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Abstract: The cannabinoid 2 receptor (CB;R) has high therapeutic
potential for multiple  pathogenic  processes, such as
neuroinflammation. Pathway-selective ligands are needed to
overcome the lack of clinical success and to elucidate correlations
between pathways and their respective therapeutic effects. Herein,
we report the design and synthesis of a photoswitchable scaffold
based on the privileged structure of benzimidazole and its application
as a functionally selective CB;R “efficacy-switch”. Benzimidazole azo-
arenes offer huge potential for the broad extension of
photopharmacology to a wide range of optically addressable
biological targets. We used this scaffold to develop compound 10d, a
“trans-on” agonist, which serves as a molecular probe to study the -
arrestin2 (Barr2) pathway at CB;R. BArr2 bias was observed in CB;R
internalization and Barr2 recruitment, while no activation occurred
when looking at Goye or mini-Go. Overall, compound 10d is the first
light-dependent functionally selective agonist to investigate the
complex mechanisms of CB,R-Barr2 dependent endocytosis.

Introduction

The endocannabinoid system (ECS) consists of G protein-
coupled receptors (GPCRs), mainly cannabinoid receptor
subtypes 1 and 2 (CB:R and CB;R), their endogenous ligands
and several enzymes involved in synthesis or degradation of

endocannabinoids.! CB;R is highly abundant in the central
nervous system (CNS), but is also distributed in peripheral
tissues, such as the heart, liver or gastrointestinal tract, while
CB2R is predominantly expressed in peripheral tissues with
immune functions, including spleen, tonsils, leukocytes and
macrophages.? CB;R expression was found to be induced in
both the periphery and the CNS in response to immune system
activation and inflammation, as well as in microglial cells
surrounding amyloid-B plaques in Alzheimer's disease (AD)
patients. Microglia, as the resident macrophages of the CNS, do
not express CB2Rs in their unstimulated form.?2 3l A reduction of
microglia-mediated neurotoxicity due to the release of pro-
inflammatory cytokines was achieved by application of selective
CB2R agonists.”l Moreover, CB,R agonism was found to cause
microglial migration, which promotes enhanced phagocytosis of
amyloid-f plaques.®*!

The ECS has been associated with therapeutic potential for
multiple diseases. Especially CB;R was found to play an
important role in the pathogenesis of inflammatory or neuropathic
pain, neurodegenerative diseases such as AD, as well as in
autoimmune diseases and diverse cancer types.!® Currently more
than 30% of all drugs approved by the US Food and Drug
Administration (FDA) target GPCRs.["l However, targeting CB;R
and CB:R has not yet led to the desired therapeutic success. The
complexity of the ECS and its involvement in numerous
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physiological processes and functions such as memory, appetite,
immune functions, pain modulation and neuroprotection — to
name just a few — makes it difficult to get the desired therapeutic
effects without implication of severe adverse effects.!® The most
prominent example of failed CB therapeutics is probably still the
CB;R-selective inverse agonist rimonabant, which had been
approved by the FDA in 2006 for treatment of obesity and was
then again withdrawn from the market in 2008 due to psychiatric
adverse effects.[’ ¥ The therapeutic interest has since shifted
further towards CBR. Selectivity of cannabinoid ligands towards
CB2R over CBiR is desirable to avoid the well-known
psychoactive effects of (-)-trans-A9-tetrahydrocanabinol resulting
from CB;R agonism.l9 CB,R-selective agonists are non-
psychoactive and may lead to fewer side effects due to restricted
expression of CB2R in the CNS. [ &l

There is still too little known about the pharmacological aspects of
CB:R signaling in both healthy and pathogenic processes. CB;R
ligands show high structural variability and exhibit pronouncedly
heterogenous signaling profiles. Many of such ligands, especially
endocannabinoids, display pathway-preferential signaling. This
phenomenon is referred to as “biased signaling” and can cause a
“functionally selective” response.*) Endocannabinoids have
shown bias for G protein activation while having none to low
efficacy regarding Barr recruitment.!? This large discrepancy in
signaling might serve to explain or contribute to the failure (so far)
of many CB:R ligands in clinical trials and highlights the
importance of functionally selective CB,R ligands. 2213 While the
G protein pathway has been well-studied, there is much less
known about the function of parr at CB,R.! Recently, parr2
recruitment to CB;R has been associated with tolerance
development whilst showing analgesic effects in an osteoarthritis
model.* Overall, the pharmacological impact of Barr recruitment
at CB2R is not yet completely understood and further steps must
be taken to evaluate the role of Barr activation with regard to
therapeutic potential or adverse effects.

