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Abstract 

The cannabinoid receptor 1 (CB1) is mainly expressed in the nervous system and regulates 

learning, memory processes, pain and energy metabolism. However, there is no way to directly 

measure its activation. In this study, we constructed a CB1 intramolecular fluorescence 

resonance energy transfer (FRET) sensor, which could measure CB1 activation by monitoring 

structural changes between the third intracellular loop and the C-terminal tail. CB1 agonists 

induced a time- and concentration-dependent increase in the FRET signal, corresponding to a 

reduction in the distance between the third intracellular loop and the C-terminal tail. This, in 

turn, mobilized intracellular Ca2+, inhibited cAMP accumulation, and increased 

phosphorylation of the ERK1/2 MAP kinases. The activation kinetics detected using this 

method were consistent with those from previous reports. Moreover, the increased FRET signal 

was markedly inhibited by the CB1 antagonist rimonabant, which also reduced phosphorylation 

of the ERK1/2 MAP kinases. We mutated a single cysteine residue in the sensor (at position 

257 or 264) to alanine. Both mutation reduced the agonist-induced increase in FRET signal and 

structural changes in the CB1 receptor, which attenuated phosphorylation of the ERK1/2 MAP 

kinases. In summary, our sensor directly assesses the kinetics of CB1 activation in real-time 

and can be used to monitor CB1 structure and function. 

 

Key words: Cannabinoid receptor; ERK1/2 MAP kinase; FRET sensors; receptor activation; 

G protein-coupled receptor 

 

 

 

 

 

1. Introduction 

Endocannabinoids have important roles in various physiological and pathophysiological 

processes (Katona and Freund, 2012). They also act as ligands for G protein-coupled receptors 
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(GPCRs), including the cannabinoid type 1 receptor (CB1) and the CB2 receptor (Laprairie et 

al., 2016; Pertwee, 2008). These receptors are widely expressed in the brain (Liu et al., 2003), 

particularly in those regions that are involved in learning and memory processes (Morris, 2006). 

CB1 receptors are located at excitatory and inhibitory nerve terminals and CB1 activation 

directly inhibits neurotransmitter release, synapse formation, nociception, and appetite (Liu et 

al., 2003; Svizenska et al., 2008). Therefore, drugs targeting CB1 have been investigated as 

treatments for pain, energy metabolism, and movement disorders, including Huntington’s 

disease (HD), Parkinson’s disease, and other neurodegenerative and psychiatric conditions. 

Like all GPCRs, CB1 and CB2 possess seven transmembrane (TM) a-helical domains linked 

by three extracellular and three intracellular loops, an extracellular amino-terminal domain, and 

an intracellular carboxy-terminal domain. These domains create interacting regions for 

extracellular stimuli, including small molecules, hormones, peptides, lipids, and proteins. These 

interactions allow CB1 and CB2 to couple with heterotrimeric GTP binding-proteins (G 

proteins) (Moreira, 2014).  

GPCRs are activated by ligand binding and undergo a conformational change that 

facilitates coupling with heterotrimeric G protein and subsequent activation. Activated G 

proteins then generate of second messengers such as cyclic adenosine monophosphate (cAMP), 

calcium, or phosphoinositides (Salazar et al., 2017; Surdo et al., 2017). The structure of GPCRs 

changes after activation (Bohme et al., 2008; Namkung et al., 2009) and, GPCR activation can 

be determined by observing these structural changes. Agonist-induced GPCR activation alters 

the conformation of the seven transmembrane α helices, particularly helices III and VI (Bissantz, 

2003; Gether, 2000). Like many other GPCRs, the third intracellular (i3c) loop of is required 

for the coupling of CB1 with its major effector, the Gαi/o protein, which initiates receptor 

signaling and internalization (Turner et al., 2004). To investigate the impact of CB1 activation 

on receptor conformation and function, we prepared intramolecular fluorescence resonance 

energy transfer (FRET) sensors by inserting eYFP into the i3c loop and eCFP into the C-

terminal domain of CB1.   

Various methods for studying GPCR activation have been developed, such as the cAMP 

production assay (Storch et al., 2017), Ca2+ mobilization assay (Pennock and Hentges, 2016), 

ERK1/2 phosphorylation assay (Jain et al., 2016), and the β-arrestin recruitment assay (Alex 
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and Antunes, 2015; Soethoudt et al., 2016). However, these methods cannot detect GPCRs 

activation directly. FRET-based probes are useful for screening and have been used to 

investigate the kinetics of ligand binding and for other pharmacological analyses. Here, we 

constructed a CB1 FRET-based sensor to monitor ligand-induced CB1 activation during 

extracellular signal-regulated kinases 1 and 2 (ERK1/2) phosphorylation levels and receptor 

internalization. Small conformational changes induced by ligand binding are amplified at the 

cytoplasmic face of the CB1 receptor and, transmit signals to G proteins and other downstream 

effectors. This movement is detected by the FRET sensor. 

