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Despite its essential role in the (patho)physiology of several diseases, CB;R tissue expression profiles and
signaling mechanisms are not yet fully understood. We report the development of a highly potent,
fluorescent CB,R agonist probe employing structure-based reverse design. It commences with a highly
potent, preclinically validated ligand, which is conjugated to a silicon-rhodamine fluorophore, enabling
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cell permeability. The probe is the first to preserve interspecies affinity and selectivity for both mouse

and human CBR. Extensive cross-validation (FACS, TR-FRET and confocal microscopy) set the stage for
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CB,R detection in endogenously expressing living cells along with zebrafish larvae. Together, these
findings will benefit clinical translatability of CB,R based drugs.
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Introduction

Cannabinoid type 1 and 2 receptors (CB;R and CB,R) are key
transducers of extracellular stimuli in the endocannabinoid
(eCB) system, a fundamental lipid signaling network in all
vertebrates.»” Kidney, cardiovascular, gastrointestinal, lung,
neurodegenerative and psychiatric disorders, along with pain
and cancer are linked to eCB impairment.*” While CB;R is
mainly expressed in the central nervous system and to a lesser
extent in peripheral tissue, CB,R is found throughout the
periphery and primarily expressed in immune cells.>® Tissue
and cell-type specific receptor expression profiles remain largely
uncharted because appropriate biological and chemical tools
are lacking. This is aggravated by the absence of antibodies
sufficiently specific for both human and rodent CB,R; which
even if available would be precluded for use in translational
imaging and incapable of intracellular permeation.’*"* The
development of therapies involving novel CB,R agonists
requires understanding of molecular and cellular mechanisms
of action,™** thus, chemical probes targeting CB,R are needed.
Herein we report the synthesis of a novel, selective, cell-
permeable, high affinity CB,R-agonist fluorescent probe
(Fig. 1A) along with its pharmacological validation.

This is the first directly labeled small molecule probe to
preserve binding affinity and agonistic efficacy at both human
and mouse CB,R. The probe is applied and cross-validated
using time-resolved fluorescence resonance energy transfer
(TR-FRET) by flow cytometry and cellular trafficking studies. We
showcase its application with super resolution live cell imaging
in native cells and zebrafish.

A) Pharmacology (hCB,R and mCB;,R)
v" Nanomolar Affinity

Agonistic Potency

High Specificity

Membrane Permeability

VLS

Cross-validation
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K; hCB,R: 0.2 nM
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Fig. 1 CB,R agonist 1 for the design of CB,R-selective fluorescent
probe and docking experiments into the co-crystal structure of active
state CB,R with agonist AM12033 (PDB 6KPC).*
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Results and discussion

Probe design, synthesis, and pharmacological
characterization

Fluorescent imaging probes have emerged as sensitive tools
with high degree of spatiotemporal resolution.'® Accordingly,
we sought to develop a probe that would provide a well-
validated translational path from preclinical pharmacological
animal data to clinic. In earlier work,*”*® we described fluores-
cent probes based on a phytocannabinoid that was lacking
desirable pharmacokinetics for translational applications.
Accordingly, here we employ a drug-derived, reverse-design
approach from a pharmacologically well-validated in vivo
active compound class that would satisfy a number of desirable
boundary conditions: affinity, potency and selectivity, chemical
stability, water solubility and membrane permeability."** A
ligand that meets these criteria is 1,>'>* displaying picomolar
selective binding affinity on human and mouse CB,R and full
agonistic picomolar potency (Fig. 1B and ESI Table S17). With
this as a lead, a conjugation handle was required for fluo-
rophore attachment.

Prospective SAR studies supported by molecular modelling
using docking poses of 1 suggested an exit vector (Fig. 1B, green
arrow and ESI Tables S2 and 37) for thioether linked spacers
reaching out into the extracellular space, ultimately leading to
the design of (S)-5 as a versatile lynchpin (Scheme 1). Its
synthesis commenced with hydroboration of (S)-2, followed by
thio-Mitsunobu reaction which allowed linker introduction.
The absolute configuration of 2 was assigned by X-ray crystal-
lography of a N-toluenesulfonyl-(S)-proline derivative (ESI-34,
see ESI, S23 and S24t). Following deprotection and coupling,
(5)-3 was isolated. Subsequent amide coupling of (S)-3 with acid
4 and deprotection furnished (S)-5. This compound was used to

1) 9-BBN, then H,0,, NaOH

. 2) MeC(0)SH, DIAD, PPhy
51/2/ 59% vyield, 2 steps

3) O-tosyl N-BocPEG,, EtONa 1\~

FmocHN CO,Et oo
o
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P-FCeHa N com | DA HATU| 829 yield
| X 2 DIPEA 2 steps
" _ 2)TFA Nz
4
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Scheme 1 Synthesis of probe candidates.
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Table 1 Selected pharmacological characteristics of fluoroprobes 6, 7, and 8¢

