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ABSTRACT

Pharmacological modulation of cannabinoid receptor type 2 (CB2R) holds promise for the
treatment of neuroinflammatory disorders, such as Alzheimer’s disease. Despite the importance of
CB:2R, its expression and downstream signaling are insufficiently understood in disease- and
tissue-specific con-texts. Ligand-directed covalent (LDC) labeling enables the study of
endogenously expressed proteins in living cells, tissues, and animals without impairment of native
protein function. Herein, we employed in silico docking and molecular dynamics simulations to
evaluate feasibility of LDC labeling of CB2R and guide design of LDC probes. We demonstrate
selective, covalent labeling of a peripheral lysine residue of CB2R by exploiting fluorogenic O-
nitrobenzoxadiazole (O-NBD) functionalized probes in a TR-FRET as-say. The rapid proof-of-
concept verification with O-NBD probes inspired incorporation of advanced elec-trophiles suitable
for experiments in live cells. To this end, novel synthetic strategies towards N-sulfonyl pyridone
and N-acyl-N-alkyl sulfonamide LDC probes were developed, which allowed covalent delivery of
fluorophores suitable for cellular experiments. The LDC probes were characterized in vitro by a
radi-oligand binding assay and TR-FRET experiments. Application of the LDC probes in flow
cytometry, imag-ing flow cytometry, and confocal fluorescence microscopy confirmed specific

labeling of CB2R in live cells.

INTRODUCTION

Cannabinoid receptors type 1 and 2 (CB:R and CB:R) are essential components of the
endocannabinoid system (eCBS), which is of fundamental importance in a wide range of
physiological processes in all vertebrates.}> CB1R is most abundant in the central nervous system,
whereas CB2R is expressed predominantly at the periphery by cells of the immune system.3®
Dysregulation of the eCBS, specifically of CB2R signaling, has been implicated in numerous
diseases including tissue injury, inflammation®’ and neurodegenerative conditions.2® Despite
early studies suggesting expression of CB2R exclusively restricted to the periphery,®1% there is
mounting evidence that CB2R is expressed also in the brain.'?1® Notably, brain glial cells, which
play a crucial role in modulating immune response,}” were found to express CB;R.1®1°

Additionally, their significance was established in ameliorating neuroinflammatory diseases.?%?
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Figure 1. A Ligand-directed covalent (LDC) labeling of CB2R. The process commences with
affinity-driven association of the LDC probe with the receptor (1.), followed by proximity-driven
covalent cargo transfer (2.) with concomitant dissociation of ligand from receptor (3.). B
Comparison of typical prior strategies toward LDC probes using a linear functionalization of either
ligand or fluorophore. C Herein reported work using a modular assembly with N-sulfonyl pyridone
(N-SP) 9a-c and N-acyl-N-alkyl sulfonamide (NASA) 13 platform reagents.??
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Expression of CB2R is significantly upregulated under pathological conditions,?*** however,
despite its evident importance, no therapeutics targeting the receptor selectively have been brought
to the market. This shortcoming is largely attributed to poor understanding of receptor biology, in

particular, its expression in tissue- and disease—dependent contexts. The situation is further
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complicated by the lack of specific antibodies, scarcity of validated chemical probes,””" and

very low expression levels in native cells.?!=

Fluorescent probes have emerged as a powerful tool enabling the study of ligand-protein
interactions with unrivaled spatiotemporal resolution.** Recently, our group has reported a potent
CB:2R selective agonist scaffold, which was functionalized with a variety of fluorophores to enable
visualization of CB2R.****> However, these probes are inherently limited in the study of native
receptor biology, since they occupy the orthosteric ligand binding site. As such, they continuously
exert their strong agonistic effects, which lead to disruption of cellular homeostasis and
internalization of membrane-bound receptors.®> Importantly, the fluorescent probe precludes
binding by the respective endogenous ligands, perturbing the native state of CB2R and associated
downstream signaling. We surmised that these limitations could be addressed by introduction of
cleavable, reactive motifs within the probe that transfer a fluorophore to the periphery of the
protein of interest in a ligand-directed manner (Figure 1A). This strategy of affinity labeling,
known as ligand-directed covalent (LDC) chemistry, allows for highly specific, fluorescent tagging
of endogenously expressed proteins in complex, multimolecular systems.**3® The LDC process
commences with nucleophilic attack by a proximal amino acid residue at the surface of the
receptor. Following peripheral, covalent labeling, the ligand is free to dissociate from the binding
site, and the native function of the receptor is preserved. This technique has been successfully

applied to label both intracellular and membrane bound protein targets in vitro, in cells,***" in brain

48-50

slices,**? and even in animals.’!

In our continuing investigation of the eCBS, we recently became interested in developing LDC
probes for CB2R, for which no precedent is available. In this respect, we were inspired by the work
of Hamachi, who has reported the use of N-sulfonyl pyridone®? (N-SP) and N-acyl-N-alkyl
sulfonamide™ (NASA) motifs in LDC chemistry. Valuable ligands and fluorophores, which

themselves may require challenging synthetic efforts, are frequently the starting materials for the
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reported syntheses of LDC probes (Figure 1B). Additionally, during formation of the N-SP
electrophile undesired O-SP constitutional isomer is formed preferentially leading to reduced
yield. The starting materials are subjected to a long linear synthesis (up to 6-steps) and thus fall
prey to the synthetic "arithmetic demon",** or diminution in material throughput incurred by a
multi-step sequence.’> Consequently, investigations of new protein targets often necessitate

preparation of multiple probes and hence may be restricted to ligands or fluorophores available in

sufficient quantities (grams), either from commercial sources or synthetic work.

