout, & Lefkowitz, 2003). Interestingly, CP55940 failed to induce Src 

phosphorylation, whereas ORG27569 produced a peak of Src phosphorylation at 5min. Src 

phosphorylation only required β-arrestin 1 but not β-arrestin 2, suggesting that the Src 

pathway is only activated by ORG27569 and via β-arrestin 1 interaction. Both CP55940 and 

ORG27569 failed to alter Akt phosphorylation levels (Ahn, Mahmoud, Shim, et al., 2013). 

The procedure utilized is comparable to that described earlier in Section 5.1 and can be used 

to evaluate a variety of allosteric modulators.

To ensure that the effect of ORG27569 on the Src-MEK1/2-ERK1/2 signaling cascade is not 

limited to HEK293 cells, we tested the effect of ORG27569 on the activation of the 

signaling components using rat hippocampal neurons endogenously expressing the CB1 

receptor. Consistent with the phosphorylation pattern in HEK293 cells, ORG27569 resulted 

in increased phosphorylation of ERK1/2, MEK1/2, and Src compared to basal levels, 

whereas Akt phosphorylation remained unaffected by CP55940 or ORG27569 (Ahn, 

Mahmoud, Shim, et al., 2013). This suggests that ORG27569 induces allosteric ligand 

biased signaling patterns and that these are dependent on β-arrestin 1. Nonetheless, cell and 

tissue type has suggested differences in other CB1 systems (Khajehali et al., 2015) and may 

involve other mechanisms when analyzed differently (Cawston et al., 2013; Gamage et al., 

2016; Straiker, Mitjavila, Yin, Gibson, & Mackie, 2015). Moreover, other kinases can also 

be assessed including using global phosphorylation kinase array analysis.

Carrying out CB1-induced kinase phosphorylation assays and their sub-sequent analysis can 

be challenging. The time course for phosphorylation typically varies with test compound and 

one needs to examine that for different compounds. It should be noted that some 

commercially available assays are provided as end-point assays with 30–60min readouts and 

may not monitor other phosphorylation times. Also, the test compounds are best used at a 

variety of concentrations. If the test allosteric modulator is not an ago-agonist and is used 

with an orthosteric agonist, attention must be given to the relative concentrations of 

orthosteric and allosteric modulator employed and their relative affinity for CB1. 

Furthermore, if the orthosteric ligand is biased for coupling to the receptor differently than 

the allosteric ligand, additional competitions may be at play (e.g., in some instances 

orthosteric ligands induce CB1 Gi coupling, while the allosteric ligand might preclude G 

protein coupling and instead induce β-arrestin 1 binding). In addition, other factors which 

can influence subsequent cell lysis or phos-phorylation and its detection include the cell 

density employed, the effect of serum starvation on the signal, the stimulation time, the titer 

of the antibody used and antibody specificity, best practices in compound dispensing, and 

the relative hydrophobicity of the orthosteric and allosteric ligands used.

5.2.1 Reagents for Kinase Phosphorylation—Reagents used are HEK293 cells, 

Dulbecco’s modified Eagle’s medium (DMEM), six-well cell culture plates (Corning), 

Lipofectamine 2000 transfection kit (Invitrogen), PTX (Calbiochem), siRNA (QIAGEN), 

lysis buffer (R&D Systems), 1× TBS-T buffer (20mM Tris, 150mM NaCl, pH 7.6), 

Superblock T20 PBS solution (Thermo Scientific), rabbit anti-phospho-p44/42 primary 

antibody (Cell Signaling; for ERK1/2 phosphorylation) or other antibody reactive toward the 

phosphorylated kinase to be assessed, goat anti-rabbit IgG-conjugated peroxidase secondary 

antibody (Millipore), and SuperSignal West Femto Maximum Substrate (Thermo Scientific).
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5.2.2 Protocol for Kinase Phosphorylation—For the kinase phosphorylation analysis, 

the procedure usually takes 5 days to complete.