In summary, we have constructed a system to monitor CB1 activation in real time by 

intramolecular FRET. FRET sensors may be used to screen a variety of important CB1 target 

drugs in the future. 

 

2. Materials and methods 

2.1. Materials 

Doxycycline, WIN-55212-2, arachidonylethanolamide (ARA), CP-55940, rimonabant 

and monoclonal mouse anti-VSV-G antibodies were obtained from Sigma-Aldrich (Gillingham, 

UK). Lipofectamine 2000 transfection reagent was purchased from Invitrogen (Gibco, 

Germany). Protease inhibitor cocktail tablets were purchased from Millipore (Merck Millipore, 

Germany). Monoclonal rabbit p44/42 mitogen-activated protein kinase (MAPK; ERK1/2) and 

polyclonal rabbit phospho-p44/42 MAPK (phosphor-ERK1/2) antibodies were obtained from 

Cell Signaling Technology (UK). All other reagents were obtained from Thermo Fisher 

Scientific (Waltham, MA, USA) and Sigma Aldrich (Gillingham, UK). 

 

2.2. DNA constructs 

To generate intramolecular FRET sensors of the human CB1 receptor, eCFP (the energy 

donor), was inserted into the C-terminal region and eYFP (the energy acceptor), was inserted 

into the third intracellular loop (i3c). First, we generated a pcDNA5/FRT/TO-VSV-G- CB1- 

eCFP construct by replacing the Orexin-1 receptor sequence of pcDNA5/FRT/TO-VSV-G- 

h-Orexin-eCFP with the CB1 receptor sequence using the In-Fusion HD Cloning Kit (Clontech). 

A linearized vector was generated by PCR using the following primers: (sense) 5′-
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ATGGTGAGCAAGGGCGAGG-3′; (antisense) 5′-CTTACCAA GGCGGTTCATTTCG-3′. 

Subsequently, CB1 receptor-specific primers with 15 bp extensions homologous to vector ends 

were designed: (sense) 5′-AACCGCCTTGGTAAGATGAAGTCGATCCTAGATGG-3′; 

 (antisense) 5′- CACCATGGCGGCCGCCAGAGCCTCGGCAGACGTGT-3′. Subsequently, 

eYFP was inserted in the middle of the third CB1 receptor loop using the following primers: 

(sense) 5′- ATCATCATCCACACGATGGTGAGCAAGGGCGAGGA-3′; (antisense) 5′- 

CTTCCCATCCTCAGACTTGTACAGCTCGTCCATGC-3′.  

 

2.3. Generation and maintenance of stable Flp-InTM T-RExTM 293 cells 

To generate a Flp-InTM T-RExTM 293 cell line which inducible FRET sensor expression, 

parental Flp-InTM T-RExTM 293 cells were co-transfected with sensor constructs cloned into the 

pcDNA5/FRT/TO vector (as described above) and the pOG44 plasmid in a 1:9 ratio. 

Transfection was carried out using Lipofectamine 2000 (Invitrogen) according to the 

manufacturer’s instructions. After 48 h, the medium was supplemented with 200 μg.ml-1 

hygromycin B to select for stably transfected cells. After approximately 10 days, colonies had 

appeared and were pooled. Cells were treated with 1 μg.ml-1 doxycycline for 24 h to induce the 

expression of the desired protein. eCFP expression was detected by fluorescence imaging and 

VSV-G tagged protein expression was detected by western blotting. 

 

2.4.  Calcium assay 

Intracellular Ca2+ release in cells stably expressing the CB1 sensor was measured using 

the Fluo-4 NW Calcium Assay Kit (Invitrogen) as previously described (Saini et al., 2010; Saini 

et al., 2011; Tripathi et al., 2013). Briefly, cells were grown on 18mm coverslips overnight until 

80%-100% confluent. The coverslips were washed twice with modified Krebs solution (135 

mM NaCl, 5.9 mM KCl, 1.5 mM CaCl2, 1.2 mM MgCl2, 11.5 mM glucose, 11.6 mM Hepes, 

pH 7.3) and then incubated in the same solution with 5 μM Fluo-4, 0.1% BSA for 30 min at 

37°C in the dark followed by additional 30 min at room temperature in the dark. All other steps 

were performed at room temperature with continuous perfusion of bath solution (1× Hanks’ 

balanced salt solution with 20 mM Hepes, pH 7.3) at a rate of 3.5 ml.min-1. Cells were imaged 

using an Olympus inverted epifluorescence microscope (10× fluorescence objective) and 
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MetaMorph software (Vers.7.7.5 Molecular Devices, Sunnydale, CA). Fura-4 fluorescence 

(494 nm excitation, 516 nm emission) was measured every second for 1 min after the 

application of Hepes buffer or different agonists (concentration=10-6M). For Ca2+ flux analyses, 

the agonist/buffer fluorescence ratio (F/F0 ratio) was calculated for each cell and an averaged 

valued for all cells in the field of view was calculated. 

