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ABSTRACT: Cannabinoid receptor 2 (CB2) is a promising target for the Designed HU308.nspired Switches

» Photocontrolled Ca®* transient

treatment of neuroinflammation and other diseases. However, a lack of » Nodinted via OB2
understanding of its complex signaling in cells and tissues complicates the > Spatiotemporal Precision  HO.
. . . . Recognition
therapeutic exploitation of CB2 as a drug target. We show for the first time that  worr VA ﬁ OMe
benchmark CB2 agonist HU308 increases cytosolic Ca®" levels in AtT-20(CB2) Switch 5 ) O
cells via CB2 and phospholipase C. The synthesis of photoswitchable derivatives MeO O Ph
N;N

of HU308 from the common building block 3-OTf-HU308 enables optical
control over this pathway with spatiotemporal precision, as demonstrated in a
real-time Ca* fluorescence assay. Our findings reveal a novel messenger
pathway by which HU308 and its derivatives affect cellular excitability, and they
demonstrate the utility of chemical photoswitches to control and monitor CB2
signaling in real-time

[Ca*);

time

B INTRODUCTION pharmacology, in which light is used for reversible isomer-
ization of pharmacologically active ligands, has emerged as a
prominent approach allowing researchers to manipulate
signaling events in cells, tissues, and organisms with
spatiotemporal precision.”>*® To this end, photopharmaco-
logical tools that enable dynamic control with spatial and
temporal resolution over CB2-mediated Ca’* signaling would
open up new avenues for the field.”’

We previously demonstrated the first example of reversible
optical control over cannabinoid receptors.”**’ Photoswitch-
able A’-THC derivatives (azo-THCs) showed differential,
light-dependent activity at CB1 receptors and activated
multiple downstream CB1 effector pathways. Azo-THCs
reversibly targeted CB1 to potentiate inwardly rectifying K*
channel currents and to inhibit adenylyl cyclase activity. More

The endocannabinoid system is a highly conserved lipid
signaling network in all vertebrates, including humans, and is
the subject of considerable research efforts aimed at its
therapeutic exploitation.”” It includes two cannabinoid
receptors belonging to the class A family of G protein-coupled
receptors (GPCRs).”* Cannabinoid receptor 1 (CB1)’ is
highly expressed in the central nervous system and mediates
the psychotropic effects of A’-tetrahydrocannabinol (A’-
THC).°~® Cannabinoid receptor 2 (CB2)” is best known for
its role in cells of the immune system.”'’ Its expression and
function in other cell types, tissues, and organs remain highly
contested. The pharmacological regulation of CB2 holds
promise for the treatment of neurodegenerative diseases,

including I-Xlzhelmers dlsea§e (AD), multh le sclgrf)sm, and recently, a report by Decker and co-workers described
amyotrophic lateral sclerosis as well as tissue injury and

: o lll—14 . azobenzene-substituted benzimidazoles that displayed distinct
inflammation.” Recently, several structural studies have .\ . . . .30

; o . . : i 15—17 affinities toward CB2 in their trans- and cis-configurations.
provided insight into CB2-ligand interactions.

H I-ti trol CB2 signali
CB2 is linked to a large number of cellular signaling OWEver, no rea-time contro. over signaling - was