We set out to devise new synthetic platforms for convergent and modular access towards LDC
probes to enable broader applications and, specifically, for our studies of CB2R in live cells (Figure
1C). The new approach has enabled the design and synthesis of N-SP and NASA platform reagents
9a-c and 13, which conveniently allow rapid assembly of LDC probes for CB2R. Remarkably, the
N-SP and NASA platform reagents we report can be coupled to free primary amines, despite the
fact that these incorporate reactive electrophilic sites designed to trap Ne of lysine. We successfully
demonstrate the suitability of our LDC probes to study CB2R in live cells by flow cytometry,
imaging flow cytometry, and fluorescence confocal microscopy. More broadly, the availability of
the N-SP 9a-c and NASA 13 platform reagents expands the targetable proteome and deliverable
functionalities of LDC approaches by introduction of diverse bait and cargo elements late in the

synthetic sequence.

RESULTS AND DISCUSSION

O-Nitrobenzoxadiazole: Rapid Proof-of-Concept by Fluorogenic

Covalent Delivery

In general, an LDC probe consists of four components: high-affinity ligand, linker, reporter
element and electrophilic motif, which can deliver the reporter and simultaneously release the
ligand.>®>7 There are multiple challenges to the successful design of affinity labeling probes. A
pitfall to be avoided is the introduction of a reporter element that adversely influences selectivity
bias over closely related targets>® or triggers significant decrease in affinity in comparison to the
parent ligand.>*-*! Retention of high binding affinity is paramount as it may directly influence the

rate of covalent cargo transfer.>?



We have previously established the primary amine in 1a as an optimal locus for linking ligand
la to a wide range of fluorophores (Scheme 1).3%% We opted to append agonist 1la to an
electrophilic motif subject to cleavage following ligand binding to the orthosteric site and reaction
with a nearby lysine. Generally, selective modification of surface lysine residues is particularly
challenging due to the high degree of solvation and low nucleophilicity.®? Accordingly, we set out
to investigate whether any lysine residues peripheral to the CB2R binding site are amenable to
covalent modification. In practice, we were attracted to O-linked nitrobenzoxadiazoles (NBD) la-
e as they combine electrophile and reporter in a single motif. A key feature of la-e is that the alkyl
O-linked NBDs are non-fluorescent, whereas N-linked NBDs formed upon reaction with alkyl
amines (lysine residues) exhibit dramatic increase in fluorescence intensity.53%% This combination
of electrophilic reactivity (via SnAr) with fluorogenicity was seen as ideal to rapidly evaluate
covalent modification. Furthermore, the small NBD unit combined with the distal nature of

labeling site was expected to exert minimal impact on the endogenous activity of CB2R.

Scheme 1: Design of LDC O-NBD probes targeting CB2R.

In Silico Probe Design & Molecular Dynamics Simulation
Examination of the co-crystal structure of CB2R with agonist WIN55,212 (PDB:6PTO0) revealed

two lysines, namely Lys23N™R and Lys103°2? on the surface of CB2R in proximity to the
orthosteric binding site.®® We used this structure in docking studies for the design of probes 2a-e
comprising 1a and O-NBD. Prior work has highlighted the critical role of the linker type and length
on the success as well as rate of target labeling.*>*>%” This guided the selection of optimal linker
length, which positions the electrophilic O-NBD carbon (C*) closest to the lysines. The
hydrophobic lining of the exit channel from the orthosteric binding site suggested selection of alkyl



linkers. Consequently, CB;R targeting appeared optimal with a heptanoyl linker (—
HNOC(CH2)s—) featuring 2b.

To gain further insight into the conformational preferences and binding mode of 2b, we
conducted two independent 1 us molecular dynamics (MD) simulations using Amber20 program.
Both inactive (MD1, PDB:5ZTY)® and active (MD2, PDB:6PT0)® conformations of CB2R were
used as starting points to enhance MD sampling and reduce potential biases from receptor
conformation. The inactivating mutations present in PDB:5ZTY were back-mutated to wild-type
residues before MD simulations. The same starting docking pose was used for both MD
simulations since the conformation of the binding site is well-conserved in the two structures. The
energy-minimized complexes were embedded in a pre-equilibrated palmitoyl-oleoyl-
phosphatidyl-choline (POPC) lipid bilayer and solvated in an aqueous medium using the
CHARMM-GUI web-interface.®>”° Constant pressure and temperature (NPT) MD simulations
were carried out at 310 K and 1 atm with the pmemd.cuda module of the Amber20 package,”!
using ff14SB (proteins), lipid 14 (lipids), and gaff (ligands) force field parametrizations (see SI for
details).

Analysis of MD trajectories showed that 2b adopts a canonical phytocannabinoid-like L-shaped
conformation, forming van der Waals interactions with the hydrophobic residues lining the
orthosteric site and engaging in n-m stacking with Phe1835¢t2, The amide group interacts with a

network of water-mediated hydrogen bonds with Asn93%%3

, while the azide group, previously
found critical to confer affinity and selectivity,*> engages in polar interactions with Thr114%3* and
Tyr190°*. The heptanoyl linker forms hydrophobic contacts with residues inside the helix bundle,

while the O-NBD group docks on the extracellular rim of the helix bundle.