2.5. Western blotting 

Cells stably expressing the CB1 receptor sensor were serum-starved for 12 h and then 

stimulated with ligands at indicate concentrations and for lengths of time at 37°C. After 

stimulation, the cells were washed once in cold PBS and harvested in ice-cold RIPA buffer 

(Beyotime Biotechnology, China) supplemented with complete protease inhibitor mixture 

(Millipore Corporation). The cell lysates were centrifuged at 12000 × g for 15 min at 4°C and 

the protein content of the supernatant was determined using a BCA assay kit (Beyotime 

Biotechnology, China). Equivalent amounts of total proteins were separated by SDS-PAGE (on 

a 10% SDS gel) and transferred to polyvinylidene difluoride (PVDF) membranes. The 

membranes were blocked (5% fat-free milk powder in PBS with 0.1% Tween-20) at room 

temperature for 1 h and then incubated in primary antibodies diluted in block solution (5% fat-

free milk powder in PBS) at a concentration of 1:1000-1:5000 at 4°C on a rocking shaker 

overnight. Subsequently, the membranes were washed three times in PBST buffer for a total of 

30 min (3×10 min) and incubated for 1 h in appropriate secondary antibody diluted in block 

solution (1:10000) at room temperature. After washing, proteins were detected by enhanced 

chemiluminescence (Pierce Protein Research Products, Thermo Scientific) according to the 

manufacturer’s instructions.  

 

2.6. ERK1/2 MAP kinase phosphorylation 

ERK1/2 MAP kinase phosphorylation was detected by protein immunoblotting using a 

phospho-ERK1/2-specific antibody (Cell Signaling Technology, Nottingham, UK). The PVDF 

membranes were stripped of immunoglobulins and re-probed using an anti-ERK1/2 antibody 

(Cell Signaling Technology, Nottingham, UK) to demonstrate equal protein loading.   

 

2.7. Detection of internalization by fluorescence microscopy 
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To visualize WIN-55212-2-induced receptor internalization, cells stably expressing the 

CB1 receptor sensor were grown on cover slips and incubated in a microscope chamber 

containing physiological HEPES-buffered saline solution (130 mM NaCl, 5 mM KCl, 1 mM 

CaCl2, 1 mM MgCl2, 20 mM HEPES, and 10 mM D-glucose, pH 7.4) and treated with 1×10-6 

M WIN-55212-2 for indicate time periods. The effect of eCFP insertion on receptor distribution 

between the cell surface and cytoplasm was assessed using an inverted Olympus microscope.  

 

2.8. Biotinylation internalization assay  

Stably transfected CB1 sensor cells were grown in 6-well plates pre-coated with 0.1 ng.ml-

1 poly-D-lysine and induced overnight with 100 ng.ml-1 doxycycline. Cells were then treated 

with specific ligands. After treatment, the plates were put on ice, the medium was removed, 

and the cells were washed with ice-cold borate buffer (10 mM boric acid, 154 mM NaCl, 7.2 

mM KCl, 1.8 mM CaCl2, pH 9.0; 2 ml/well). Subsequently, 1 ml/well of 0.8 mM Sulfo-NHS-

SS-Biotin (Pierce, Thermo Scientific) in borate buffer was added and the plates were incubated 

on ice in the dark for a further 30 min. After removing the biotin solution, the cells were washed 

with stop solution (192 mM glycine, 25 mM Tris-HCl, pH 8.3) and then incubated with 2 

ml/well stop solution for 5 min on ice. Subsequently, the stop solution was removed and the 

cells were lysed in 500–1000 μl RIPA lysis buffer and placed on ice for 15 min. The cell lysates 

were transferred to microcentrifuge tubes and centrifuged at 18,000 × g for 10 min at 4 °C. 

Streptavidin-agarose resin (100 μl/tube) (Pierce, Thermo Scientific) was then added and tubes 

were incubated on a rotating wheel at 4 °C overnight followed by centrifugation at 2000 × g 

for 2 min at 4 °C. The supernatant was removed and the resin was washed with three times in 

500 μl RIPA buffer. Next, 100 μl SDS-PAGE sample buffercontaining 5% β-mercaptoethanol 

was added and tubes were incubated at 37 °C for 1 h. The cell lysates and biotinylated samples 

were analyzed by SDS-PAGE and western blotting as described above. 