o , L demonstrated. Consequently, further studies to attain dynamic
pathways and exhibits pronounced biased signaling in response . :
. } 1819 ) > control, including the development of more advanced
to different ligands.”™"~ A functional understanding of these . : . .
. . , , i photoswitchable probes and assays enabling real-time visual-
pathways is crucial to fully realize the receptor’s therapeutic oo . .
. b r . . ization of GPCR activity, are required.
potential. Ca™ ions are ubiquitous intracellular messengers in
cellular signaling, and they are of emerging interest in ]
connection with AD and other neurodegenerative diseases Recel“’ed: August 19, 2020
linked to CB2.>”*" Ca®* is known to be released from a variety Published: January S, 2021
of extra- and intracellular reservoirs upon CB2 activation.”* >
However, the kinetics and dynamics of these pathways remain
poorly studied, and deconvolution of the intricacies of these
requires the design of functional chemical probes. Photo-
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As a follow up to our work on CB1 optical control with A®-
THC derivatives, we examined ligands for CB2 inspired by
HU308,”" commonly employed as a benchmark agonist.
Interestingly, over the course of our studies, we observed
that HU308 stimulates intracellular Ca**-release in an AtT-
20(CB2) cell line through CB2 and phospholipase C (PLC)-
mediated pathways, which to the best of our knowledge has
not been reported. We have leveraged these findings to devise
photoswitchable HU308 azobenzene derivatives (azo-
HU308s), which offer CB2-mediated control over intracellular
Ca’ upon irradiation with light. This work provides novel
tools to study CB2 biology, and also highlights a novel effect of
HU308 and its derivatives on CB2 effector pathways.
Moreover, we utilize our findings to develop a time-resolved
CB2 assay based on real-time fluorescent Ca** imaging.

B RESULTS

Design, Synthesis, and Characterization of Photo-
switchable HU308 Derivatives. Reported more than 20
years ago, HU308 is a privileged ligand and widely used in CB2
pharmacology owing to its high affinity and potency.'® Only
recently it has been explored as a blueprint for synthetic
modification, leading to chemical tools for CB2. In this regard,
replacement of the allylic alcohol in HU308 with an amide
linkage enabled attachment of fluorescent dyes via flexible
linkers and led to highly specific imaging probes.””** A wide
range of groups are tolerated at this position without affecting
binding affinity. This was corroborated by docking studies,
which indicated extension of reporter elements out of the
orthosteric binding pocket of CB2.

Optimal photoswitches require differential biological activity
of light-induced configurations. Inspection of docking poses
indicated that the alkyl side chain of HU308 derivatives is
embedded deeply in the binding pocket. Accordingly, we
identified the 3'-position as the ideal locus for photoswitch
introduction (Figure 1).
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Figure 1. Photoswitchable azo-HU308 derivatives for optical control
of CB2-mediated Ca** transients in AtT-20(CB2) cells.

Optical control of
CB2-mediated Ca?* release

Azobenzenes are presently the most prevalent switches in
photopharmacology.” We devised three photoswitchable
HU308 derivatives harboring azobenzenes. In azo-HU308-1,
the phenyldiazene is directly attached to the resorcinyl core,
whereas azo-HU308-2 and -3 include an additional phenyl
spacer with meta/para-relationship between resorcinyl and
diazene residues, respectively (Figure 1). At the heart of our
retrosynthetic analysis is 3-OTf-HU308 as a common
intermediate, which facilitates flexible late-stage azobenzene
conjugation.

737

The synthesis of 3-OTf-HU308 commenced with the
preparation of allylic alcohol 4 from (+)-verbenone (1),
obtained in 62% yield by CrO;-mediated oxidation of (+)-a-
pinene.”> For the generation of y-hydroxy verbenone 3, we
devised a vinylogous Rubottom oxidation of 1.°**” Treatment
of 1 with Me;SiOTf and i-Pr,NEt afforded corresponding silyl
dienolether 2, which was directly subjected to epoxidation

using mCPBA under buffered conditions (Scheme 1).** Upon

Scheme 1. Synthesis of azo-HU308s"
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“Reagents and conditions: (a) Me,;SiOTf, DIPEA, CH,CL, 0 °C; (b)
mCPBA, AcOH, py, CH,Cl,, — 25 °C, 62% over two steps; (c) t-
BuMe,SiCl, NEt;, DMAP, CH,Cl,, rt, 83%; (d) NaBH,, MeOH, rt,
quantitative; (e) phloroglucinol (5), PPTS, MeCN, rt, 85%; (f) Tf,O,
2,6-lutidine, CH,Cl,, rt, 66%; (g) (MeO),SO, K,COj, acetone,
40 °C, 93%; (h) Pd(OAc),, t-Bu;P-HBF,, N-Boc-phenylhydrazine
(7), Cs,CO,, toluene, 110 °C, 50%; (i) Me;SiOTE, 2,6-lutidine,
CH,Cl, 0 °C; (j) NaHCO;, MeOH, air, rt, 89% over two steps; (k)
Bu,NF, THF, 0 °C to rt, 87%; (1) Pd(OAc),, PCy,, Cs,CO;, 8 or 9,
THF /water, 70 °C; (m) Bu,NF, THF, 0 °C to rt, 89% (meta), 94%
(para) over two steps.