The rmsd analysis of MD1 and MD2 trajectories shows a similar trend in ligand fluctuations (see
SI Figure S1). The fluctuations of 2b and the ligand without linker (as the N-acetamide derivative
of 1a) were separately evaluated to uncouple the effect of the flexible linker from the rest of the
molecule. Overall, the flexibility of the linker, mirrored by the increased fluctuation observed after
its inclusion in the rmsd calculation, does not affect stability of the ligand within the orthosteric
site. This suggests that the conjugate with NBD does not destabilize the ligand and that the linker
provides adequate length to allow exiting the binding site without detrimental interactions between

2b and CB3R.



Subsequently, the propensity of the proximal lysine residues Lys23NTER and Lys103%%2 to adopt
spatial arrangements suitable for nucleophilic attack was evaluated by monitoring the distance
between electrophilic carbon C* in 2b and the lysine Ne atoms (see SI Figure S2). In MD2
simulation the distance between the electrophile and either of the two lysines was similar. In
contrast, however, two main conformational basins were identified in MD1 simulation where a
transition was observed from an initial shorter distance between electrophile and Lys1033? (Figure

2A) to Lys23NTER (Figure 2B).

A C*e 23 A * Ne-Lys103 B C*e )7 A —= Ne-Lys23

Figure 2. Representative frames from molecular dynamics simulation of 2b-CB2R complex
(PDB:5ZTY) featuring the shortest distance between the electrophilic O-NBD carbon (C*) of 2b
and Lys1033.22 (A) and Lys23NTER (B) N¢ atoms.

The final conformation was stabilized by favorable interactions of the O-NBD group with CB2R;
- stacking of benzofurazan with His98E“ and a polar interaction between the nitro group and
Lys33!22, This stabilized arrangement remained constant when the simulation was extended by
further 300 ns. Notably, also in MD2 trajectory His98"“™! remains close to the O-NBD group of
2b for a large fraction of time (see SI Figure S3) while the stabilizing n-n stacking with
benzofurazan is observed in two out of ten representative configurations arising from cluster
analysis. In conclusion, although both Lys23NTER and Lys10332? in principle satisfy the
requirements for them to act as nucleophiles, the data suggest that Lys23NTER may react
preferentially because for this pose the O-NBD group is locked in position by additional stabilizing

interactions and polarized towards substitution.



Synthesis & Radioligand Binding Assay

We devised an efficient, convergent synthesis where 1a was functionalized in the last step with
the linker-reporter motif (Scheme 2). As such, a set of O-NBD probes 2a-e was synthesized with
linkers varying in carbon chain length from 6 to 10. For experiments that function as negative
controls, N-NBD derivative 5 was synthesized. This probe is unable to transfer the NBD cargo and
thus only labels CB2R in a reversible fashion. Alkyl m-hydroxy esters 3a-e were allowed to react
with F-NBD and the esters hydrolyzed under acidic conditions to reveal the carboxylic acid.
Finally, HATU-mediated amide bond formation with 1a at 0 °C afforded 2a-e. Hence, O-NBD
probes 2a-e were obtained rapidly in three steps in a sufficient overall yield (28 — 38%). N-NBD

control probe 5 was accessed in an analogous fashion starting from ester 4.

a) F-NBD
b) aq. HCI

Oﬁ,ﬁ\/OH c) 1a, HATU N-Q
n o aner A o Y. N
RO 28 - 38% over 3 steps A
3a,R=Et NH
3b-e, R = Me . NO,
d) CI-NBD M
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Scheme 2: Synthesis of O-NBD and N-NBD probes.*

#Reagents and conditions: (a) F-NBD, Et;N, DMAP, CH>CL, rt, 40 — 61%; (b) aq. HCI, dioxane,
100 °C, 81 — 93%; (c) la, HATU, i-ProNEt, DMF, 0 °C — 1t, 76 — 90%; (d) CI-NBD, NaHCOs,
MeOH, rt, 92%:; (e) aq. HCI, dioxane, 100 °C, 83%; (f) 1a, HATU, i-Pr2NEt, DMF, rt, 67%.

The in vitro pharmacological profile of O-NBD probes 2a-e was evaluated in radioligand
competition binding studies using [*’H]CP55,940 and membrane preparations of Chinese hamster
ovary (CHO) cells expressing human CBiR (hCBiR), CB2R (hCB2R) or mouse CB2R (mCB2R)
(Table 1.). All probes 2a-e emerged as high affinity binders for hCB2R with K; values of 53 nM,
49 nM, 91 nM, 55 nM and 74 nM, respectively. Probes 2a-e were avid binders of mCB;R, albeit
with decreased potency in comparison to the hCB2R ortholog. Probes 2b, 2d and 2e also
demonstrated excellent selectivity over the closely related hCBR (hK; ratio CB1R/CB2R > 100).
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These data validate the in silico-guided probe design, which yielded probes with excellent in vitro

binding profiles.

Table 1. Radioligand competition binding assay of O-NBD LDC probes."

i [nM]
Cpd. n hCBIR hCB:R mCBR CEIE?;R)
2a 4 5207 53 198 98
Wb 5 6039 49 443 123
2 6 4130 91 377 45
2d 7>10000 55 641 ~182
2e 8 >10000 74 351 ~135

"[®H]-CP55,940 was used to establish affinity (Ki) values in the radioligand binding assay with

membrane preparations from CHO cells overexpressing hCB1R, hCB:2R, or mCB:zR.