Photoswitchable compounds offer the potential to serve as
valuable tools to study pharmacological processes at receptor
level and have proven useful in the field of medicinal chemistry
and molecular biology. Photopharmacological compounds allow
optical control over their targeted receptor or enzyme by
application of external light sources. Such photoswitchable
ligands isomerize upon irradiation with certain wavelengths in a
way that they function as a reversible “switch”, ideally between an
inactive and an active isomer, which allows precise temporal
control over receptor activation.!® To date, great progress has
been made wusing such photoswitchable compounds to
successfully investigate pharmacological processes at GPCRs,
including class A dopaminergic receptors,i*”) serotonin
receptors,*8 adrenergic receptors,i*® muscarinic receptors?® as
well as CBRs,?! and several class B and C GPCRs.?2 In order to
fully understand specific signaling pathways and their biological
response, pathway-selective photoswitchable tool compounds
would be particularly useful. To the authors’ knowledge, only one
biased photoswitchable ligand has been reported in literature so
far. Broichhagen et al. developed "LirAzo”, a photoswitchable
incretin mimetic with isomer-biased signaling. While cis-LirAzo
promotes cyclic adenosine monophosphate  production
significantly more than its trans-photoisomer, trans-LirAzo
preferentially induced Ca?*-signaling.??"! Enabling time-controlled
optical activation of a particular pathway of CB.R with a
functionally selective ligand is a major step towards identification
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of the therapeutic potential or the thread of adverse effects
associated with this specific signaling pathway. A Barr-biased
photoswitchable ligand could shed light onto the previously
discussed potential adverse effects associated with the PBarr
pathway. The understandings gained by using such a tool
compound could finally facilitate the successful development of
advanced therapeutic candidates.

Previous work from our group used a benzimidazole structure
developed by AstraZeneca to obtain a CB;R-selective “cis-on”-
affinity photoswitchable ligand via the azo-extension
approach.?'@ For the present work, we continued to use this
scaffold for designing biased photoswitchable ligands as “efficacy
switches” for CB;R by introducing a photoswitchable moiety in the
2-position of the benzimidazole. Many GPCR ligands,?®! enzyme
inhibitors,24 antiviral?®l or anticancer?® compounds are built from
a benzimidazole scaffold which is known for its high
pharmacological significance due to its broad range of biological
activities resulting from different substitution patterns at the core
structure.?”l To date, several benzimidazole derivatives are
available as approved drugs.?™ 28 |n the case of CB:R,
benzimidazoles were used to design potent selective agonists
and inverse agonists.?>> 291 Making this privileged structure
photoswitchable directly at its core will most probably contribute
towards obtaining optical control over diverse targets.
Furthermore, heteroarene photoswitches have recently gained
importance due to their high tunability.? While 2-benzimidazole
azo-arenes have been synthesized before,Bd  their
photoswitchable behavior has not yet been investigated. Several
photoswitchable CBR-probes have recently been described in
literature. Our group very recently developed “photo-rimonabant”,
which is a rimonabant-derived photoswitchable CB:1R antagonist
with 15-fold higher affinity in its cis-photoisomer.?d Major
contributions towards obtaining optical control over CB;R were
made by the Carreira group in 2021 and by Tao and coworkers in
the same year.[?> 21 Therewith, R. C. Sarott et al. developed
photoswitchable derivatives of HU308 enabling optical control
over Ca?* release in AtT-22(CB) cells, with both a cis- and trans-
active compound.?*®! Furthermore, Hu et al. used the CB;R
antagonist AM10257 to obtain a photoswitchable CB:R
antagonist with a 44-fold higher 1Csq value for the cis-compound
following an atypical azobenzene remodeling approach. 2%

Our photoswitchable 2-benzimidazole azo-arenes show a
distinguished signaling profile at CB3R with Barr2 bias. Compound
10d was shown to act as “efficacy switch” for activating the parr2
pathway while not activating G protein pathways. In addition, this
newly characterized photoswitchable scaffold has superior
photophysical properties compared to regular azobenzene and
enables visible-light optical control. Our synthesized compounds
were photocharacterized and analyzed in different biological
assays validating the pharmacological differences between the
respective photoisomers.

Results and Discussion

Many heterogenous but promising scaffolds of CB2R ligands can
be found in literature, of which several were used for the design
of photoswitchable ligands. Based on the results previously
obtained in our group, a ligand with benzimidazole core structure
was pursued. The potent, selective CBzR agonist 1 (Figure 1) has
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been used in our group as a template to obtain a photochromic
CB;R “affinity switch” by incorporating an azobenzene.?'d
Structure-affinity  relationships  (SARs)  established by
AstraZeneca highlighted the benzene ring substitution pattern as
an important, sensitive feature by showing that small changes of
the substitution pattern can influence efficacy in vitro. By simply
introducing a constraint for the p-ethoxy group, efficacy was
inverted and 2 was shown to be a potent, selective CB;R inverse
agonist.[23¢. 29
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Figure 1. Benzimidazole-based lead structures for hCB2R agonists.