 

2.9. FRET imaging  

FRET was visualized in cells growing in 6-wells plates using an inverted Olympus 

microscope (Olympus Instruments) equipped with a 40× (numerical aperture = 1.3) oil 

immersion Fluor lens. For FRET experiments, the monochromator was set to 427 nm 
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bandwidth to visualize surface CFP-tagged receptors labeled with YFP. Excitation light (427 

nm or 504 nm) was reflected through the Fluor objective lens using a cyan/yellow fluorescent 

protein dual band dichroic filter mounted in the microscope. FRET and donor emission images 

were recorded at exactly the same time interval using a QV2 image splitting device coupled to 

a Cool Snap-HQ2 camera, which was connected to the bottom port for maximal fluorescence 

detection. FRET was detected simultaneously using the following QV2 cubes: ET 535/30 nm, 

ET 470/30 nm, and ET 632/60 nm. Using the streaming capability of the multidimensional 

wavelength acquisition MetaMorph module, ligand-induced changes in intramolecular FRET 

were recorded directly to a computer hard drive at 40 ms intervals during excitation with 427 

nm light. The Cool Snap-HQ2 camera was operated in 14-bit mode. The exposure times, 

binning (8 × 8) and camera gain were kept constant for all streaming experiments.  

 

2.10. Calculation of FRET efficiency 

All images were analyzed using MetaMorph (Molecular Devices). An eCFP-eYFP 

reference construct with known FRET efficiency was used for calibration in each experiment. 

Ratiometric FRET values were then calculated as the average 535 nm emission intensity 

divided by the average 470 nm emission intensity. The quantified FRET ratios were exported 

to Prism 5.02 (GraphPad Software Inc., San Diego, CA) and set to 1.0 using the transforming 

module of the software and plotted over time. Control experiments were performed to ensure 

that the X-Rhod-1 dye-emitted fluorescence did not bleed into the donor or FRET channel of 

the QV2 image splitter. No emitted eCFP or eYFP fluorescence was detected in the 630 nm 

emission channel of the QV2. The 470/535 FRET ratio is directly proportional to the cellular 

redox potential (Xu et al., 2012).  

 

2.11. Data analysis 

All data were analyzed using Prism 5.01 (GraphPad Software Inc., San Diego, CA). Kon 

represents the observed ligand association rate constant. Koff represents the observed ligand 

dissociation rate constant. Kd denotes the affinity constant of the ligand and was calculated as 

the ratio of Kon and Koff. Values are given as means ± S.E.M. of n independent experiments. 

Statistical comparisons between parameters were performed using Student's t test. A p value of 
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<0.05 was taken as significant.  

 

3. Results 

3.1 Generation of receptor sensor constructs 

We used a CB1 sensor to detect and monitor CB1 activation in living cells. The sensor 

was constructed by fusing eCFP to the C-terminal tail of full-length human CB1 with a VSV-

G tag sequence in the extracellular N-terminal domain (Fig. 1A). eYFP was inserted into the 

full-length i3c loop (22 and 23 amino acids of the CB1 receptor i3c loop flanking the eYFP 

(Fig. 1B)). To demonstrate that eCFP and eYFP fluoresce in our receptor construct, we 

transiently transfected the construct into HEK 293T cells. The cells were excited at 430 nm for 

eCFP and 520 nm for eYFP and then monitored using a confocal microscope. We observed 

localized fluorescence at the cell membrane following excitation of eCFP and eYFP (Fig. 1C).  

 

3.2 Agonist-dependent changes in FRET signals 

We evaluated the FRET signal of the intramolecular sensor by measuring changes in 

FRET efficiency in stable cells. Upon activation by the agonist WIN-55212-2, time- and 

concentration-dependent increases in FRET efficiency were observed (Fig. 1D).  

To further explore the relationship between change in conformation and activity, we 

investigated the effect of rimonabant, an antagonist of the CB1 receptor, on CB1 activation. 

Pre-incubation with 10-6 M rimonabant, largely blocked the effect of WIN-55212-2 (10-6 M)-

induced CB1 activation (Fig. 1E). Notably, rimonabant-induced changes in FRET signal were 

similar to the correlation between activity and FRET conformation.  

Important parameters of GPCR activation are the agonist binding kinetics. These include 

the association rate constant (Kon), the dissociation rate constant (Koff), and the equilibrium 

binding constant (Kd). As well as the kinetics of receptor activation, we were also interested in 

the dissociation constants of the receptor. The kinetics of receptor activation were analyzed by 

recording FRET signals after activation with various concentrations of WIN-55212-2 (Table. 

1).  

Further FRET imaging experiments showed marked changes in FRET signal upon 

application of ARA (Fig. 2A) and CP-55940 (Fig. 2B). ARA is an endogenous agonist of the 
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CB1 receptor and caused an equilibrium binding constant (Kd) of 7.108 ± 0.062 nM, similar to 

WIN-55212-2 (Kd=7.067 ± 0.012 nM) (Table. 2). Furthermore, pretreatment with the allosteric 

modulator Org27569 (Fig. 2C) or inverse agonist taranabant (Fig. 2D) reduced WIN-55212-2-

induced changes in FRET signal.  