The pattern of molecular interactions observed during MD simulations provides insight for the
observed trend involving stronger binding of 2a-e toward hCB:R over the mouse ortholog. This
could be ascribed to the human to mouse Val261°3!Ala, Ser90?%°Asn and Asn93>°Ile amino acid
replacements. Val261%>! sidechain forms stabilizing hydrophobic interactions with the dimethyl
group of the azidoheptyl substituent on the arene, which are absent in the mouse ortholog
incorporating an alanine residue. Ser90*%°Asn and Asn93>%Ile substitutions alter the steric
hindrance of the ligand binding site and disrupt the network of water-mediated H-bonds,
respectively. The drastic drop in affinity observed toward CBR cannot be fully explained by the
CB2R and CBiR amino acid residue substitutions alone. Thus, we speculate that significant
contributions arise from the differences in ligand accessibility to the CB2R versus CBiR binding

sites, as reported for the parent ligand of 1a, HU-308.72
TR-FRET Based Assay to Assess Covalent NBD Transfer to CB2R

The binding data for 2a-e suggest that conjugation of 1a with the electrophilic O-NBD motif is
well tolerated. In previous work on ligand directed chemistry, covalent labeling was validated by
Western blotting,>> mass spectrometry,**’>’* UV-Vis spectroscopy®® or time-resolved Forster
resonance energy transfer (TR-FRET).”> All of these approaches suffer from disadvantages.

Western blotting along with mass spectrometry can be laborious and omit early time points, with
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the latter suggesting erroneous labeling rate for rapid reactions and resulting in inaccurate
information of required incubation time. The use of UV-Vis spectroscopy can inform on the type
of modified residue, however, its use is limited to reactions wherein covalent transfer leads to
changes in spectral properties. The TR-FRET experiments as applied previously” do not give real-

time insight into the rate of covalent labeling nor suggest the amino acid residue being modified.

To improve on the shortcomings of the reported methods, we aimed to exploit the spectral
differences between O-NBD and N-NBD in combination with the temporal resolution offered by
TR-FRET (Figure 3A). As such, covalent labeling could be monitored in real time from the very
start of the experiment following probe addition. As an added benefit, the intensity and wavelength
of emission would inform on the type of residue involved in the covalent modification. In our TR-
FRET binding assay, membrane preparations of human embryonic kidney cells (HEK293)
overexpressing SNAP-tagged CB2R were labeled with a terbium-based FRET donor (SNAP-
Lumi4-Tb). Upon irradiation (A =337 nm), the Tb donor initiates energy transfer to a proximal
fluorescence acceptor and the measured acceptor to donor emission ratio provides direct insight
into the covalent labeling. Since probes 2a-e carry an alkyl O-NBD group and are hence non-

t,64’65

fluorescen increase of emission at Aem = 520 nm indicates covalent O- to N- transfer of NBD.

Incubation of SNAP-CB2R membrane preparation with 2b led to gradual increase of the FRET
emission ratio (Figure 3B). Addition of a validated CB>R antagonist/inverse agonist, SR-144,528
(hCB:R Ki = 13 nM),”® following 120 min incubation did not lead to decrease in the signal

intensity, corroborating successful NBD covalent transfer to a lysine residue.
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Figure 3. TR-FRET based characterisation of covalent NBD transfer to CB2R; A Schematic
flowchart of the TR-FRET experiment to investigate cargo transfer of O-NBD probes 2a-e.??> B
SNAP-Lumi4-Th labelled CB2R membranes were treated with O-NBD probe 2b (100 nM).
Following incubation for 120 min at 25 °C SR-144,528 (1 uM) was added. C SNAP Lumi-4-Th
labelled CB2R membranes were treated with N-NBD probe 5 (100 nM). Following incubation for
120 min at 25 °C SR-144,528 (1 uM) was added. D Saturation binding profile following a 2 h
incubation at 37 °C with 2b using a membrane preparation of HEK293 cells expressing either
CB1R or CB2R, previously labelled with SNAP-Lumi4-Tb.

Probe 2a achieved reduced signal intensity in comparison to 2b, likely owing to its short linker
(see SI Figure S4). As seen for 2b, probes 2¢-e also demonstrated good covalent labeling efficiency
(see SI Figure S4). From this set, 2b was deemed optimal for our investigations due to its excellent
affinity and selectivity for CB2R in the radioligand study combined with the strong signal in the
TR-FRET assay. Additionally, the shorter, less lipophilic linker of 2b was expected to result in

improved target specificity in comparison to 2c-e.

As a control experiment, an analogous study was performed with probe 5, which features
identical ligand and heptanoyl spacer as 2b. However, it is incapable of undergoing transfer
because it features an N-linked NBD fluorophore (Figure 3C). Incubation with 5 led to an increase
in the FRET emission ratio (receptor binding), however, the addition of SR-144,528 dramatically

decreased the signal intensity. This observation implies that probe 5 was displaced in a competitive
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fashion following SR-144,528 addition. These results collectively suggest that the ligand for the
CB:R binding site can be displaced from the orthosteric binding site following NBD transfer by
2b. The novel fluorogenic aspect applied in the TR-FRET assay enables rapid validation that a

lysine residue proximal to the binding site of CB2R is amenable to covalent modification.

