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Abstract: Cannabinoid type 2 receptor (CB2R) is a fundamental part of the endocannabinoid signaling system 

(eCB system), and is known to play an important role in tissue injury, inflammation, cancer and pain. In stark 

contrast to its significance, the underlying signaling mechanisms and tissue expression profiles are poorly 

understood. Due to its low expression in healthy tissue and lack of reliable chemical tools, CB2R visualization in 

live cells remains uncharted. Here we report the development of a drug derived toolbox of highly potent, CB2R-

selective fluorescent probes based on reverse design. Extensive validation in several applications such as CB2R 

detection in flow cytometry and time-resolved imaging, and the development of a novel fluorescent-based TR-

FRET assay to generate kinetic and equilibrium binding data demonstrate the high versatility of our toolbox. These 

probes are the first to preserve affinity and efficacy in both human and mouse CB2R, a crucial aspect for preclinical 

translatability, and to enable imaging of CB2R internalization in living cells using confocal microscopy. 
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Introduction 

G protein-coupled receptors (GPCRs) are key mediators of a wide range of cell signaling processes. [1] Due to 

their therapeutic potential in disease modulation and their tractability as membrane proteins, GPCRs constitute one 

of the most important druggable human receptor families.[2] Among them, cannabinoid type 1 and type 2 receptors 

(CB1R and CB2R) are key transducers of extracellular stimuli in the endocannabinoid signaling system (eCB 

system), which is a fundamental lipid signaling system for all vertebrates and responsible for eliciting multiple 

physiological processes.[3] While CB1R is mainly expressed in the central nervous system and only to a lesser 

extent in peripheral tissue, CB2R is primarily expressed in immune cells.[4] There is growing evidence that in 

particular CB2R signaling impairment is correlated with several pathologies, especially tissue injury and 

inflammatory conditions[5] including kidney, cardiovascular, gastrointestinal, lung, neurodegenerative and 

psychiatric diseases, as well as pain and cancer.[6] Despite the evident potential of CB2R as prime drug target, the 

underlying receptor-ligand interactions and molecular mechanisms driving the pharmacological response remain 

poorly understood. In particular, tissue and cell-type specific receptor expression profiles are largely uncharted due 

to the lack of appropriate chemical tools. The situation is further aggravated by the absence of specific antibodies 

for both human and rodent CB2R, thus preventing further investigations at a cellular or sub-cellular level.[7] In 

addition, CB2R is expressed at very low levels in native cells and tissues and is known for its inducible nature. [8] 

Because the successful development of new drugs requires a thorough understanding of molecular and cellular 

mechanisms of action,[9] chemical probes targeting CB2R are urgently needed.  

While positron emission tomography (PET) tracers were recently used to explore CB2R expression at tissue 

level,[10] this technique lacks the required cellular resolution.[11] In contrast, fluorescent imaging probes have 

emerged as high resolution tools to investigate localization, structure, dynamics and function of proteins and 

GPCRs in living cells.[12] In addition, such probes offer the potential for generating equilibrium and kinetic binding 

data in a high-throughput fashion, without handling radioactive material. Despite recent progress, no reversible 

high affinity probe with favorable fluorescence properties and the required specificity for CB2R is currently available, 

hampering the accurate investigation of CB2R pharmacology in live cells.[13] Major obstacles encountered for the 

development of such a probe are the high lipophilic nature of phytocannabinoid derived CB2R ligands, which often 

served as starting points for probe generation. Together with the use of highly lipophilic dyes, this can synergistically 

lead to non-specific membrane binding and insufficient overall properties for reliable and general applications. [14] 

Furthermore, to ensure high translatability of preclinical pharmacological animal data to clinics and potentially apply 

a CB2R fluorescent probe for dose selection in humans, the fluorescent probe should be devoid of interspecies 
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differences between rodent and human CB2Rs. In this work, we report the design and synthesis of a selective, high 

affinity CB2R-agonist fluorescent ligand toolbox and its pharmacological evaluation in in vitro binding and functional 

assays. We illustrate their application by cross-validation using flow cytometry, non-radioactive determination of 

equilibrium constants and binding kinetics using time-resolved fluorescence resonance energy transfer (TR-FRET) 

technology, as well as cellular trafficking studies in confocal live cell imaging.  