chromatographic purification on silica gel, y-hydroxy verbe-
none 3 was obtained in 62% yield over 2 steps. This procedure
for y-oxidation proved more reliable and scalable than Wohl—
Ziegler bromination followed by nucleophilic substitution.*”
TBS-protection of the primary alcohol and stereoselective 1,2-
reduction of the enone by NaBH, afforded pinene-derived
allylic alcohol 4 in high yield.”” The central C—C bond of the
HU308 scaffold was then installed by Friedel—Crafts allylation
of phloroglucinol (S) with 4, employing PPTS to give 6 in 85%
yield as a single diastereomer.***! Importantly, we found that
the use of stoichiometric PPTS proved crucial for high yield.
Excess phloroglucinol (10 equiv) suppressed overallylation,
and the use of solvent MeCN provides an alternative to per-
silylation of ?hloroglucinol as reported by Makryannis and co-
workers.””**  Para-selective phenol triflation (Tf,0, 2,6-
lutidine) and bis-O-methylation with (MeO),SO, afforded 3-
OTf-HU308 in 66% vyield over 2 steps. Finally, late stage
derivatization was accomplished by means of cross-coupling
chemistry. Azo-HU308-1 was accessed using a sequence of
Buchwald—Hartwig coupling with N-Boc-phenylhydrazine (7),
Boc-deprotection (Me;SiOTf),** aerobic oxidation of the

https://dx.doi.org/10.1021/jacs.0c08926
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diaryl-hydrazine, and deprotection of TBS ether (38% yield
over 4 steps). Azo-HU308-2 and -3 were prepared via cross-
coupling with corresponding potassium trifluoroborate re-
agents™*® 8 and 9 under conditions reported by Molander
and co-workers (Pd(OAc),, PCys;, Cs,CO; THF/water)."
After TBS ether deprotection with Bu,NF, azo-HU308-2 and
-3 were obtained in excellent yields of 89 and 94% over 2 steps,
respectively.

We proceeded to characterize the photophysical properties
of azo-HU308s. In their resting state, they reside in the
thermodynamically favored trans-configuration. Illumination at
365 nm (UV-A) leads to a photostationary state (PSS)
favoring the cis-isomer. Irradiation at 455 nm (blue light) leads
to a new PSS with trans as the dominant isomer (Figures 2, S1,

A ro B
ﬁ OMe
H O —~ 1.0
MeO' O =)
NN <
trans-azo-HU308-3 \© 8 — dark
= 365 nm (cis)
S 0.5
365 nm 455 nm 2 v — 455 nm (trans)
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Figure 2. Photoisomerization of azo-HU308s. (A) azo-HU308-3 is
isomerized between its cis- and trans-configurations with UV-A and
blue irradiation, respectively. (B) UV—vis spectra of azo-HU308-3
(50 uM in DMSO) in its dark-adapted (black), UV-A-adapted (gray),
and blue light-adapted (blue) photostationary states.

and S2). Trans- and cis-isomer ratios at their photostationary
states were quantified by HPLC analysis with UV detection at
the isosbestic wavelengths. At 365 nm, azo-HU308-1-3 attain
maximum cis-content of 80, 71, and 49%, respectively.
Subsequently, at 455 nm, a new PSS is reached, with trans-
content of 83, 86, and 87% (Figures S3 and S4). Additionally,
azo-HU308s were moderately bistable, with cis-azo-HU308-1-
3 relaxing to their trans-isomers with thermal half-lives (¢, at
rt and pH = 7) of 2.1, 6.5, and 1.6 h in H,0, respectively
(Figure SS).48