Upon further profiling, O-NBD probes were not susceptible to hydrolysis (pH = 1 — 8, see SI
Table S1). We also set out to investigate whether the excellent selectivity of 2b established by
radioligand binding as shown in Table 1, would be reflected in the TR-FRET assay. Measurement
of saturation binding following 2 h incubation at 37 °C with the respective CBiR or CB2R
membrane preparations revealed a 50-fold selectivity bias of 2b for CB2R over CBiR, which is in

agreement with the radioligand binding assay (Figure 3D).
Universal Cargo Delivery Platform - N-Sulfonyl Pyridone & N-Acyl-
N-Alkyl Sulfonamide

Synthetic Design

The O-NBD probe 2b demonstrated that covalent cargo transfer to a lysine residue of CB2R is
feasible. However, owing to the intrinsic reactivity of 2b, modification is exclusively restricted to
covalent introduction of an NBD fluorophore. In this respect, the photophysical properties of the
NBD fluorophore are suboptimal for cellular experiments due to its low quantum yield and
tendency to photobleach.”” Accordingly, we aimed to expand the repertoire of deliverable cargos,
introduce a handle to tailor physicochemical properties, and design probes suitable for experiments

in live cells.

In 2017 the Hamachi group reported ligand-directed sulfonylation of tyrosine and lysine residues
facilitated by N-sulfonyl pyridones (N-SP).>* Despite the attractiveness of the system, to the best
of our knowledge, this is the only report utilizing LDC N-SP probes. We suspect that a significant
hurdle to broader adoption of the N-SP chemistry is the currently available synthetic route. It
suffers from a number of limitations, including linearity, production of undesired O-pyridone

constitutional isomers, and poor yields overall.
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Scheme 3. A Proposed disconnection of N-SP and NASA LDC probes to their respective platform
reagents. B Synthesis of N-SP and NASA probes.*

#Reagents and conditions: (a) 6-hydroxynicotinic acid, EDCI-HCI, EtsN, DMF, rt, 67 — 87%; (b)
8a or 8b, +-BuOK, THF, —78 °C to rt, 68 — 72%; (¢) N3-DY-480XL or N3-NBD, [Cu(MeCN)4]PFé,
AcOH, CHxCly, rt, 73 — 88%; (d) TFA, CH2Cl, 1t; (e) 1a or 1b, HATU, TFA, i-ProNEt, DMF, 0 °C
to rt, 72 — 92% over two steps; (f) 4-sulfamoylbenzoic acid, EDCI-HCI, HOBt-H>O, i-Pr2NEt,
DMF, rt, 67%; (g) 4-pentynoic acid, EDCI-HCI, DMAP, i-ProNEt, DMF, rt, 70%; (h) ICH2CN, i-
ProNEt, DMF, rt, 78%; (1) N3-DY-480XL, [Cu(MeCN)4]PFs, AcOH, CH2Cly, rt, 94%; (j) TFA,
CH2Cl, 1t; (k) 1a, HATU, TFA, i-Pro:NEt, DMF, 0 °C to rt, 66% over two steps.

N-Acyl-N-alkyl sulfonamide (NASA) constitutes a complementary electrophile for covalent
linking. It is selective for ligand-directed acylation of lysine residues and has lately been the

electrophile of choice due to its rapid labeling kinetics (k> = 10* M! s71).3

The application of
NASA electrophiles includes generation of small-molecule LDC probes,*>’® LDC aptamers,”

development of ligand screening assays,®® modification of protein-protein interactions®' and
Y g g y p Y
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targeted protein degradation.®? In many of the reported cases, the synthesis of the LDC probes
commenced from precious starting materials which are subjected to laborious synthesis sequences.
Consequently, the resulting applications may be restricted to conveniently available ligands and

fluorophores.

In a single instance,’> Hamachi reported amide bond formation in presence of the N-SP
electrophile followed by a copper-catalyzed azide-alkyne cycloaddition (CuAAC) to assemble the
LDC probe albeit in 2% yield over the two steps.>? We thus hypothesized that further investigations
could yield methods to assemble LDC probes incorporating either N-SP or NASA electrophiles by
robust orthogonal functionalization in the final steps with cargo and ligand. Hence, we envisioned
a streamlined assembly route for probes involving central N-SP and NASA platform reagents
(Scheme 3A). This strategy significantly expands the available targets that can be engaged as well
as the range of deliverable cargos by allowing a wide range of ligands and fluorophores to be
efficiently incorporated into the LDC probes. The availability of fluorophores bearing azides and
ligands incorporating amines suggested the use of CuAAC and amide bond formation,

respectively.

Synthesis of the LDC probes commenced with w-amino alkyl esters 6a-c (Scheme 3B). En route
towards N-SP platforms, the esters were allowed to react with 6-hydroxynicotinic acid to yield 6-
hydroxynicotinamides 7a-c. The reported conditions for the formation of N-SP using triethylamine
in DMF*? yielded a 3:1 mixture favoring the undesired O-SP over the N-SP constitutional isomer,
consistent with the low yields reported by Hamachi.>? Further investigations by us led to conditions
in which the N-SP constitutional isomer is formed preferentially using ~-BuOK in THF at —78 °C
(O-SP : N-SP =1:10) in good yield (68 — 72%) to give platform reagents 9a-c.