Results and Discussion 

For our modular design approach of the fluorescent ligand we considered three main features: (i) a recognition 

element (pharmacophore) that tolerates further chemical functionalization while preserving its affinity and selectivity 

towards the target, (ii) an appropriate fluorescent dye, and (iii) a linker that separates these two functionalities.[12] 

This allows for placement of the dye outside the receptor in the extracellular space (Figure 1). Linker attachment 

providing the wrong exit vector, in combination with a bulky and charged fluorescent dye – which is often larger 

than the recognition element itself – leads to a severe perturbation of the receptor-ligand interaction or even to a 

complete loss of binding affinity. Therefore, selection of the ideal linker attachment point as well as optimization of 

its length and composition are crucial for avoiding detrimental interactions with the receptor.[15] For the generation 

of our probes, we combined these considerations with a reverse design approach,[16] in order to capitalize from 

drug precursors with optimal affinity and drug-likeness (Supplementary table S-1). Such an approach may reduce 

the risk of unspecific cellular membrane interactions of phytocannabinoid derived recognition elements. We 

selected 2,5,6-trisubstituted pyrazine RO6839251 (1)[17] and pyridine RO6852763 (2)[18] which are derived from a 

CB2R agonist drug discovery program as starting points for probe design (Figure 1A, and Supplementary table S-

1). Both molecules possess subnanomolar affinities for the human CB2 receptor (hCB2R) and similar good binding 

affinity for mouse CB2R (mCB2R) with Ki values of 2 nM. Pyrazine 1 exhibits a 3’100-fold binding selectivity over 

hCB1R, which is very important for visualization of low expression levels of CB2R in the central nervous system, 

where CB1R is highly expressed (CB1R homology in the ligand-binding domain: 68%; 44% overall homology).[19] 

The calculated physicochemical properties of these ligands are superior to phytocannabinoid-derived molecules 

with regard to ALogP and polar surface area (PSA) (e.g. HU-910 ALogP: 6.7, PSA: 31.4).[20]  

Fluorescent analogs of 1 and 2 were designed with the support of molecular modeling studies (Figure 1B). 

Parent agonists 1 and 2 possess two potential exit vectors which have been exploited for the elaboration of a robust 

structure-activity relationship[17-18], thereby providing a basis for linker placement at different positions. Candidate 

molecules were docked into the CB2R binding cavity and prioritized on the likelihood of linker trajectory to reach 
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the extracellular space. This analysis suggested two different linker attachment sites: one at position 6 of the 

heteroaryl ring, the other at the geminal diethyl group (Figure 1A). Additionally, in silico docking studies indicated 

that a linker length ranging from 1 to 4 polyethylene glycol (PEG) units would be sufficient to reach out to the 

extracellular space. 

Considering the highly lipophilic nature of the CB2R binding cavity, a less polar alkyl linker was additionally 

selected to exclude detrimental effects by the pre-organized and highly hydrated PEG chain along the inner surface 

of the receptor.[21] 

Introduction of an exit vector at position 6 was initially pursued using pyrazine 1 as parent structure for linker 

attachment (Figure 1C). Ether linkers carrying a terminal small and non-charged 4-nitrobenzofurazan (NBD) dye 

were introduced (Supplementary scheme S-2). Ligands were subjected to radioligand binding studies using 

membrane preparations of Chinese Hamster Ovary (CHO) cells overexpressing either human CB2R or CB1R 

(Supplementary table S-2). However, none of the conjugated derivatives exhibited appropriate affinity on hCB2R. 