 

3.3. A CB1 agonist induces intracellular Ca2+ mobilization  

We investigated whether changes in the FRET signal correlated with downstream 

intracellular signals and examined whether the kinetics of receptor activation were similar to 

those of induced intracellular Ca2+ flux. Within 60 seconds of CB1 receptor activation 10-6 M 

WIN-55212-2 (Fig. 3A), arachidonylethanolamide (Fig. 3B), and CP-55940 (Fig. 3C) elevated 

intracellular Ca2+ concentrations by more than 1.5-fold. However, elevation of intracellular 

Ca2+ mobilization was reduced by pretreatment with Org27569 (Fig. 3D) or taranabant (Fig. 3E).  

In comparison, alteration in sensor FRET signals were detected within 1 s of agonist 

addition (10-6 M) (Fig. 1D). However, it took 8-10 s longer to detect changes in Ca2+ 

concentration (p<0.001) (Fig. 3). It is currently not clear why a similar structural change (as 

reported by the FRET sensor) induces different Ca2+ activation patterns; this should be studied 

further study. Our results clearly show that the signal response from the FRET sensor is at least 

as sensitive to the ligand as the Ca2+ response following treatment with different agonists at the 

same concentration.  

 

3.4. CB1 biosensor internalization after activation 

During chronic agonist stimulation, the signal generated by activated GPCRs often 

diminishes through desensitization, which uncouples the receptor from its downstream 

signaling cascade (Blume et al., 2016). GPCR internalization has long been considered a major 

aspect of the desensitization process (Snyder et al., 2013). Internalization contributes to the 

diversity of GPCR-dependent signaling, including G protein-dependent cAMP accumulation 

(Kotowski et al., 2011), cAMP-response element-binding protein (CREB) phosphorylation 

(Tsvetanova and von Zastrow, 2014), adenylyl cyclase inhibition (Ferguson, 2001), and protein 

kinase C (PKC) activation (Bailey et al., 2009; Zheng et al., 2008). The dynamics and 

quantification of GPCR internalization in living cells has generated considerable interest. 
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Firstly, to demonstrate agonist-induced movement of the receptor from the cell surface to 

intracellular vesicles, we monitored eCFP (Fig. 4A) using fluorescence microscopy. The eCFP 

signal gradually moved from the cell surface to the intracellular region in a time-dependent 

manner, indicating receptor internalization.  

In order to quantify receptor internalization and measure the potency of WIN-55212-2, we 

performed cell surface biotinylation studies. CB1 receptor sensor-expressing cells (Fig. 4B-C) 

were either treated with 10-6 M WIN-55212-2 for up to 60 min or with varying doses of WIN-

55212-2 for 40 min, next, biotin-labeled cell surface proteins were captured by immobilized 

streptavidin, separated by SDS-PAGE, and analyzed by western blotting using an anti-VSV-G 

antibody to detect the FRET sensor. In Figures 4B-C, we identified an apparently single 

polypeptide of 80 kDa in the absence of WIN-55212-2. Increasing exposure and dose of WIN-

55212-2 treatment reduced the level of biotinylated polypeptide detected by the anti-VSV-G 

antibody, consistent with the removal of receptor from the cell surface. These findings 

confirmed that the FRET signal records the agonist-induced activation of the receptor rather 

than a downstream-mediated effect.  

 

3.5. CB1 sensor activation results in phosphorylation of ERK1/2 MAP kinase  

To determine whether CB1 activation causes phosphorylation of ERK1/2 MAP kinase, 

we examined ERK1/2 MAP kinase phosphorylation by western blot analysis. Cells expressing 

the CB1 receptor sensor were incubated with varying concentrations of WIN-55212-2 or ARA 

for 5 min and then cell lysates were separated by SDS-PAGE. PVDF membranes were 

immunoblotted with anti-VSV-G and anti-p-ERK1/2 antibodies. As shown in Fig. 5A and C, 

VSV-G sensor expression was significantly induced by doxycycline administration in a WIN-

55212-2-independent and ARA-independent manner. Furthermore, WIN-55212-2 or ARA 

treatment significantly increased the phosphorylation of ERK1/2 MAP kinase in a dose-

dependent manner (Figure 5B, D). These results demonstrated that activation of the CB1 sensor 

activates the ERK1/2 MAP kinase signaling pathway.  

 

3.6. CB1 sensor activation-induced ERK1/2 MAP kinase phosphorylation is partially 

blocked by a CB1 agonist and by mutations that prevent agonist binding 
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To further examine the phosphorylation of ERK1/2 MAP kinase induced by FRET sensor 

activation, cells were pre-treated with rimonabant for 20 minutes then stimulated with different 

agonists. ERK1/2 MAP kinase phosphorylation was analyzed by western blotting. As shown in 

Fig. 6, pretreatment with rimonabant for 20 min markedly inhibited ERK1/2 MAP kinase 

phosphorylation induced by WIN-55212-2 (Fig. 6A), ARA (Fig. 6B) and CPA (Fig. 6C). These 

results indicate that activation of the CB1 FRET-based sensor can be blocked by a CB1 

antagonist/inverse agonist and that this, in turn, reduces ERK1/2 MAP kinase phosphorylation.  