Complementary NASA platform reagent 13 was accessed rapidly in three steps by reacting 6b
with 4-sulfamoylbenzoic acid to yield 12, followed by N-acylation with 4-pentynoic acid and
finally N-alkylation with iodoacetonitrile. Platform reagents 9a-c and 13 were functionalized with
fluorophores by CuAAC to yield 10a-d and 14, respectively. During the final amide bond
formation with the targeting ligand N-SP and NASA electrophilic motifs are highly susceptible to
degradation, therefore efficient activation of the carboxylic acid, produced following ester

deprotection in 10a-d and 14, was required for a rapid and selective reactivity with amines.
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Unfortunately, many methods for the activation of carboxylic acids are either too harsh or involve
nucleophiles (e.g. DM AP, HOB?t) that can facilitate degradation of the N-SP and NASA motifs. We
noted that the amide bond can be formed selectively in presence of the highly electrophilic N-SP
and NASA motifs by employing HATU in a TFA/i-ProNEt mixture that serves to buffer out the
nucleophilic HOAt. This discovery allowed us to complete the modular synthesis and link the
CB:2R homing ligands 1a-b to yield the respective N-SP (11a-e) and NASA (15) probes.

TR-FRET Based Assay to Evaluate Covalent Transfer of N-SP & NASA LDC
Probes

We have subsequently tested efficiency of probes 11a-e and 15 towards transfer of their cargo
by means of TR-FRET. Each probe was tested with analogous experiments previously described
for 2b (Figure 3A): incubation of CB2R membrane preparation with probe, followed by addition
of SR-144,528 to dissociate unreacted probe (see Figure 4 and SI Figures S5-S7). We evaluated
the efficiency of covalent modification as the ratio of FRET intensity prior to addition of SR-

144,528 to the FRET intensity post addition at the end of measurement.

Variation in the spacer length separating the ligand and N-SP electrophile yielded probes with
pentanoyl (11a), heptanoyl (11b) and nonanoyl (11¢) exit vectors. Upon incubation with the
membrane preparation for 120 min at 25 °C, the probes demonstrated efficiency of covalent
labeling of 11.3% + 2.7%, 13.6% = 1.9% and 9.8% = 3.4%, respectively. Probe 11d was prepared
from ligand 1b where the terminal azide, which was previously shown to increase affinity for
CB:2R by up to 15-fold,* was deleted. Accordingly, 11d demonstrated reduced covalent transfer
(3.8% = 6.4%) within the 120 min incubation time and corroborated the affinity-driven nature of
our labeling approach. N-SP probe 11e bearing a red-shifted DY-480XL dye with large Stokes shift
(see SI Figure S8) suitable for in vivo imaging demonstrated decent covalent transfer in 120 min

(25.2% = 1.4%).

When the incubation time of probes 11a-e was extended to 20 h the labeling yields significantly
improved (11a =46.9% + 3.2%, 11b =49.6% + 1.8%, 11¢ = 59.6% =+ 3.8%, 11d = 37.5% £ 2.7%).
Notably, following 20 h incubation time, 11e demonstrated complete covalent transfer of its
fluorophore, as indicated by our FRET assay (105.7% = 7.2%). When the experiment was
performed at a physiologically relevant temperature (37 °C) the rate was enhanced and 11e showed

53.5% £ 9.6% cargo transfer after 120 min. By measuring saturation binding we were pleased to
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see that 11e demonstrated a 119-fold selectivity for CB2R over CBiR in our TR-FRET assay (see
SI Figure S9).

Finally, switching the N-SP electrophile of 11e to the more reactive NASA motif yielded probe
15. Accordingly, the modification greatly improved the rate of covalent labeling and 15 achieved

complete transfer (100.8% + 4.1%) within the 120 min incubation time at 37 °C.
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Figure 4. TR-FRET based evaluation of covalent cargo transfer of probes 11a-e (100 nM, 25 °C)
and 15 (200 nM, 37 °C) following a 2 h or 20 h incubation. The percentage shown for each probe
represents a quotient of its TR-FRET ratio determined prior to addition of SR-144,528 and at the
end of measurement post addition. Mean £ SEM, N =3

Molecular Dynamics Simulation of Probe 15

Subsequently, the best performing probe 15 was investigated by MD simulations. The
conformational space accessible to the NASA linker of 15 and its molecular interactions within
the ligand binding site were explored with two independent 1 us MD simulations to identify
residues that could serve as nucleophiles. The simulations were run with the same computational
protocol adopted for 2b, using a truncated form of 15 in which the fluorophore was deleted, implied
stable binding of the probe in the orthosteric site (see SI Figure S10). The MD1 and MD2

simulations were in agreement in finding that both Lys23NTER and Lys103°2? are at suitable
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distances for acylation (see SI Figures S11-S13). Furthermore, due to greater linker length and
flexibility, the NASA electrophile is also in proximity to Lys33!? (see SI Figures S14-S15). In
the simulations, His98FM! stabilized the linker by forming either direct or water-mediated
hydrogen bonds with the NASA group. Moreover, His98EH! remained spatially close to the NASA
electrophile over a considerable fraction of the simulated period suggesting it could assist in the

covalent modification of CB2R by 15 (see SI Figure S15).
Conventional and Imaging Flow Cytometry with LDC Probes in

CB:2R Expressing Live Cells

Having established the success of covalent cargo transfer of the probes and target specificity in
vitro, we next turned our attention to investigate labeling of CB2R in live cells. The best performing
probes of each electrophile type, namely O-NBD (2b), N-SP (11e) and NASA (15), were studied
by means of conventional and imaging flow cytometry. Conventional flow cytometry (FC) allows
rapid quantitative assessment of total cells fluorescence and imaging flow cytometry (IFC)%3

additionally yields quantitative information about localization of a fluorophore across 10,000 cells.