Figure 1. A) Drug discovery derived agonists 1 and 2, used as starting points for the development of CB2R-selective fluorescent probes; B) 

NBD-probe 4 docked into inactive state CB2R X-ray structure (PDB 5ZTY);[22] Polar and hydrophobic amino acid residues are highlighted with 

blue and light brown colours, respectively; C) NBD-probe 3 derived from pyrazine 1 scaffold; D) Structure of recognition element linker construct 

containing a ligation handle for conjugation with NBD (4), AttoThio12 (5), SiR (6) and Cy5.5 (7) dyes. h – human, m – mouse, AlogP – calculated 

lipophilicity value based on the contribution of each atom to the lipophilicity, PSA – polar surface area, NBD – Nitrobenzofurazan, SiR – Silicon 

Rhodamine, Cy5.5 – Cyanine 5.5 
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Surprisingly, these molecules displayed insufficient stability in buffered aqueous media with linker elimination 

observed over time.[23] We therefore, turned our focus to the development of fluorescent probes which are 

elongated at the geminal diethyl moiety (Figure 1D). To allow for a straightforward introduction of different linkers, 

a modifiable ligation handle was required. Prospective SAR studies conducted to explore the tolerance of the 

putative new conjugation site within pyrazine 1 and pyridine 2 parent structures (Supplementary tables S-3 and S-

4) indicated that elongating with a thioether would be most successful at retaining high CB2R affinity, as seen e.g. 

for SI-35 (hCB2R Ki of 1.3 nM; Supplementary table S-4). Despite their structural similarity, pyridine 2 analogs 

surprisingly exhibited higher affinity for CB2R compared to their corresponding pyrazine 1 derived congeners 

(Supplementary tables S-3 and S-4). Consequently, we focused our synthetic efforts on the pyridine scaffold. The 

preparation of (S)-17 as precursor platform for the attachment of fluorescent dyes commenced with the synthesis 

of recognition element 11 and linker building block (S)-16 (Scheme 1). Carboxylic acid 11 was prepared in 5 steps 

with an overall yield of 12%, starting from commercially available 3-bromo-2-methylpyridine 8. Linker template (S)-

16 was synthesized starting from aminobutyric acid 12, which was converted to olefin 13 in 4 steps using a modified 

literature procedure.[24] Subsequent Fmoc protection was performed to allow for separation of enantiomers by 

preparative chiral HPLC (see Supplementary Information (SI) for details). Hydroboration of Fmoc-protected (S)-14, 

followed by thio-Mitsunobu reaction afforded (S)-15. The concomitant introduction of the desired linker chain and 

its amine deprotection under basic conditions provided (S)-16. Subsequent amide coupling of (S)-16 with acid 11 

using HATU and consecutive removal of the Boc protecting group led to the final assembly step of the respective 

fluorescent probes 4 (NBD), 5 (AttoThio12), 6 (Silicon Rhodamine, SiR) and 7 (Cyanine 5.5, Cy5.5), as shown in 

Figure 1D. 

For systematic investigation of the optimal linker length, racemic NBD-labeled probes containing different linker 

lengths ranging from PEG1 to PEG4, as well as a C6 alkyl chain were synthesized using a similar route. 

Subsequent evaluation of linker length indicated NBD constructs with PEG2 linker units as the most favorable with 

regard to CB2R affinity (Supplementary table S-5) and was therefore used for introduction of other fluorophores 

with more favorable photophysical properties.  

The linker attachment at one arm of the geminal diethyl moiety generated a quaternary chiral center at the α-

carbon of the amino acid ester residue. To investigate the influence of stereochemistry on compound affinity and 

activity, enantiomer pairs of NBD-labeled probe 4 and precursor 17 were analyzed (Table 1, see also 