Previous studies have shown that mutation of residues Cys-257 to Ala or Cys-264 to Ala 

in the CB1 receptor impairs its ability to bind to ligands (Fay and Farrens, 2013). We introduced 

these two mutations (separately) into the mGluR5-VSV-G-CB1-YFP-CFP sensor and into 

doxycycline-inducible stable cells lines. Analysis of these cell lines showed that high 

concentrations of WIN-55212-2 (1×10-6 M) only had small effects on ERK1/2 MAP kinase 

phosphorylation compared with unmutated FRET sensors (Fig. 6D). This suggests, consistent 

with the loss of agonist binding, that these mutations block the response of FRET sensor to 

WIN-55212-2. 

 

4. Discussion 

The most basic function of a GPCR is activation by agonist binding, which couples to the 

receptor to results in coupling to (in many cases) a G protein, thus propagating a variety of cell 

signaling cascades (Kobilka and Deupi, 2007; Rasmussen et al., 2011; Rovati et al., 2007). 

GPCRs contain multiple regions that couple the receptor to signal transduction complexes. The 

most prominent of these domains are the second (i2c) and third (i3c) intracellular loops as well 

as the C-terminal tail and TM boundaries (Ratnala and Kobilka, 2009; Rosenbaum et al., 2009; 

Williams and Hill, 2009). Recently, X-ray analysis revealed the structure of GPCRs in their 

active and inactive states. These analyses showed that GPCRs undergo conformational changes 

after activation, causing certain domains to move. Movement was most prominent helix VI, 

followed by helix V, and then the C-terminal (Kruse et al., 2013). These movements can be 

monitored by intramolecular FRET sensors in a number of GPCRs (Alvarez-Curto et al., 2011; 

Chachisvilis et al., 2006; Hoffmann et al., 2005; Ilien et al., 2003; Maier-Peuschel et al., 2010; 

ACCEPTED M
ANUSCRIP

T



Vilardaga et al., 2003). In this approach, ligand binding and subsequent receptor activation 

alters the relative orientation of the fluorophores inserted into the C-terminus and third 

intracellular loop of the receptor, therefore FRET signal (Malik et al., 2013). Based on the 

anticipated movements of transmembrane helices V and VI in response to agonist binding, these 

receptor constructs have all introduced a FRET reporter into the i3c loop, which links these 

helices. The FRET partners were placed at or within the C-terminal tail (Fig. 1A). Using YFP 

in combination with CFP in a FRET-based GPCR probe is a well-established method to monitor 

conformational changes upon receptor activation and ligand–receptor binding (Fig. 2) and 

illustrates the potential uses of small fluorescent marker in labeling defined proteins in living 

cells (Adjobo-Hermans et al., 2011; Sinha et al., 2014). 

Unimolecular GPCR-based FRET sensors can detect ligand binding (Ma et al., 2014; 

Manglik et al., 2015; Vilardaga et al., 2013; Ward and Milligan, 2014). Yu Bin et al. used a 

FRET-based biosensor to detect cAMP levels in C. elegans and measure spatiotemporal 

changes in ATP. To directly examine changes in cAMP levels in GABAergic motor neurons of 

C. elegans, they used an exchange protein directly activated by cAMP (EPAC) to express a 

FRET construct correlated inversely with the cellular cAMP levels (Yu et al., 2017). In another 

study, Kim HJ et al. developed a ratiometric two-photon fluorescent probe (SCa1-IREF) 

containing two fluorophores with different Stokes shifts to image Ca2+ in live neurons and 

various tissues. These probes are better for Ca2+ imaging than traditional intramolecular charge 

transfer-based and FRET-based probes, which are based on a turn-on sensing process and are 

limited to quantitative detection (Kim et al., 2017). Zoghbi ME et al. used luminescence 

resonance energy transfer (LRET) to measure the distances between the two P-glycoprotein 

(Pgp) nucleotide-binding domains. LRET, like the traditional FRET, is based on energy transfer 

from a donor to an acceptor. However, LRET uses a lanthanide (Tb3+
 or Eu3+) as a donor. 

Luminescent lanthanides are better suited than FRET donors for membrane protein studies 

(Zoghbi et al., 2017). The principle behind the above-mentioned biosensors is the same as that 

of the FRET sensor presented here.  

GPCR-based FRET sensors provide information on the kinetics of GPCR responses to 

different ligands. Such constructs have recently been used to detect alterations in receptor 

responses to orthosteric and allosteric ligands (Hoffmann et al., 2010). The dynamic transitions 
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between different receptor states appear to be important for receptor function (Manglik et al., 

2015). In this study, we present an effective method to detect CB1 activation directly, by 

observing its structural changes. Notably, these structural changes were consistent with the 

activation of downstream signaling effectors.   