To this end, HEK293 T-REx cells expressing hCB2R along with HEK293 wild-type cells (no
CB2R expressed) were incubated with an LDC probe at concentrations that ranged from 6.25 nM
— 200 nM and subsequently analyzed by means of FC. The FC data of probes 2b, 11e and 15
implied significantly increased fluorescence intensity in cells expressing hCB>R (Figure 5A, SI
Figures S16A and S17A) in comparison to wild-type cells (Figure 5B, SI Figures S16B and S17B).
Furthermore, the fluorescence signal of all three probes was substantially reduced upon pre-
incubation with SR-144,528 implying excellent CB2R binding specificity in a cellular setting. O-
NBD probe 2b demonstrated clear specific binding signal in CB2R expressing cells when
compared to wild-type. However, the signal was relatively weak and fairly high levels of non-
specific binding were detected upon pre-incubation with SR-144,528. N-SP and NASA probes 11e
and 15 displayed excellent specific binding in CB2R expressing cells with minimal background
signal in cells pre-incubated with SR-144,528. For both 11e and 15 the fluorescent signal was
substantially more intense in comparison to 2b and their target engagement was highly specific in

CB2R expressing cells with virtually no binding in the wild-type cells.
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Figure 5. Conventional and imaging flow cytometry studies with LDC probe 15; Conventional
flow cytometry of HEK293 T-REx hCB:zR (A) and HEK293 wild-type cells (B) upon incubation
with 15 (6.25 — 200 nM). The mean fluorescence intensity (MFI) is shown with subtracted
background. Representative frames from imaging flow cytometry experiments using HEK293 T-
Rex hCB:zR and 15 (210 nM) with CB2R visualized primarily at the plasma membrane (C, MIQ <
—1), at both membrane and intracellularly (D, MIQ =-0.5 — 0.5), and intracellularly (E, MIQ > 2).
The same experiment with cells pre-incubated with SR-144,528 (10 uM) showing fluorescence
restricted to the plasma membrane (F, MIQ < —1), at both membrane and intracellularly (G, MIQ
=—-0.5 - 0.5), and intracellularly (H, MIQ > 2). Median internalization quotient (MIQ) compares
internal to whole cell fluorescence, where smaller number corresponds to less CB:2R
internalization. For additional exemplary frames, histograms and analysis see SI.

Complementary IFC experiments allowed us to validate binding specificity and distinguish
CB:R visualized intracellularly in comparison to receptors restricted to the plasma membrane.
Live HEK293 T-REx cells expressing hCB2R were incubated with either 2b, 11e or 15 (see SI
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Figures S18-S21). The results were compared to cells pre-incubated with SR-144,528 before
addition of the LDC probe. The average of the 10,000 generated cellular images was interrogated

to yield an overall representation of binding specificity and localization of labeling.

In agreement with results from the conventional FC experiments, all three probes 2b, 11e and 15
demonstrated labeling in hCB2R expressing cells (Figure SCDE, SI Figures SISAB, SI9ABC and
S20ABC) which was substantially reduced in cells pre-incubated with SR-144,528 (Figure SFGH,
SI Figures S18CD, S19DEF and S20DEF). The fluorescence intensity for 2b was 1.9-fold greater
in comparison to control and was reduced by 16% in cells pre-incubated with SR-144,528 as
determined by median fluorescence intensity (MFT) (see SI Figure S22 and Table S2). Compared
to control, DY-480XL functionalized probes 11e and 15 showed 9.4-fold and 8.5-fold increase in
fluorescence intensity, respectively (see SI Figures S23-S24 and Table S3). The fluorescence signal
of 11e and 15 was reduced in cells pre-incubated with SR-144,528 by 38% and 52%, respectively,
as determined by MFI.

Subsequently, we analyzed individual images of the whole gated cell population to discern
populations of internalized and membrane bound CB:;R. Median internalization quotient (MIQ)
was used to compare internal to whole cell fluorescence, where a smaller number indicates less
CB2R internalization (see SI for details). Incubation with 2b visualized CB2R localized at the
membrane and intracellularly to a similar extent with MIQ = 0.91. Compared to 2b, cells exposed
to 11e or 15 demonstrated receptor internalization to a smaller degree and visualized CB2R

primarily confined to the plasma membrane with MIQ = 0.46 and MIQ = 0.68, respectively.

Collectively, the data showcase the high affinity and excellent specificity of LDC probes 2b, 11e
and 15 for CB;R in living cells. Moreover, the DY-480XL functionalized 11e and 15 displayed
intense fluorescent signal and allowed bright visualization of CB2R, attesting to their suitability

for application in cellular settings.

Fluorescence Confocal Microscopy with LDC Probe 15 in Live Cells

Due to the relatively high lipophilicity of CB2R ligands, we wanted to verify in an independent
experiment that our probes were labeling CB2R, as opposed to accumulating non-specifically
within the cellular membranes. We therefore used lentiviral transduction to produce a cell line
stably expressing hCB2R N-terminally fused to a SNAP-tag [AtT-20(SNAP-hCB2R)]. Live AtT-