K; [nM] cAMP ECs, [nM] (% efficacy)
Probe Alog P hCB,R hCB;R mCB,R mCB;R hCB,R hCB;R
-6- . . 7 2 (7 >
§5)-6-NBD 6.3 9.1 61 33 691 2.2 (72 10 000
(R)-6-NBD 6.3 159 4925 622 n.d. 17 (84) >10 000
-7-. 5. > .
S5)-7-AF488 3 44 321 28 10 000 1.3 (100 86 (109
(S)-8-SiR 10.6 62 114 117 1892 67 (96) >10 000

“ See ESI, S10 for detailed description of the assay protocols.

generate several different probes for study: 6-NBD, 7-AF488, and
8-SiR (Scheme 1). Their pharmacological investigation revealed
that all probes displayed high potency, selectivity, and full
agonistic properties showing high generality of the probe plat-
form (Table 1 and ESI Table S1t). These CB,R-selective fluo-
rescent probes are the first to preserve interspecies affinity and
selectivity for both mouse and human CB,R. Interestingly, (S)-6-
NBD displayed greater affinity than its enantiomer (Table 1)
towards human and murine CB,R. A similar observation was
made for fully labeled Alexa Fluor 488 probe pair 7 ((S)-7 hCB,R
K;: 44 nM vs. (R)-7 hCB,R K;: 62 nM), where only 1.4-fold enantio-
discrimination with regard to hCB,R binding affinity favoring
the (S)-enantiomer was observed (ESI Table S17). In particular,
NBD probe (S)-6 and 8-SiR outperformed with regard to func-
tional selectivity versus CB;R (hECs;, ratio CB;R/CB,R for (S)-6:
>4545 and for 8: >149, Tables 1 and 1}). Consequently, we
proceeded with the (S)-enantiomers for our studies. Probe
optimization and dye selection were supported by careful eval-
uation of absorption and emission spectra in buffer (ESI Fig. S3
and Table S67). In these studies, all probes were observed to be
water soluble without any tendency to form aggregates. Broad
lipophilicity range of Alog P values was observed, 5.3-10.6 for 7-
AF488 and 8-SiR, respectively, suggesting good permeability for
8-SiR which is devoid of negative charges as per our design.

To experimentally probe permeability, the effective perme-
ation coefficients of (R)- and (S)-6-NBD were measured in the
parallel artificial membrane permeability assay (PAMPA). The
fact that both passively permeated through membranes sug-
gested the more lipophilic probe 8-SiR was likely to be cell-
permeable* thereby enabling studies of intracellular compart-
ments. Conversely, negatively charged 7-AF488 was not capable
of passive membrane permeation (see ESI, S431), making it
potentially useful in the investigation of extracellular receptor
pools. To identify potential off-targets of our labeled ligands, 7-
AF488 probe, having the highest potency, was screened against
a customized panel of 50 representative receptors and enzymes.
In this assay, ligand 7 exhibited a very clean selectivity profile
(ESI Table S47).

Validation of 8-SiR in overexpressing cells using
complementary imaging techniques

To study the specificity of 8-SiR for human and mouse CB;R,
CHO cells overexpressing either hCB,R, mCB,R or hCB;R were
incubated at various concentrations and analyzed in FACS
experiments (Fig. 2A). In comparison to hCB;R overexpressing

© 2022 The Author(s). Published by the Royal Society of Chemistry

cells or WT-CHO control, 8-SiR was highly specific for CHO cells
overexpressing either hCB,R or mCB,R. To confirm ligand
specificity and exclude unspecific binding, we investigated
whether these compounds can compete for the CB,R binding
site with known cold CB,R ligand agonist JWH133 (ref. 25)
(Fig. 2B). Following pre-incubation of WT-CHO or hCB,R-CHO
cells with these, 8-SiR efficiently displaced CB,R-agonist
JWH133 over a broad concentration range. This illustrates the
high degree of target specificity of 8-SiR in a cellular setting
targeting the active conformation of the receptors in its native
cellular environment and thereby overruling the observed
limited human CB;R/CB,R selectivity ratio in the binding assay
by relevant cellular data.*® Similar high specificity and full
displacement by JWH133 was also observed when 7-AF488 was
analyzed in FACS (ESI Fig. S4t).

As previously described by us,” we assayed kinetic and
equilibrium binding of 8-SiR via TR-FRET (Fig. 2C and D) and
further confirmed its use as tracer for TR-FRET applications (see
ESI, S16-5207).