Recognizing the potential to influence efficacy in this susceptible
position, the scaffold was sought out for the design of an “efficacy
switch”. To obtain light-dependent spatial control over this
sensitive position, an azo-bond was introduced into the scaffold
to connect the benzimidazole with the benzene ring, thereby
forming benzimidazole azo-arenes (see Figure 2).
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Figure 2. Non-classical azologization approach to obtain 2-benzimidazole azo-
arenes.

We designed and synthesized five derivatives of benzimidazole
azo-arenes (10a-e) derived from compound 1 (see Scheme 1).
By replacing the methylene unit with an azo bond, the molecular
structure as well as electronic properties are altered. The benzylic
tail at 2-position of the benzimidazole is prolonged and might not
be in the same spatial orientation as in parent compound 1. Due
to these structural changes, it was unclear whether para-
substitution at the benzene would still result in the same spatial
orientation compared to parent compound 1. Therefore, the
ethoxy ether was at first attached both in meta-position (10a) as
well as in para-position (10b). Then, after observing a bigger
cis/trans-difference regarding CB:R affinity for para-substitution,
which most probably occurs due to spatially affecting this
sensitive position, substitution of further derivatives was chosen
accordingly. Next, a methoxy group was introduced as a smaller
substituent (10c) to compensate possible prolongation of the
structure due to the introduction of a photoswitchable moiety.
Instead of the phenolic ethyl ether, a methoxymethyl-phenyl
substituent was attached (10d) as a constitutional isomer with a
different position of the oxygen in the alkyl chain. This was done
to investigate whether introduction of the azo bond requires a
different oxygen-position for benzimidazole azo-arenes and if the
oxygen position or electronic effects are important for interaction
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with the receptor and thereby influence affinity/efficacy with
potentially even a more pronounced cis/trans-difference.
Furthermore, isopropyl substitution (10e) was chosen to
investigate whether interaction is based primarily on steric effects
and to potentially highlight the importance of the oxygen, which
was always kept during assessment of SARs for parent
compounds 1 and 2. Target compounds were tested regarding
their affinity in radioligand binding assays and were further
evaluated for their ability to activate G protein (Gais and Gai) as
well as Barr2 pathways.

o o
HO/J\‘l/jNoz a.  uo g NO; b .y

| |
~FE “NH k/MH

a 51

a:Ry=0EL, Ry=H

- b: Ry =H, R; = OEt
\ €: Ry =H, R; = OMe

Ve d: Ry = H, R; = CH,OMe
10a-e e: Ry =H,Rz=i-Pr

Scheme 1. Synthesis of 2-benzimidazole azo-arenes. Reagents and conditions:
(a) 3-methylbutylamine, MeOH, rt, 2 h; (b) i. HBTU, N,N-dimethylformamide
(DMF), rt, 30 min; ii. NHEt2, NEts, DMF, rt, 8 h; (c) Hz, Pd/C, MeOH, rt, 21 h; (d)
BrCN, rt, overnight; (e) Oxone®, dichloromethane/water, rt, 2-16 h; (f)
toluene/NaOH (40%, aq.) 1:1 (2 mL/mmol), 80°C, 2-4 h.

Benzimidazole azo-arenes were synthesized from a 2-
aminobenzimidazole derivative and the respective nitroso
compounds in a modified Baeyer-Mills reaction (c.f. Scheme 1).
The 2-aminobenzimidazole precursor (7) was synthesized from
commercially available 4-fluoro-3-nitrobenzoic acid (3).
Nucleophilic aromatic substitution with isopentyl amine gave
guantitative yields of compound 4. The amide (5) was then formed
using diethyl amine and HBTU. Reduction of the nitro group was
done using hydrogen and Pd/C to give aniline 6 in quantitative
yields. Synthesis of compound 6 has previously been described
by our group using different reduction conditions,®? but yields
could be improved using a more common palladium reduction.
The 2-benzimidazoleamine (7) was at first formed using the
nonhazardous 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thio-
pseudourea as previously described in literature.?® As this
approach only vyielded low amounts of the Boc-
aminobenzimidazole as well as the Boc-deprotected compound
(7), ring closure was then achieved with cyanogen bromide in high
yields (> 90%). The respective nitroso compounds (9a-e) were
obtained by partial oxidation of the respective anilines with
Oxone®. Finally, a modified Baeyer-Mills reaction was carried out
under basic conditions using a 1:1 mixture of 40% NaOH and
toluene, a versatile method described by Fuchter and coworkers
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for synthesizing arylazopyrazoles that demonstrably works for a
broader range of azo-heteroarenes.®