20(SNAP-hCB2R) cells were co-incubated with 15 (2 puM), SNAP-Surface-649 (100 nM) to
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fluorescently label the SNAP-tags, and Hoechst-33342 (100 nM) to label the nuclei, for 45 min;

then the cells were imaged by confocal fluorescence microscopy (see Figure 6 and SI Figure S25).
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Figure 6. Fluorescence confocal microscopy with LDC probe 15; Fluorescent labeling of CB2R
using 15 (2 uM) to deliver DY-480XL by LDC in (A) AtT-20(SNAP-hCB:R) cells, (B) AtT-20-
wild-type cells, and (C) AtT-20(SNAP-hCB;R) cells that were pre-treated with the CB2R
antagonist SR-144,528 (20 uM). Nuclei were stained with Hoechst33342 and white arrows
highlight CB2R and SNAP-dye plasma membrane colocalization. Right panels indicate the
intensity profile across the yellow line for Hoechst33342, DY-480XL fluorescence, and SNAP-
Surface-649.
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We observed a strong DY-480XL signal on the plasma membrane of the cells, as well as puncta
intracellularly, which could represent internalized receptors (Figure 6A, left). This signal co-
localized with the far-red SNAP-dye signal (Figure 6A, right), confirming that 15 was successfully
labeling the SNAP-tagged CB2Rs.

Applying the same treatment to wild-type AtT-20 cells, which do not express CB2Rs or SNAP-
tags, resulted in a lack of DY-480XL or SNAP-Surface-649 at the plasma membrane, confirming
that the dyes are labeling surface-expressed SNAP-hCB2R (Figure 6B). To verify that 15 was
labeling CB2R by binding its orthosteric site, AtT-20(SNAP-hCB2R) cells were pre-treated with
SR-144,528 (20 uM), followed by 15, SNAP-Surface-649, and Hoechst-33342 as before. Pre-
treatment with SR-144,528 abolished the DY-480XL signal on the plasma membrane, while the
SNAP-tags were still observed on the plasma membrane (Figure 6C). Combined, these results
confirm that in living cells 15 specifically engages the orthosteric site of CB2R prior to delivery of
its cargo at the binding site periphery.

CONCLUSION

We reported herein novel synthetic access to a set of LDC probes incorporating O-NBD, N-
sulfonyl pyridone (N-SP) and N-acyl-N-alkyl sulfonamide (NASA) electrophiles, which allowed
covalent labeling of CB2R in vitro, in HEK293 hCB2R T-REx and AtT-20(SNAP-hCB2R) live
cells. With the aid of computational docking and molecular dynamics simulations, nucleophilic
lysine residues were identified, peripheral to CB2R ligand binding site, suitable for affinity-driven
covalent modification. The in silico inspired design of O-NBD probes 2a-e yielded potent and
selective CB2R binders, as evaluated by a radioligand binding assay. Further profiling of 2a-e by
a fluorogenic TR-FRET assay allowed rapid confirmation of their potential to transfer NBD in a
covalent fashion to a lysine residue of CB2R. The N-SP and NASA electrophiles were incorporated
into the probe design to enable delivery of fluorophores suitable for cellular experiments. New
convergent synthetic strategies were developed and successfully implemented to achieve N-SP and
NASA probes 11e and 15 which bear a non-commercial CB2R targeting ligand 1a and a red-shifted
fluorophore, DY-480XL. As judged by the in vitro TR-FRET assay, both probes achieve complete
covalent labeling of CB:R, with probe 15 demonstrating superior rate of covalent modification.

The best performing probes of each electrophile class, 2b, 11e, 15, were tested in live cells by
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conventional and imaging flow cytometry experiments. DY-480XL functionalized probes 11e and
15 demonstrated excellent specificity of binding to CB2R as implied by comparison of CB2R
expressing HEK293 T-REx cells to wild-type cells across a range of concentrations. Imaging flow
cytometry experiments with 11e and 15 demonstrated clear visualization of plasma membrane
bound CB:;R, which could be effectively blocked by pre-treatment with a CB:R-selective
competitive ligand SR-144,528. Furthermore, target specificity was corroborated by colocalization
studies performed with 15 in AtT-20(SNAP-hCB2R) cells. Finally, binding of 15 to the orthosteric
site of CB2R prior to cargo delivery at the receptor’s periphery was validated in AtT-20(SNAP-
hCB:R) cells by pre-incubation with SR-144,528 and supported the ligand-driven nature of

covalent labeling.

The NASA probe 15 demonstrated superior rate of labeling in comparison to its best performing
N-SP counterpart 11e. It is important to note that the choice of a suitable electrophile is guided by
the target protein and availability of nucleophilic amino acid residues proximal to the binding site.
The N-SP and NASA preference for tyrosine and lysine residues, respectively, makes the LDC
platform a complementary toolbox to investigate a vast space of protein targets by covalent
modifications. Consequently, the convergent synthetic blueprint effectively expands the
possibilities of covalent modification with respect to both deliverable cargoes and proteome

targetable with non-commercial ligands.

The need for reliable tools to study CB:R is emphasized by the growing evidence of the
receptor’s crucial role in a plethora of neuroinflammatory diseases. For example, the lifetime,
trafficking and recycling of CB2R, which are poorly understood, may be studied and elucidated
with LDC probes. We have reported the first probes to facilitate investigation of CB2R by LDC
chemistry using our agonist ligand 1a.>*> The study of a cellular setting with minimal perturbation
(no agonist induced receptor internalization) would demand an antagonist ligand. Unfortunately,
to date no antagonist ligand with sufficient selectivity and specificity for CB2R has been reported.®*
Once discovered, our novel synthetic platform promises to allow streamlined installation of a
suitable CB;R targeting antagonist ligand to 14. The fluorescent probes, chemistry and analytical
methods described herein will find valuable application both in the research of CB>R and in the

study of other protein targets by translation.
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