Supplementary table S-6). A comparison of precursor 17 binding data indicated that there was sufficient space 

around the quaternary carbon junction within the binding cavity for accommodating both stereoisomers (cf. (S)-17 
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Scheme 1. General synthetic approach to CB2R-selective fluorescently labeled probes. For synthesis details see SI  

hCB2R Ki: 2.7 nM vs. (R)-17 hCB2R Ki: 4.6 nM; Table 1, entries 2 – 3). Remarkably, a 18-fold enantio-discrimination 

with regard to hCB2R binding affinity favoring the (S) enantiomer was observed for the fully labeled probe pair 4 

(cf. (S)-4 hCB2R Ki: 9.1 nM vs. (R)-4 hCB2R Ki: 159 nM; Table 1, entries 4–5). A similar observation was made for 

mouse CB2R, where binding of (S)-4 was more pronounced with a 19-fold difference (cf. (S)-4 mCB2R Ki: 33 nM 

vs. (R)-4 mCB2R Ki: 622 nM; Table 1, entries 4–5). We therefore used (S)-configured amine 17 for introducing 

additional fluorescent dyes tailored toward subsequent biological investigations i.e. AttoThio12 (5), SiR (6) and 

Cy5.5 (7) (Scheme 1 and Table 1). Moreover, high potency, selectivity and agonistic properties of the probe were 

preserved despite linker elongation and were largely independent of dye attachment. To the best of our knowledge, 

these CB2R-selective fluorescent probes are the first to preserve interspecies affinity and efficacy for both, mouse 

and human CB2R. For example, AttoThio12 probe 5 (hCB2R Ki: 3.2 nM, mCB2R Ki: 4.6 nM, Table 1, entry 6) exhibits 

single digit nanomolar binding affinities on both human and mouse CB2R. Binding selectivity versus hCB1R was 

highest for (S)-4 (hKi ratio CB1R/CB2R: 68 Table 1, entry 4) which fully translates in functional selectivity in forskolin-

stimulated cAMP release assays alongside with low nanomolar potency and full agonistic effects at CB2R. Likewise, 

NBD probe (S)-4 and SiR-6 outperformed with regard to functional selectivity versus CB1R (hEC50 ratio CB1R/CB2R 

for (S)-4: >4’545 and for 6: >149, Table 1, entries 4 and 7, respectively). The ligands span a broad lipophilicity 

range of AlogP values from 4.5 for amine 17 through 6.3 for NBD labeled agonist 4 up to 13.7 for Cy5.5 probe 7 
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indicating a significant influence of the reporter group on the overall physicochemical properties of the ligands. This 

was further confirmed by measuring effective permeation coefficients of pyridine 2 linker dye adducts in the parallel 

artificial membrane permeability assay (PAMPA). Here all NBD labeled probes were able to passively permeate 

through membranes (SI-47: Peff 0.7 cm/s*10-6, SI-48: Peff 0.7 cm/s*10-6 and SI-49: Peff 0.5 cm/s*10-6; Supplementary 

table S-5), thereby suggesting that more lipophilic SiR- and Cy5.5-bearing probes 6 and 7, respectively, are likely 

to be cell permeable as well.[25]  

Table 1. Key characteristics of pyridine 2, labeling precursors and fluorescent probes. Calculated lipophilicity (AlogP), binding affinity (Ki), cAMP 

potency and efficacy (EC50 (%eff.)), and absorption and emission ranges of fluorescent probes (Abs/Ems). 

Entry Compound Dye 
AlogP

[a] 

Ki [nM][f] hKi ratio 
CB1R/ 
CB2R 

cAMP EC50 [nM] (%Eff.)[b, f] hEC50 ratio 

CB1R/ 
CB2R 

Abs/Ems 
[nm] 

hCB2R hCB1R mCB2R hCB2R hCB1R mCB2R 

1 2 n.a. 5.2 0.2 5.4 1.8 27 
0.7 

(102) 
4.4 
(99) 

1.9 
(99) 

6.3 n.a. 

2 (S)-17 n.a. 
(NH2) 

4.5 2.7 64 2.6 23 
0.5 

(91) 

57 

(84) 

3.2 

(91) 
114 n.a. 

3 (R)-17 
n.a. 