Next, we employed 8-SiR in confocal microscopy experi-
ments. Currently available CB,R probes require long pre-
incubation times (>30 min) in live-cell imaging experiments,
contributing to unspecific staining.>”~** By contrast, we observed
instantaneous labeling with 8-SiR. In accordance with the
PAMPA assay (ESI Table S3f), probe 8-SiR is membrane
permeable and successfully entered hCB,R-overexpressing
cells, reaching internal receptor pools (Fig. 2E and ESI Video
S21). Besides the cell membrane, labeled hCB,R was detected in
intracellular compartments, predominantly within perinuclear
structures, reminiscent of Golgi complex and endoplasmic
reticulum (see ESI Fig. S41 for higher magnification). Kinetic
analysis of the staining of internal membranes with CB,R shows
that after 10 minutes saturation had not occurred (Fig. 2G).
Moreover, 8-SiR was nearly non-fluorescent in aqueous envi-
ronments. This feature allows bright labeling of cellular
membranes even in the continued presence of 8-SiR in culture
media,***? which permits imaging over prolonged time periods.
Importantly, in hCB,R-overexpressing CHO cells, 8-SiR did not
label the membrane, demonstrating high CB,R-specificity and
remarkably low unspecific binding (Fig. 2F and ESI Video S17).
For detection applications, cell-permeable agonist probes have
the advantage of accumulating inside cells upon receptor
internalization and following recycling events, which consecu-
tively lead to signal amplification, improved image contrast and
enhanced detection sensitivity.*

Chem. Sci., 2022, 13, 5539-5545 | 5541
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Fig. 2 (A) FACS analysis of the mean fluorescent intensity (MFI) of WT, hCB,R, mCB,R and hCB;R overexpressing CHO cells at different
concentrations of 8-SiR. (B) FACS analysis of the MFI of WT and hCB,R-CHO cells pre-treated with JWH133 (10 uM) and stained with different
concentrations of 8-SiR; see ESIt for details. (C and D) TR-FRET characterization of 8-SiR binding association (C) and saturation analysis (D) using
HEK-hCB,R cell membranes. (E and F) Time-lapse confocal microscopy frames for hCB,R (E) and hCB;R (F). CHO cells co-stained with 8-SiR
(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. (G) Association curve of 0.4 uM 8-SiR on plasma membrane and internal membranes of hCB,R-CHO cells. See also
ESI Videos S1 and S2.}

8-SiR enables CB,R visualization in live cells Zebrafish embryos and larvae are an established model in
biomedical research with high potential for clinical trans-

Finally, the ability of 8-SiR to visualize endogenous CB,R 3 . e .
lation** and show a remarkably high CB,R binding site

expression in non-transfected cells was tested (Fig. 3). A chal-
lenge in CB,R research is the very low expression level of the
receptor in native cells, even when these are known to be
responsive to CB,R activation.*»*® To this end, primary cultures Murine splenocytes
of human macrophages derived from healthy donors and of N, 6% min

murine splenocytes from healthy C57BL/6] wild-type mice were s
isolated. Incubation of primary cell populations with 8-SiR
resulted in increased mean fluorescence (Fig. 3A, B, ESI Videos
S3, S4, and S67).

Consistent with the results obtained previously with CHO-
CB,R cells, 8-SiR produced robust, time-dependent membrane
labeling and effected receptor internalization. Probe specificity
towards human and mouse CB,R was evident by the abrupt
reduction in observed fluorescence after co-incubating cells with
8-SiR with non-fluorescent JWH133, an agonist with high affinity
for human and mouse CB,R* (Fig. 3C, D and ESI Videos S5 and
S71). These competition studies demonstrate the capability of
probe 8-SiR for real-time staining of CB,R at native levels with
high specificity. Additionally, the excellent cell permeability of 8-
SiR allows accurate tracing of subcellular CB,R receptor distri-
bution and traffic dynamics as well as staining total cellular
content of CB,R in real-time, live-cell imaging.