The on-rate of ligand binding to a receptor depends upon the ligand concentration and the 

on-rate constant (Kon, expressed in M-1 s-1). The off-rate of ligand binding is independent of 

ligand concentration and the off-rate constant (Koff, expressed in s-1). In the present study, 

agonist binding to CB1 sensors activation in a concentration-dependent manner (Fig. 1-2). This 

is consistent with previous findings that adenosine binding to an adenosine A2A receptor-based 

FRET sensor increased receptor activation in a concentration-dependent manner (Hoffmann et 

al., 2005).  

The present study has shown that different agonists induce different conformational 

changes in living cells (Fig. 1-2). The agonist WIN-55212,2, arachidonylethanolamide and CP-

55940 induced marked conformational changes in living cells. The allosteric modulator 

org27569 or the inverse agonist taranabant inhibited WIN-55212,2-induced conformational 

changes (Fig. 1-2). Moreover, our FRET-based CB1 receptor biosensor successfully monitored 

Ca2+ in real-time in live cells (Fig. 3). Agonist-induced GPCR internalization is a largely 

ubiquitous process (Irannejad et al., 2013; Pampillo and Babwah, 2015) and its regulation is 

complex (Levoye et al., 2015), which suggests that it is biologically important. Receptor 

internalization was generally thought to play a role in adaptation and down-regulation. However, 

it may be a prelude to continued intracellular receptor activity (Ayoub and Pfleger, 2010). In 

the present study, we have shown that WIN-55212-2-induced activation of our CB1 FRET-

based sensor is followed by internalization (Fig. 4). GPCR-based FRET sensors have many 

uses, including allosteric modulators (Bolognini et al., 2016; Hill et al., 2014), investigation of 

receptor dimers (Adjobo-Hermans et al., 2011), and studying constitutive receptor activity 

(Hoffmann et al., 2005). Much has been learned about GPCR pharmacology and biology 

through the use of such sensors, therefore the effort involved in making them is worthwhile.  

The CB1 FRET sensor can be to estimate the effect of different compounds on the receptor 

directly, for example in drug screening. FRET-based GPCR sensors can increase the distance 

between YFP and CFP by 106 (E=R0
6/R0

6+R6). Inactive compounds do not alter the 
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spatiotemporal conformation of the receptors they bind to, therefore do not change the FRET 

signal (Lohse et al., 2012). However, active compounds (or agonists) alter the spatiotemporal 

conformation of the receptors they bind to and thereby change the FRET signal. This approach 

may provide a simple readout for drug screening that is not affected by the cell state or other 

signaling pathways.  

Although it is an incredibly useful tool, FRET is not without shortcomings. Firstly, the 

probes are small have limited use in live sample imaging because of turn-on sensing and single 

detection window, fast photobleaching, short excitation light, potential for photodamage, and 

limited tissue penetration (Lombardi et al., 2017; Zadran et al., 2012). Secondly, the reaction is 

irreversible, so is limited to visualizing the dynamic concentration change of the analyte 

(Leavesley et al., 2015). Thirdly, the number of fluorescent tag proteins that can be used in 

combination is limited. The donor emission range and the acceptor excitation range have to 

overlap by at least 30%, otherwise, auto-fluorescence may interfere with the FRET data (Lovell 

et al., 2009). 

Overall, the present study provides a direct method for detecting CB1 activation by 

monitoring structural changes. Our CB1-based FRET sensor can also be used to analyze various 

cellular processes, such as activation kinetics, allosteric modulation, and receptor dimerization. 
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Figure legends 

Figure 1 WIN-55212 induced changes in FRET signal from YFP/CFP-labeled CB1 

receptor sensor. (A and B). Schematic illustrations of the FRET-based CB1 sensor. (C). 

eCFP and eYFP fluorescence showing effective delivery of the sensor to Flp-In TM T-REx 

TM 293 cells and successful induction by doxycycline. (D). mGluR5-VSV-G-CB1-M-YFP- 

CFP was induced in Flp-InTM T-RExTM 293 cells for FRET imaging studies. Various 

concentrations (10-5M, 10-6 M, 10-7 M, 10-8 M, 10-9 M and 0 M) of WIN-55212-2 were added 

and FRET signal was monitored for 15 s. WIN-55212-2 was washed out for 15 s after 

application. (E). Cells expressing the CB1 sensor were pre-treated with 10-6 M rimonabant 

for 20 min and investigated as described in (D). Data represent mean ± SE, n=5. 