(NH2) 
4.5 4.6 180 13 39 

11 

(81) 
>10’000 

424 

(61) 
>909 n.a. 

4 (S)-4 NBD 6.3 9.1 617 33 68 
2.2 

(72) 
>10’000 

21 

(95) 
>4’545 474/550[c] 

5 (R)-4 NBD 6.3 159 4‘925 622 31 
17 

(84) 
>10’000 

1‘093 

(69) 
>588 474/550[c] 

6 (S)-5 
AttoThio

12 
9.0 3.2 63 4.6 20 n.d. n.d. n.d. n.d. 582/610[c] 

7 (S)-6 SiR 10.6 62 114 117 2 
67 

(96) 
>10’000 

66 
(93) 

>149 652/674[d] 

8 (S)-7 Cy5.5 13.7 14 108 50 8 
140 

(110) 
726 

(118) 
512 

(119) 
5 690/730[e] 

h – human; m – mouse; n.a. – not applicable; n.d. – not determined. [a] The AlogP is a calculated value based on the contribution of each atom 

to the lipophilicity; [b] Functional potency (EC50), percentage efficacy given in parenthesis; [c] Fluorescence excitation and emission measured in 

aqueous solution (DPBS, Dulbecco’s phosphate buffered saline); [d] Fluorescence excitation and emission derived from literature;[25] [e] 

Fluorescence excitation and emission measured in DMSO; [f] Assay description and reference ligands data described in the SI. 

With this set of highly potent and selective CB2R fluorescent probes in hand we aimed to further illustrate the 

usefulness of this toolbox through validation studies in an array of more complex chemical biology investigations. 

The novel probes were subjected to FACS studies, they were utilized for kinetic and equilibrium binding studies via 

time-resolved fluorescence resonance energy transfer (TR-FRET) assays, and exploited for confocal time-lapse 

imaging. Thereby, we could demonstrate for the first time displacement of CB2R reference ligands in flow cytometry 

experiments, generation of CB2R kinetic and equilibrium binding data applying fluorescence based techniques and 

visualization of CB2R trafficking and internalization in living cells. 

To study the specificity of our novel fluorescently labeled probes for human and mouse CB2R, CHO cells 

overexpressing either hCB2R, mCB2R or hCB1R as well as control WT-CHO cells were incubated with different 

concentrations of AttoThio12-labeled 5 (Figure 2A) and SiR-labeled 6 probes (Figure 2B). In comparison to hCB1R 

overexpressing cells or WT-CHO cells, probes 5 and 6 were highly specific for CHO cells overexpressing either 

hCB2R or mCB2R. Probes 5 and 6 showed a significant concentration-dependent increase in mean fluorescence  
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Figure 2. A, B) FACS analysis of the mean fluorescent intensity (MFI) of WT, hCB2R, mCB2R and hCB1R overexpressing CHO cells incubated 

with different concentration of 5 or 6. FACS plots show representative histograms of cells incubated with 0.37 µM ligand; C, D) FACS analysis 

of WT and hCB2R -CHO cells pretreated with 18 or 19 (10 µM) and stained with different concentrations of 5 or 6 (right panels). Mean ± SEM. 

Two-way- ANOVA, * p<0.05; ** p<0.01; *** p< 0.005.  

intensity for concentrations ranging from 0.4 µM to 3.3 µM for 5 and 1.1 µM to 10 µM for 6. To further confirm ligand 

specificity and exclude unspecific binding, we investigated whether these fluorescent compounds can compete for 

the CB2R binding site with the known cold CB2R ligands, agonist JWH133 (18),[20] and inverse agonist RO6851228 

(19)[26] (Figure 2C and 2D). After pre-incubation of WT-CHO or hCB2R-CHO cells with ligands 18 and 19, 

AttoThio12-5 and SiR-6 could both efficiently displace CB2R-agonist 18 at a broad concentration range. Moreover, 

0.37 µM 5 or 6 also displaced inverse agonist 19 illustrating the high degree of target specificity of the fluoroprobes 

AttoThio12-5 and SiR-6 in a cellular setting. 