To characterize this novel photoswitchable scaffold regarding its
photophysical properties, compounds 10a-e were analyzed by
UV/vis spectroscopy using both a 30 uM solution in DMSO and in
Tris-buffer (pH = 7.4) to confirm reversible photoisomerization and
to preclude possible photo-fatigue (SI Figure S1-S5). Light of
different wavelengths between 365 nm and 590 nm was used to
determine the ideal switching wavelengths. All 2-benzimidazole
azo-arenes showed the highest photoconversion to the cis-
configuration with visible light (A = 400 nm), thereby showing “red-
shifted” behavior compared to regular azobenzenes which have
the highest cis-conversion after irradiation with UV light (A =
365 nm).B Photoisomerization back to the trans-photoisomers of
benzimidazole azo-arenes was achieved with either green
(A =530 nm, 10a and 10e) or orange light (A = 590 nm, 10b-d),
enabled by the long wavelength absorption tail of the respective
cis-photoisomer.

o
o o— o
N N «,NQ_/ A=400nm -y NN
K H—N —_— S—N
N A =590 nm N
1.0 T
— PSSs90nm
--- PSS400nm

0.5

Absorbance

0.04

T T T 1
300 400 500 600
Wavelength (nm)

Figure 3. Representative photoisomerization of 10d (30 uM in aqueous Tris-
buffer, pH = 7.4) and its UV absorbance spectrum after irradiation with purple
light (A = 400 nm, purple dashed line) and orange light (A = 590nm, solid orange
line), respectively.

The absorption spectrum of lead compound 10d is shown in
Figure 3. For regular azobenzenes, the absorption spectra
consist of a large absorption band around 325 nm corresponding
to = — w* transitions and a smaller tailing absorption band at
430 nm corresponding to n — x* transitions. This was found to be
consistent in arylazoimidazoles with slightly shifted absorption
maxima at 361-375 nm (r— =*) and at around 450 nm
(n — *).B% In the case of 2-benzimidazole azo-arenes, these
absorption maxima are even further red-shifted to 383-402 nm
(mr — =*) and approximately 500 nm (n — =*), depending on the
substitution at the benzene ring. Alternate irradiation with purple
(A =400 nm) and orange (A =590 nm) or green (A =530 nm) light
showed reversible photoconversion between the respective cis-
and trans-enriched states of all compounds. Photochromic
behavior was stable for many switching cycles and thus, no photo-
fatigue occurred (for compound 10d, see Figure 4).
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Figure 4. Photophysical characterization of compound 10d. (A) Determination
of cis/trans ratios via peak shifting analyzed in CD3OD in *H NMR-spectroscopy
after irradiation with orange light (A = 590nm, left) and purple light (A = 400 nm,
right). The 'H signals of aryl-CH»>-O-CH3s and N-CH. (isopentyl) were shifted
upfield upon photoisomerization and were used for calculation of the PSD. (B)
Switching cycles of compound 10d (30 uM in aqueous Tris-buffer, pH=7.4)
without any noticeable photofatigue. (C) Thermal stability measurement of
30 uM cis-10d after irradiation with 400 nm in Tris-buffer/10% DMSO (pH = 7.4,
ambient temperature); monitored for 13 h and switched back to its trans-
photoisomer with 590 nm.

Thermal stability of 2-benzimidazole azo-arenes was monitored
in DMSO and aqueous Tris-buffer (pH=7.4, containing 10 %
DMSO) and differed with substituents and their position at the
benzene ring (Table 1). Electron-withdrawing substituents in
para-position have previously been shown to decrease thermal
cis—trans relaxation time in azobenzenes.F® For benzimidazole
azo-arenes, introduction of the p-ethoxy ether (10b) resulted in a
shorter half-life than for the meta-derivative (10a). This correlation
was consistent in DMSO and aqueous buffer solution, with half-
lives being considerably shorter in buffer. Shortening of the
substituent to a p-methoxy ether (10c) further decreased the half-
life in DMSO. This is in accordance with the observation that
thermal relaxation of substituted azobenzenes is solvent
dependent and half-lives were found to be shorter, especially in
aqueous physiological solution due to hydrogen bonding.®4 In
contrast, for 2-benzimidazole azo-arene 10d, thermal relaxation
was found to take longer in aqueous buffer solution compared to
DMSO. Overall, our benzimidazole azo-arenes show excellent
thermal half-lives in DMSO and in buffer, also in comparison to
other photoswitchable azo-heteroarene scaffolds.®"]
Photostationary distribution (PSD), i.e. the ratio of respective cis-
and trans-photoisomers obtained after irradiation with a certain
wavelength, was determined using *H NMR spectroscopy and
confirmed using HPLC-MS (see Table 1). The respective trans-
photoisomers were obtained in high, and in some cases almost
guantitative, yields after irradiation with orange (A = 590 nm) or
green (A = 530 nm) light. However, a fraction of the respective
compound remains in its trans-form even after irradiation with
purple light (A =400 nm). Such PSDs are however not uncommon
when looking at visible-light switchable azoheteroarenes.® This
incomplete switching might lead to an underestimation of the
effects caused by the cis-photoisomer of the respective
compound when applied in a biological setting. However,
biological systems in principle follow a nonlinear nature and
distinct biological effects can be caused despite having poorly
defined cis/trans ratios.4
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Table 1. Photoconversion of 2-benzimidazole azo-arenes as determined by
HPLC in MeOH and *H NMR spectroscopy, and thermal stability of cis-
photoisomers in DMSO and Tris-buffer/10% DMSO (pH = 7.4) at ambient
temperature.