Day 1: HEK293 cells are seeded to 50%–70% confluency in a six-well plate and 

maintained in DMEM with 10% fetal bovine serum and 0.35mg/mL glucose at 37°C 

in an incubator with 5% CO2.

Day 2: HEK293 cells were transfected with CB1 DNA alone or cotransfected with 

control siRNA and siRNA to β-arrestin 1 or 2 with Lipofectamine 2000. After 

transfection, cells are grown for 24h.

Day 3: The medium is changed to DMEM serum-free medium, cells are treated with 

PTX at 10ng/mL if this treatment is used, and cell growth is continued for 16h.

Day 4: Cells are treated with various concentrations of test compounds (antagonist, 

agonist, or allosteric modulator) for the specified time (typically 5–20min). The cells 

are solubilized and lysed in 120μL/well in lysis buffer. The protein concentration is 

determined by Bradford assay (Bradford, 1976).

Day 5: The protein, the amount determined from the Bradford assay, is loaded into 

10% SDS-polyacrylamide gel electrophoresis run to completion. The protein in the 

gel is transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane 

blocked with Superblock T20 PBS solution at 4°C with gentle shaking overnight. The 

PVDF membrane is incubated for 1h with anti-phospho-p44/42 (ERK) primary 

antibody (1:4000) (or another primary antibody diluted appropriately) at room 

temperature. The membrane is washed with 1× TBS-T buffer and then incubated with 

secondary antibody (1:6000) conjugated with peroxidase for 1h at room temperature. 

After washing with 1× TBS-T buffer, the antibody-reactive components on the 

immunoblot are detected by using a SuperSignal West Femto Maximum Sensitivity 

Substrate (Thermo Fisher Scientific) following the manufacture’s protocol and 

visualized with X-ray film.

6. PERSPECTIVES

Early thinking about GPCR function assumed the existence of just two GPCR states, the 

“off” (R) and “on” (R*) modes representing the inactive and active states of the receptor, 

respectively (De Lean et al., 1980). It is now clear that GPCRs can adopt multiple distinct 

conformations displaying different states of receptor activation, resulting in different 

signaling efficacies (Kenakin, 2003). Thus, the transition from inactive to active GPCR 

forms may include several distinct conformational substrates that can be differentially 

stabilized by different ligands—and this seems to be true for CB1.

Allosteric modulation of CB1 adds yet another variable and, depending on the allosteric and 

orthosteric ligands utilized, may adopt different activated (or inactivated) conformations. 

This may introduce several complicated and apparently confounding consequences (Conn et 

al., 2009; Khoury, Clément, & Laporte, 2014; Wang, Martin, Brenneman, Luttrell, & 

Maudsley, 2009) including bias for different coupling partners. Thus, while allosteric 

modulators of CB1 offer many advantages for mechanistic analysis and for drug 
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development including impacting specific downstream pathways (Basavarajappa, 2007; 

Hudson, Hébert, & Kelly, 2009; Picone & Kendall, 2015; Smith, Sim-Selley, & Selley, 2010; 

Turu & Hunyady, 2010), their outcome is complex and must also be evaluated in vivo. While 

this chapter focused on in vitro analysis of some behaviors of allosteric modulators of CB1, 

it is anticipated that patterns will emerge and clear correlations will be made between in 

vitro and in vivo profiles.
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ABBREVIATIONS

BSA fatty acid-free bovine serum acid

CB1 cannabinoid receptor 1

DMSO dimethyl sulfoxide

ERK1/2 extracellular signal-regulated kinase isoforms 1 and 2
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GDP guanosine diphosphate