Up to now the generation of CB2R equilibrium and kinetic binding data has been exclusively based on tritiated 

CB2R ligands, precluding it from standard high-throughput screening.[27] Time-resolved fluorescence resonance 

energy transfer (TR-FRET) offers an attractive alternative for obtaining such data, thereby avoiding radiometric 

assays.[28] Using this technique, we measured the binding kinetics of our CB2R-specific probes AttoThio12-5, SiR-

6 and Cy5.5-7, alongside the affinity of the CB2R specific ligands, agonist HU-308 (20),[20, 29] and inverse agonist 

SR144528 (21).[20, 30] Binding kinetics of probes 6 and 7 was characterized by monitoring the observed association 

rates (kobs, min−1) at different ligand concentrations (Figure 3A, and Supplementary figure S-3A). The observed rate 

of fluorescent ligand association (kobs) was related to CB2R fluorescent ligand concentration in a linear fashion 
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(Figure 3A, right panel, and Supplementary figure S-3B). Kinetic rate parameters koff (min−1) and kon (M−1min−1) 

were calculated by globally fitting association time courses. The resulting Kd (koff / kon) values were in very good 

agreement to those obtained from the equilibrium studies and those determined indirectly through radioligand 

binding studies (Figure 3B, and Supplementary figure S-3C). The binding affinity of probe 5 was determined through 

equilibrium saturation binding (Supplementary table S-10, saturation Kd of 5 is 19 nM). To confirm the applicability 

of fluorescent ligands 6 and 7 as tracers, the binding affinity of CB2R ligands 20 and 21 were determined (Figure 

3C, and Supplementary figure S-4 and table S-11). Overall, comparing our TR-FRET data with the values obtained 

from radioligand binding assays, we found excellent agreement with our own and previously published data for the 

CB2R ligands tested.[20, 29-30] These results illustrate the potential of implementing TR-FRET methodology for CB2R 

ligand residence time investigation and for application in high-throughput screening. 

Figure 3. HTRF-based characterization of SiR-6 with determination of kinetic and equilibrium binding parameters using HEK-hCB2R cell 

membranes: A) Observed association of 6 binding to hCB2R (left panel), and plot of 6 concentration vs. kobs (right panel); B) Saturation analysis 

showing binding of 6 to hCB2R. Kinetic and equilibrium data were used to calculate Kd, and kon and koff values for fluorescent ligands (lower 

panel); C) Competition binding studies between 6 and increasing concentrations of CB2R specific ligands 20 (HU-308) and 21 (SR144528) for 

hCB2R. Data were used to calculate Ki values for 20 and 21 (lower panel) with literature data shown for comparison (20 Ki: 23 nM[29] and 36 

nM;[20] 21 Ki: 0.6 nM[30] and 13 nM[20]). [a]Literature data obtained from radioligand binding assay 
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Figure 4. A) Time-lapse confocal microscopy frames for hCB2R (upper panels) and hCB1R (lower panels). CHO cells co-stained with 6 (red) 

and Hoechst 33342 (cyan, nucleus counter stain) at 1, 4, 6, 8 and 10 min; Plasma and internal membranes are highlighted with white and yellow 

dashes, respectively; B) Association curve of 0.4 μM 6 on plasma membrane and internal membranes of hCB2R-CHO cells; (C, D) Airyscan 

high-resolution imaging of hCB1R- and hCB2R-overexpressing CHO cells incubated either for 10 min with 0.4 μM 6 (red) and counterstained 

with Hoechst 33342 (cyan). C) hCB1R cells displayed only negligible staining resulting as sparse dot structures near to the cell nucleus; D) In 

hCB2R cells, 6 was readily incorporated into plasma membranes, and reached nearly all internal membranes within 10 minutes, particularly 

those located in the perinuclear zone, resembling endoplasmic reticulum and/or Golgi complex (green triangles). Small vesicles, reminiscent of 

early endosomes (white triangles), appeared below the plasma membrane and within the cytosol 