 

Figure 2 Effects of different agonists on the CB1 FRET sensor. Cells expressing the CB1 

sensor were used in FRET imaging studies. 10-6M arachidonylethanolamide (A) and CP-

55940 (B) were added at the indicated time points and the FRET signal was monitored for 

45 s. The agonists were washed out for 15 s after application (bar). (C-D). Cells expressing 

the CB1 sensor were pre-treated with 10-6 M Org27569 (C) or taranabant (D) for 20 min 

and 10-6 M of WIN-55212-2 was added at the indicated time point and the FRET signal was 

monitored for 15 s. Data represent mean ± SE, n=5. 

 

Figure 3 CB1 receptor sensor induces Ca2+ mobilization upon agonist binding. (A). 

Cells were treated with WIN-55212 for 60 s. Arrows indicate time of additions. (B). Cells 

were treated with 10-6M arachidonylethanolamide (ARA) for 60 s. (C). Cells were treated 

with 10-6M CP-55940 (CPA) for 60 s. (D). Cells were pre-treated with 10-6M Org27569 

(ORG) for 20 min, then treated with WIN-55212 for 60 s. Arrows indicate time of WIN-

55212 addition. (E). Cells were pre-treated with 10-6M taranabant (Tar) for 20 min, then 

treated with WIN-55212 for 60 s. Arrows indicate the time of WIN-55212 addition. n = 3. 

RFU = relative fluorescence units.  

 

Figure 4 Internalization of the CB1-YFP/CFP biosensor in response to WIN-55212-2. (A). 

CFP fluorescence was detected in Flp-InTM T-RExTM 293 cells expressing mGluR5-VSV- 
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G-CB1-M-YFP-CFP at various times points following WIN-55212-2 (10-6 M) addition. (B and 

C). Cell surface biotinylation studies were performed on Flp-InTMT-RExTM 293 cells expressing 

mGluR5-VSV-G-CB1-M-YFP-CFP. The induced cells were treated with 1×10-6 M WIN-

55212-2 for varying times (B) or with different concentrations of WIN-55212-2 for 40 min (C). 

Examples shown are representative of n=3 independent experiments. 

 

Figure 5 Ability of the CB1-eYFP/eCFP biosensor to induce downstream ERK 1/2 

phosphorylation after treatment with agonist. Cells expressing the CB1-YFP-CFP 

intramolecular sensor were treated with various concentrations of WIN-55212-2 (A and B) or 

ARA (C and D) for 5 min. The effects of WIN-55212-2 (A) or ARA (C) on VSV-G tagged 

expression were assessed by western blotting. CB1-YFP-CFP intramolecular sensor cells were 

serum-starved for 12 h then stimulated with various concentrations of WIN-55212-2 (B) or 

ARA (D) for 5 min. The expression of phosphorylated ERK (p-ERK) and total ERK was 

analyzed by western blotting. 

  

Figure 6 CB1-YFP/CFP biosensor blockade restricts downstream ERK phosphorylation. 

Serum-starved CB1-YFP-CFP sensor expressing cells were pre-treated with 10-6 M rimonabant 

for 20 min. Cells were then stimulated with 10-6 M WIN-55212-2 (A), ARA (B), or CPA (C) 

for the indicated time periods. Phosphorylated ERK (p-ERK) and total ERK were analyzed by 

western blotting. (D) C257A and C264A mutations were introduced into the CB1 receptor 

intramolecular FRET sensor. Cells able to express the variant in response to doxycycline were 

generated. Phosphorylation of ERK1/2 in the presence of C257A and C264A mutations was 

analyzed by western blotting.  
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Fig.2 
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Fig.3 
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Fig.4 
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Fig.5 
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Fig.6 
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Table. 1 Binding characteristics of WIN-55212-2 to the CB1 FRET sensor expressed  

in Flp-in 293 cells. 

 

WIN-55212-2 (M) Kon (105M-1S-1) Koff (10-3S-1) Kd (nM) 

   

10-5 0.5773±0.013   

 

0.3099±0.007   5.3675±0.025   

10-6 0.5475±0.044   

 

0.3869±0.039   7.0673±0.012   

10-7 0.4027±0.023        

 

0.3145±0.012   7.8090±0.016    

10-8 0.3629±0.021       

 

0.3145±0.011   8.666±0.025   

10-9 0.7073±0.002   

 

0.5656±0.025   7.9965±0.026   

Binding parameters were calculated using Prism 5.0 software. Data are expressed as 

the mean ± SE of three or more independent experiments.  

 

Table.2 Binding characteristics of agonists to the CB1 FRET sensor expressed  

 in Flip-in 293 cells. 

Agonist (10-6 M) Kon (105M-1S-1) Koff (10-3S-1) Kd (nM) 

   

Ara 

 

3.085±0.008 0.219±0.005 7.108±0.062 

CPA 3.539±0.002     0.441±0.005 12.461±0.025 

    

Binding parameters were calculated using Prism 5.0 software. Data are expressed as 

the mean ± SE of three or more independent experiments.  

Ara, Arachidonylethanolamide; CPA, CP-55940; ORG, Org27569; TAR, Taranabant; 
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