Human macrophages
23110.00 min

19)110.00 min

Fig. 3 Super resolution fluorescence microscopy in native cells using
probe 8-SiR. Time-lapse confocal microscopy frames with 8-SiR in
Imaging CB,R in vivo using 8-SiR murine splenocytes (A and C) and human macrophages (B and D).
Cells were pre-stained with Hoechst 33342 (cyan) to counter stain the
Having demonstrated the use of 8-SiR for detection of CB,R in  nyclej and incubated for 10 min with 0.4 uM 8-SiR (A and B) or 0.6 uM

native cells, we then studied the probes in live animals. 8-SiR and 4 uM JWH133 (C and D). See also ESI Videos S3 to S7.1

5542 | Chem. Sci.,, 2022, 13, 5539-5545 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Real-time in vivo visualization of CB,R in zebrafish embryos. (A) 8-SiR (red) injected in 3dpf Tg(flil:EGFP) zebrafish larvae, which expresses
EGFP fluorescent protein in the blood vasculature (cyan). 8-SiR was found freely circulating in the blood vasculature after injection, with
increased intensity in the CHT region (white triangles). (B) 8-SiR injected in 3dpf Tg(mpegl.l:mCherry-F) zebrafish larvae, which expresses
mCherry-F fluorescent protein in macrophages (cyan), demonstrating its colocalization. (C) 7-AF488 (red) injected in 3dpf Tg(kdrl:mCherry)
zebrafish larvae, which expresses mCherry fluorescent protein in the blood vasculature (cyan). See also ESI Videos S8 and S9.}

sequence identity to the human receptor®***® (ESI Fig. S27).
Probes 7-AF488 and 8-SiR were intravenously injected via the
Duct of Cuvier at 3 days post fertilization (dpf), and their
dynamics were analyzed using confocal microscopy (Fig. 4).

Both probes were freely circulating as evidenced by fluores-
cence within the blood vasculature, which slowly decayed
during the first hours post injection due to diffusion
throughout the body (Fig. 4A). Over time, probes were exten-
sively taken up at the Caudal Hematopoietic Tissue (CHT),
showing as a strong punctate pattern (Fig. 4A). The CHT is
a highly perfused tissue wherein hematopoietic stem cells and
immune precursors such as macrophages and neutrophils
develop during zebrafish embryogenesis.** Given CB,R's
implication in the immune system,**** we focused on CHT to
study the possible uptake of the probes by the residing immune
cells.*>*® However, the CHT is also the residing place for endo-
thelial cells that remove macromolecular waste from the blood
via scavenging receptors. Analysis revealed uptake of 8-SiR from
motile cells (immune-related) and non-motile (endothelial)
cells. Indeed, 8-SiR colocalized with local residing macrophages
prior to its removal from blood circulation via endothelial cells
(Fig. 4B, and ESI Videos S8 and S97).

To avoid imaging of binding due to the unspecific scavenging
function of endothelial cells, additional analyses were performed
during the first 3 hours post injection. These demonstrated
specific uptake of 7-AF488 and 8-SiR from motile cells both inside
CHT as well as crawling into the adjacent fin, putatively endocy-
tosed after contact with CB,R (Fig. 4C and ESI Video S97). In
contrast, injecting the fluorophores without the CB,R recognizing
element resulted in unspecific fluorescence signal in all cellular
membranes in contact”” (ESI Fig. S5 and Video S107).

© 2022 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In conclusion, we have developed cell-permeable, fluorescent
probe 8-SiR, based on a preclinical CB,R agonist 1. It displays
high affinity, specificity, and agonistic potency. Moreover, the
probe shows unprecedented, highly consistent interspecies
affinity and potency for both human and mouse CB,R. Subse-
quent to validation in overexpressing systems, the probe was
used for imaging in native cells and ultimately in live zebrafish.
Specifically, in flow cytometry experiments we labelled CB,R
overexpressing cells and demonstrated target specificity by
competition experiments. In fluorescence-based TR-FRET
assays, kinetic and equilibrium binding profiles for 8-SiR were
determined. Fluoroprobe 8-SiR was employed to monitor
intracellular CB,R distribution in real-time, live-cell imaging by
super resolution confocal microscopy with overexpressing
hCB,R-CHO cells and endogenously expressing native cells
from human macrophages and mouse splenocytes. In zebrafish
larvae, 8-SiR was found to be well tolerated after intravenous
injection. It freely circulated inside the blood vasculature over
prolonged times before colocalizing with CB,R expressing
macrophages. This demonstrates the implementation of the
probe in vivo and attendant aspects such as biosafety, bio-
distribution, and cellular uptake.

Probe 8-SiR provides researchers a unique and novel plat-
form to: (1) overcome the large interspecies differences; (2)
access a high specificity and low nanomolar affinity probe for
CB,R with full agonist efficacy, and (3) perform an array of
biologically and pharmacologically relevant experiments to
detect CB,R and study its function. We anticipate that this novel
highly translational agonist CB,R fluorescent probe will help to

Chem. Sci., 2022, 13, 5539-5545 | 5543
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elucidate CB,R molecular and cellular mechanisms of action, as
well as to unravel its expression levels in different disease states.

Data availability

Primary data for probe synthesis, characterization, photo-
physical measurements, and fluorescence imaging, as well as
atomic coordinates are provided in the ESI.}
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