The suitability of SiR-6 to specifically visualize hCB2R in living cells was subsequently evaluated by confocal 

time-lapse imaging. Exposure of hCB2R-overexpressing CHO cells with 6 resulted in a clear labeling of cell 

membranes, which was time- and concentration dependent. Plasma membrane labeling with 0.4 μM 6 was 

detectable within 3 min and increased progressively over time, reaching a steady-state plateau after 6 min and 

remained unchanged up to 10 min (Figure 4A, upper panels, and 4B). In accordance with the results obtained for 

the NBD-labeled analogues in the PAMPA assay (Supplementary table S-5) probe SiR-6 is a membrane-permeable 
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ligand and was able to successively enter hCB2R-overexpressing cells and reach nearly all internal membranes 

(Figure 4A and D). The kinetic analysis of the fluorescence signal measured on the CB2R-containing internal 

membranes showed that loading of 6 did not reach saturation after 10 minutes (Figure 4B). Image acquisition at 

higher magnification and resolution shows that, besides the cell membrane, labeled hCB2R was detected in 

intracellular compartments, predominantly within perinuclear structures, reminiscent of Golgi complex and 

endoplasmic reticulum (Figure 4D, green and white triangles, respectively). During the time-course of staining, 

small endosome-like vesicles (Figure 4D, white triangles) appeared just below the plasma membrane and within 

the cytosol, suggesting the presence of an agonist-stimulated internalization process of the CB2R, along with 

passive diffusion of the probe. Moreover, SiR probe-6 was nearly non-fluorescent in aqueous environments, 

allowing bright labeling of cellular membranes even in the continued presence of the probe in the culture medium, 

thus permitting experimental imaging studies over prolonged time (Figure 4A, lower panels, and 4C). Importantly, 

in control CB1R-overexpressing CHO cells, 6 did not produce membrane labeling under these conditions, 

demonstrating the high CB2R-specificity and remarkably low extent of unspecific binding of this fluoroprobe (Figure 

4A, lower panels). All together, these results show that cell permeable SiR probe-6 allows accurate tracing of CB2R 

receptor subcellular distribution and trafficking dynamics, as well as staining its total cellular content in real-time 

live cell imaging. 

Conclusion 

Following a reverse design approach, a toolbox of highly potent and CB2R-specific fluorescent probes was 

developed and cross-validated in different experimental settings conducted in multiple laboratories. Assisted by 

molecular modeling studies, preclinical CB2R agonist drug 2 was advanced into a CB2R probe precursor platform 

(S)-17, which allowed the attachment of a variety of dyes with different physicochemical and photophysical 

properties tailored for diverse applications. Despite large structural modifications with regard to linker elongation 

and dye attachment, high potency, selectivity and agonistic properties of the parent drug were mostly preserved. 

To the best of our knowledge, these CB2R-selective fluorescent probes are the first to show highly consistent 

interspecies affinity and efficacy for both human and mouse CB2R in the nanomolar range. In flow cytometry 

experiments (AttoThio12-5 and SiR-6), we could specifically label CB2R overexpressing cells and demonstrate 

target specificity by competition against CB2R reference ligands. In a novel fluorescence based TR-FRET assay, 

probes (SiR-6 and Cy5.5-7) allowed generation of CB2R kinetic and equilibrium binding data, which were in 

excellent agreement with previous values obtained using radiometric ligand-binding assays. In addition, fluoroprobe 
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SiR-6 was employed to reliably image and monitor CB2R distribution in real-time live cell imaging by confocal 

microscopy.  

We believe that our novel CB2R fluorescent probes may help to elucidate CB2R molecular and cellular 

mechanism of action, as well as to unravel its expression levels in different tissues and disease states. Therefore, 

this toolbox holds great potential to complement present knowledge on CB2R pharmacology. 
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