compound }Lcis—ﬁrans, xlrans*cis, ti2 [mln] ti2 [m|n]
% trans- % cis- in in
isomerl® isomer® DMSOM! buffert®!
10a 83 70 345 251
10b 99 60 126 1.8
10c 96 68 81.8 4.6
10d 98 67 245 346
10e 89 78 200 170

1& Highest obtainable amount of cis- or trans-photoisomers after irradiation with
the respective optimal wavelength for isomerization. PSDs were determined
after illumination with the respective wavelength by *H NMR spectroscopy or by
HPLC-MS (in MeOH) at the respective isosbestic point. Ratios were not
dependent on the method or concentration. P! 400 nm light was used to trigger
excitation to the cis-photoisomer; absorption of the respective 30 uM solution
was measured for at least 8 h (data provided in supporting information).

As all synthesized compounds were found to be photoswitchable
upon investigation of their photophysical properties, it was
decided to assess whether these configurational changes also
affect affinity at CB; or selectivity over CB; receptors. Affinities of
the respective cis- and trans-enriched states were analyzed using
radioligand binding studies (see Table 2, Sl Figure S6). As this
assay is carried out at room temperature and can be performed
under light exclusion, isomerization between the different
photoisomers due to light exposure is effectively avoided. On the
other hand, continuous irradiation of the plates during the
incubation time is also possible and required for compounds with
short half-lives. Thus, false-negative or false-positive results due
to isomerization between the photoisomers during the 3 h
incubation time can be avoided. The respective cis-photoisomers
of the test compounds required irradiation with purple light (A =
400 nm) either continuously or at least every 20 minutes to avoid
back-isomerization and to make sure that the cis/trans-ratios
upon measurement were the same as previously determined. It
was confirmed beforehand that irradiation did not influence
binding affinity for reference compound 1 for which we obtained a
Ki of 27 nM. All tested compounds showed affinity towards CB,R
in the micromolar range (Table 2). Structural changes for
obtaining a photoswitchable molecule (i.e., introducing an azo-
bond in potentially sensitive positions) can lead to a certain affinity
loss,® which is however tolerated if the compound achieves the
overall aim for reversible photocontrol of a certain receptor.[18a
For meta-substitution at the benzene ring of the benzimidazole
azo-arene scaffold (10a), no difference in the binding affinities
was observed for the two photoisomers. The cis-photoisomers of
the para-substituted benzimidazole azo-arenes exhibited higher
affinities towards CB3R (“cis-on”-affinity), with 10d having the
highest difference between the photoisomers regarding this key
pharmacological parameter. The cis-enriched state of 10d,
obtained by irradiation with purple light, has a 6.5-fold higher
affinity than in its thermodynamically more stable trans-state
(Figure 5A). Keeping in mind that the described cis-enriched
state of 10d still contains about 34% of the trans-compound, the
actual difference in affinity will even be higher.
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Table 2. Affinity values at rCB1R and hCB2R determined by radioligand binding
studies.

rCB1 Ki [uM] CB2
Compound/ (-pICso + SEM) or trans/ hCB2 Ki[uM]
Photoisomer [3H]CP55940 displ. cis (-pICso + SEM)
at1uM ratio
0.027 (7.56 +
0,
1 <10% 0.056)
Rimonabant 0.056 (7.16 + 0.056) - -
0.0088 0.013
CPS5940 (8.02 + 0.054) (7.86 + 0.071)
cis <10% 9.1 (5.02 + 0.060)
10a 1.3
trans <10% 12 (4.89 + 0.087)
cis < 10% 5.0 (5.28 + 0.066)
10b 3.0
trans < 10% 15 (4.80 £ 0.065)
cis < 10% 4.3 (5.35 + 0.055)
10c 1.9
trans < 10% 8.3 (5.06 + 0.067)
cis 10% 1.3 (5.86 + 0.033)
1od 6.5
trans < 10% 8.4 (5.05 £ 0.064)
cis < 10% 1.6 (5.79 £+ 0.060)
10e 2.7
trans < 10% 4.3 (5.35 + 0.058)