GPCR G protein-coupled receptor

GTP guanosine triphosphate

GTPγS [35S]-guanine 5′-3-O-(thio)triphosphate

HEK293 cells human embryonic kidney cells

JNK c-Jun N-terminal kinase

MAPK mitogen-activated protein kinase

NAM negative allosteric modulator

PAM positive allosteric modulator

PTX pertussis toxin

SAM silent allosteric modulator

SDS sodium dodecyl sulfate

WT wild-type CB1
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Fig. 1. 
Cooperation between the GPCRs orthosteric and allosteric binding sites to induce 

intracellular protein coupling. Schematic illustration showing how binding of the allosteric 

modulator to an allosteric binding site distinct from the orthosteric binding site may 

influence binding of the orthosteric ligand to its respective site and how both ligands may 

impact binding of intracellular proteins to their respective binding sites. β-Arrestin binding 

can involve different isoforms not indicated and other G protein isoforms may also be 

impacted. Further, some ago-allosteric modulators can function without an orthosteric 

compound. Adapted from Fig. 1 in Conn, P. J., Christopoulos, A., & Lindsley, C. W. (2009). 

Allosteric modulators of GPCRS: A novel approach for the treatment of CNS disorders. 

Nature Reviews. Drug Discovery, 8(1), 41–54.
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Fig. 2. 
Structures of some known CB1 allosteric modulators. ORG27569 and PSNCBAM-1 are 

synthetic allosteric modulators (Ahn, Mahmoud, & Kendall, 2012; Horswill et al., 2007; 

Price et al., 2005), lipoxin A4 is an endogenous allosteric modulator (Pamplona et al., 2012), 

and GAT211 consists of a racemic mix of GAT228, the allosteric agonist R-(+)-enantiomer, 

and GAT229, the allosteric modulator S-(−)-enantiomer (Laprairie, Kulkarni, et al., 2017). 

LDK1285, LDK1288, and LDK1305, three positive allo-steric modulators derived from 

PSNCBAM-1, are referred to as 8d, 7d, and 29, respectively in Khurana et al. (2017) and 

German et al. (2014).

Scott and Kendall Page 20

Methods Enzymol. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Allosteric modulator impact on ligand binding affinity to the CB1 receptor. In the presence 

of a PAM, the respective agonist binding affinities (green) for the fully inactive T3.46A 

mutant receptor or the constitutively active WT receptor are enhanced to match the affinity 

for the fully constitutively active mutant T3.46I (Ahn et al., 2012). The increase in binding 

affinity is shown schematically by the length and direction of the arrows. Hypothetically, in 

the presence of a NAM, the inverse agonist (red) would experience the opposite effect by 

having diminished respective binding affinities for the fully active T3.46I mutant and 

constitutively active WT receptor, which are similar to that of the fully inactive T3.46A 

mutant. The top arrow depicts the increasing agonist binding and functional activity of the 

three CB1 receptors.
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Fig. 4. 
Hypothetical dose–response curves of experimental assays showing agonist and inverse 

agonist binding in the presence of a PAM. Radiolabeled agonist (dashed line, crosses) and 

radiolabeled inverse agonist (solid line, circles) binding percentage measured in the presence 

of a PAM.
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Fig. 5. 
Hypothetical curves of experimental kinetic dissociation assays showing a PAM in the 

presence of an agonist (circles) effect with respect to the vehicle in the presence of an 

agonist (diamonds) on the binding of the agonist with respect to time.
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Fig. 6. 
Schematic illustration showing some Gi protein and β-arrestin-mediated signaling resulting 

from PAM binding to CB1 and subsequent Gi protein and β-arrestin recruitment. Gi protein 

(orange) binding to CB1 results in cellular responses such as phosphorylation of ERK1/2, 

MEK, or JNK1/2 (A). β-Arrestin (green) binding to CB1, on the other hand, can typically 

result in the cellular responses including phosphorylation of ERK1/2, MEK, or Src (B). The 

proteins that are shown here can either be phosphorylated as a result of Gi protein-mediated 

signaling (brown), β-arrestin-mediated signaling (blue), or both (purple).
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Fig. 7. 
Illustration of the cell culture and immunoblotting procedures to examine the effect on 

ERK1/2 phosphorylation of treating cells expressing CB1 with test allosteric modulators. A 

comparable approach can be done with other kinases including a global phospho-kinase 

antibody array analysis to find which human kinases are phosphorylated as a result of 

treatment by the test compounds.
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