To analyze G protein dependent efficacy, the 2-benzimidazole
azo-arenes were evaluated in a hCB;R Gays-coupled fluorescent
calcium mobilization assay. Stably transfected Chinese hamster
ovary (CHO) K1 cells overexpressing hCB;R were used to
monitor intracellular calcium response with  Fluo-4AM.
Compounds 10a-e were tested in both photoisomers. As the
compounds were shown to reliably photoisomerize in buffer,
compound dilutions in buffer were irradiated with the respective
wavelength directly prior to the experiment. Reference compound
1 and CP55940 (ECso = 21.4 nM) were used as controls for CB;R
agonism (Sl Figure S7). Despite this assay having a lower
sensitivity for substances in the micromolar range, agonist
response can be monitored quite easily. Reference compound 1
behaved as an agonist at CB,R with nanomolar efficacy (ECso =
54.0nM). To our surprise, none of the synthesized 2-
benzimidazole azo-arene derivatives showed efficacy in Ca*
mobilization in either photoisomeric state at concentrations from
10 nM up to 30 puM (SI Figure S7). Only for cis-10b a weak
agonistic response was detectable with a maximal activation
(Emax) of 15%, while compounds 10c and 10e seem to behave as
inverse agonists.

To further analyze the nature of compounds 10a-e regarding their
ability to activate a non-chimeric G protein pathway, a NanoBiT®
luciferase assay, monitoring mini-Ga; recruitment to hCB;R, was
evaluated. Additionally, Barr2 recruitment was analyzed using a
similar NanoBiT® assay. Based on three independent
experiments, compounds 10a, 10b and 10d (in non-irradiated
state) did not show signs of mini-Ga; recruitment at concentrations
up to 1 pM, although a (limited) potential to recruit parr2 was found
for 10a, 10b and 10d. For all three compounds, higher
concentrations (100 pM, 10 pM) resulted in a substantial
decrease in luminescent signal in both assays (for CB, mini-Ga,
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see Sl Figure S8). To evaluate whether this phenomenon was
hCB;R-dependent, high concentrations of the compounds were
screened in an orthogonal assay using p opioid (MOR)- Barr2
NanoBiT®. Similar “inactivation” profiles at MOR were noticed,
signifying that the pronounced decrease in luminescence is not
CB:2R specific (data not shown). A plausible hypothesis for this
phenomenon lies within the properties of the tested compounds.
Stock solutions containing the highest concentrations of 10a, 10b
and 10d are brightly orange colored. Considering the absorption
spectra (Sl Figure S1-S5), higher compound concentrations
likely result in the absorption of a portion of the luminescence
emitted by the nanoluciferase enzyme (emission wavelength 460
nm).#% This intrinsic limitation of the nanoluciferase enzyme
hampers the analysis of higher concentrations of these
compounds.

Comparing mini-Go, and parr2, no bias factor could be calculated
due to the aforementioned assay limitations and a lack of activity
in the mini-Ga; pathway. However, data presented in Figure S9
(Supporting Information) does indicate that there may be a
preferential recruitment of Barr2, as lower concentrations of 10a
and 10b can still result in recruitment of Barr2, whereas the same
concentrations were inactive in the mini-Gao; recruitment assay.

As 10a, 10b and 10d did show some Barr2 recruitment potential,
both photoisomeric states were tested in various concentrations
using the hCB,-Barr2 assay. Stock solutions were irradiated with
the respective wavelengths prior to the experiment, and for both
photoisomers, CP55940 served as the reference standard. All
three compounds were found to be weakly active in the hCBy-
Barr2 bioassay, with negligible differences in activity between the
cis- and trans-photoisomers. Overall, 10b had the highest activity
in the hCB,-Barr2 recruitment assay, with a maximal activation of
23% (cis) and 18% (trans), relative to CP55940, at the highest
test concentration (500 nM), followed by 10a with a relative
efficacy of 15% for both photoisomers. Compound 10d was found
to have the lowest activity, with an efficacy of <5% for the cis-
photoisomer and 6% for the trans-photoisomer, relative to the
Emax of CP55940, set at 100% (S| Figure S10). It is expected that
analyzing higher concentrations (1 uM and higher) would result in
a higher efficacy for all three compounds. However, due to the
encountered intrinsic limitations, high concentrations were not
included and sigmoidal dose-response curves therefore not fully
recorded. Similarly, differences in activity comparing the
photoisomers, as well as the potency of the compounds (ECso),
could not be assessed accurately, as the plateau of maximal
activation was not reached and hence, no statements regarding
potential cis/trans-differences could be made.

As some arr2 recruitment was observed for the compounds,
activation of CB;R was then investigated using confocal
microscopy to monitor receptor internalization which is
functionally linked to the Parr2 pathway, as knockdown of Barr2
expression was shown to inhibit CB,R internalization*Y, While
Barr recruitment has been observed for some GPCRs lacking
functional G proteins, it did not result in G protein independent
signaling and was proposed to either control surface abundance
of GPCRs via the endocytic pathway or to allow for signaling from
inside the cell.*? Compound 10d, which has the highest cis/trans-
difference regarding CB;R affinity, was investigated using
confocal microscopy with human embryonic kidney (HEK) 293
cells stably expressing FLAG-epitope-tagged hCB;R (F-hCB;R)
and detected with AlexaFluor™-568 conjugated antiFLAG-M1
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antibody. The data indicates that the compound is able to induce
CB:R internalization, with trans-10d being more efficient than its
cis-photoisomer (see Figure S14, Sl), which is surprising given
the higher CB;R-affinity of cis-10d. However, due to the nature of
the constitutive receptor trafficking (see untreated sample in
Figure S14, Sl), quantification was difficult.

To circumvent these limitations and to further evaluate whether
preferred recruitment of farr2 may indeed translate to parr2 bias,
the compounds were analyzed in a flow cytometry based CB;R
internalization assay, which had previously been useful for
accurate quantification of internalization.®® Efficacy of the 2-
benzimidazole azo-arenes was evaluated regarding their effect
on Barr2-mediated endocytosis of F-hCB:R, stably expressed in
HEK?293 cells, detected by fluorescently conjugated antiFlag-M1
antibody, monitored by flow cytometry.! Agonist response was
expressed as percentage of CP55940-caused internalization.
Dilutions were done in DMSO and irradiated with the respective
wavelength before addition to the wells. For analyzing the cis-
photoisomer, irradiation of the 12-well plates was carried out
additionally three times during the incubation time of 45 min at

37°C to keep the compounds in their respective cis-enriched state.

Parent compound 1 proved to be a full agonist in endocytosis with
nanomolar efficacy (ECso (CB2R) = 2.7 nM), and efficacy was not
impaired by irradiation. All compounds were initially evaluated for
their effect on CB;R endocytosis at 1 pM concentration (Sl Figure
S11). The most potent compounds 10a, 10b and 10d were
chosen for establishing dose-response curves of the respective
photoisomers. For the meta-substituted 2-benzimidazole azo-
arene 10a, no cis/trans-difference could be observed regarding
efficacy in CBzR endocytosis, which is consistent with radioligand
binding results. Both photoisomers were partial agonists (Emax =
43-46%), with a similar ECso in the sub-micromolar range (ECso
(CB2R) = 300 nM, SI Figure S12B). Upon moving the ethoxy-
function from meta- to para-position (10b), the cis-photoisomer
becomes a more potent partial agonist (ECso (CB2R) = 25.1 nM;
Emax = 41%) than its corresponding trans-photoisomer (ECso
(CB2R) = 49.8 nM; Emax = 32%; Sl Figure S12C). This indicates
that para-substitution, as was the case for parent compound 1, is
still favorable for 2-benzimidazole azo-arenes at CB:R.
Compound 10d behaved as a partial agonist at CB2R in its trans-
photoisomer, with a sub-micromolar ECso = 139 NM (Emax = 51%).
Despite the cis-photoisomer of 10d having a 6.5-fold higher
affinity towards CB2R, the measured efficacy reached an Emax of
only 22%, with a similar ECso = 153 nM compared to its trans-
photoisomer (Figure 5B). A plausible explanation for this
phenomenon could be the observed incomplete
photoisomerization to the cis-photoisomer, which still includes
34% of the trans-photoisomer in the cis-enriched state. This
difference in Emax is consistent with confocal microscopy data and
confirms that trans-10d is a more efficient agonist when looking
at internalization. We hypothesize that p-ethoxy substitution (10b)
of the benzimidazole azo-arene scaffold still has the right length
and spatial orientation for addressing CB;R (weak “cis-on”
efficacy). However, while some affinity is lost when changing the
oxygen position in its constitutional isomer 10d, on the other hand
this led to improved photophysical and photopharmacological
properties which are more suitable in the investigated setting. The
most promising compound 10d thereby shows very interesting
pharmacological properties, as it is a “cis-on”-affinity switch but a
“trans-on”-efficacy switch (Figure 5). Thus, binding affinity of
compound 10d at CBR is higher in the inactive form (PSSa40nm)
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and decreases upon irradiation with orange light (PSSsgonm),
which appears to be accompanied by unlocking activation of the
Barr2 pathway. As this assay is not limited by interference of
compound absorption with the readout for the fluorescently
labeled antibody (Excitation/Emission 650/665 nm), full dose-
response curves could be measured. As this assay seems to be
more sensitive than the radioligand binding assay, all compounds
were again tested against CB;R to study selectivity. No agonist
response could be observed at 1 uM concentration regarding the
amount of internalized CB;R for neither of the respective
photoisomers, thereby elucidating excellent CB;R-selectivity of
the synthesized 2-benzimidazole azo-arenes.
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Figure 5. Pharmacological evaluation of compound 10d. Each data point and
error bar represent the average of 3 independent experiments + standard error
of the mean (SEM). Photoisomers: cis-10d (purple, dashed line) and trans-10d
(orange, solid line). (A) Radioligand binding assay using hCB:R HEK293
membranes. (B) Ligand-induced internalization of FLAG-epitope-tagged hCB2R
in HEK293 cells.

To confirm Parr-dependency of the experiment for lead
compound 10d, we used arrestin 2/3 siRNA to knockdown Barr-
expression and assessed internalization. Consistent with
previous findings®*¥, we have previously shown that CB,R
internalization in response to CP55940 requires arrestin proteins,
but is independent of Gi/o protein activation.[*3a We verified that
this is also the case for internalization of CB;R in response to our
lead compound, as significantly less CB;R was internalized upon
stimulation with trans-10d in Barr knockdown cells compared to
the control (c.f. Figure S13, Sl). Thus, for our set of chemically
very similar compounds with similar affinities to CB2R, parr2 bias
of compound 10d was confirmed through preferential selectivity
towards the Barr2 endocytic pathway.
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Figure 6. Detection of ERK phosphorylation by Western blot analysis. Activation
of ERK1/2 by CB:R ligands was examined by evaluating ERK1/2
phosphorylation (pERK1/2) at the TEY motif in response to CP55940 (10 puM)
or the cis- and trans-photoisomers of compound 10d (0.1 pM or 1.0 uM) for 8
minutes. Total ERK1/2 was used as loading control.

BArr binding has long been associated with receptor
desensitization only but was found to also modulate G protein-
dependent downstream signaling like extracellular signal-
regulated kinase (ERK) activation.*'2 14 421 To investigate the
effects of both reference compound CP55940 and target
compound 10d, in both cis- and trans-photoisomers, we
conducted Western blot analyses to evaluate the phosphorylation
of ERK1/2 at the TEY motif.“®l The phosphorylation of the TEY
motif is essential for the enzymatic activity of these kinases.
Following an 8-minute stimulation, we observed a concentration-
dependent increase in ERK1/2 activation for both photoisomers
of compound 10d. Additionally, we found that trans-10d induced
a greater degree of ERK1/2 phosphorylation than its cis-
photoisomer, as shown in Figure 6. This further confirms that the
“trans-on”-efficacy behavior of compound 10d at CB:R is
consistent and can even be detected in a downstream signaling
assay.

Conclusion

Herein, we report the first Barr2-biased CB;R photoswitchable
agonist. By using a non-classical azologization approach with a
selective, unbiased CB:R ligand containing the “privileged
structure” of benzimidazole, we developed and
photocharacterized a novel photoswitchable scaffold of 2-
benzimidazole azo-arenes and applied this structure in various
pharmacological assays. Modifications of the substitution at the
benzene ring were found to have a huge impact on the
performance of this class of photoswitch, most noticeable in the
varying but sufficiently long thermal half-lives while enabling
visible-light photoswitching and resistance to photofatigue. We
anticipate the further use of our benzimidazole azo-arenes for the
design of tool compounds to obtain spatiotemporal control over
distinct biological targets.?”

Photoswitchable derivatives of 1 selectively bind to CB;R and
differences between the respective photoisomers were validated
in different biological assays: the benzimidazole azo-arene 10d
was found to be a “cis-on” affinity switch at CB;R (radioligand
binding) but behaved as a sub-micromolar “trans-on” partial
agonist efficacy switch in CB2R endocytosis (confocal microscopy
and flow cytometry). Ligand 10d did not show any effect in G
protein  activaton (PLC/CB,R  mediated Ca?'-release
(concentrations up to 30 uM) and CB,R mini-Gi (concentrations
up to 1 pM)). Barr2 bias and dependency were implied in a
NanoBit® principle Barr2 recruitment assay and confirmed by
looking at CB;R-Barr2 mediated internalization. Downstream
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signaling (ERK1/2 activation) further attested to the “trans-on”-
efficacy behavior of compound 10d. Thus, ligand 10d - or future
other ligands based on this compound - may find applications in
studying the effects of specific activation of the Barr2 pathway at
CB:R and thereby contribute towards elucidating correlations
between this specific pathway and the corresponding
therapeutically beneficial or adverse effects.
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A new photoswitchable scaffold was developed based on the “privileged structure” of benzimidazole: 2-benzimidazole azo-arenes. This
scaffold was used for the development of functionally selective CB2R ligands with Barr2 bias. Compound 10d acts as a “trans-on”-
efficacy switch in Barr2-mediated endocytosis and can be used to investigate the CB,R-Barr2 endocytic pathway.
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