Optical Control of Intracellular Ca?* via CB2. A
transformed mouse pituitary tumor AtT-20 cell line which
stably expresses CB2 receptors (AtT-20(CB2) cells) reported
by Mackie and co-workers was selected to explore the activity
of the HU308-based photoswitches.”” To confirm CB2
expression and membrane localization in this cell line, we
utilized our recently reported HU308 derivative tagged with
Alexa488 (Figure S6A).>* This nonpermeable fluorescent
probe binds specifically to CB2 receptors, and it allows real-
time receptor visualization in living cells using fluorescence
microscopy. For comparison, both AtT-20(CB2) and AtT-20-
wild-type cells lacking CB2**° were incubated in parallel with
fluoroprobe (150 nM) and nuclear stain Hoechst33342 (20
uM). In AtT-20(CB2) cells, Alexa488-fluorescence was
observed on the outer plasma membrane of most cells (Figure
3A, white arrows; Figure S6B, top), confirming that CB2 is
expressed on the cell surface. We did not observe plasma
membrane fluorescence in AtT-20-wild-type cells (Figure 3B;

738

Figure S6B, bottom), demonstrating the suitability of this
fluorescent probe for specific visualization of CB2.

Classically, CB2 receptors are known to couple to Gay,
proteins, which inhibit adenylyl cyclase activity.ls’SI’52 More
recent studies suggest that CB2 can also couple to other G
proteins and effector pathways.'®>* CB2 shows pronounced
biased signaling on activation by different ligands, and the
effects of CB2 activation on intracellular Ca** concentration
([Ca?*];) have only been described on few occa-
sions.”>~**>*7%¢ T the best of our knowledge, CB2-mediated
modulation of [Ca?*]; has not been reported for HU308
derivatives; therefore, we were intrigued to study Ca**
signaling in living cells using HU308 and its photoswitchable
derivatives. To assess the effect of HU308 in modulating CB2-
mediated Ca®* release, AtT-20(CB2) cells were loaded with
Ca**-sensitive Fluo-4-AM dye and subjected to real-time
fluorescent Ca’* imaging (Figure 3C).”” Tonomycin (10 uM),
a Ca’* ionophore that permeates cellular membranes, was
added for normalization purposes at the end of the experiment.
Upon the addition of HU308 (20 M), a large increase in
Fluo-4 fluorescence intensity was observed, indicating that
CB2 activation causes an increase in [Ca*']; (Figure 3C,D
black, Figure S7A). Irradiation at 375 nm (UV-A) did not
affect [Ca’*]; before or after HU308 addition, confirming that
light alone does not affect [Ca*]; in AtT-20(CB2) cells and
that the effect of HU308 on [Ca®]; is not photosensitive.
Lower concentrations of HU308 induced Ca®* transients to a
lesser degree (Figure S7B), and we determined an ECg, of
~6.4 uM (Figure S7C). As the binding affinity for HU308 is
typically reported in the low nM range,”" this could indicate
that this phenomenon is induced specifically at high CB2
receptor occupancies.”*

In control experiments, vehicle addition sometimes
produced a small Ca®* transient, which was not affected by
irradiation (Figure S8A,B). Additionally, the effect of HU308
was substantially diminished in AtT-20-wild-type cells (Figure
3D, green), confirming the involvement of CB2 in initiating
the Ca®" response. The remaining small Ca** transient is likely
an artifact by the mechanical force resulting from drug addition
and was not blocked by the presence of CB2 inverse agonist
AM630°° (20 uM) (Figure S8C).

Next, we investigated the effect of several CB2 antagonists/
inverse agonists on the action of HU308 in AtT-20(CB2) cells
(Figure 3E). In comparison to HU308 addition alone (20 uM,
black), SR144528°” (20 uM, blue) did not have a profound
effect, while AM630 (20 uM, green) dramatically reduced the
Ca® transient. Interestingly, the addition of HU308 in the
presence of JTE907%° (40 uM, red) resulted in a delayed and
persistent Ca®" transient. These results confirm the involve-
ment of CB2 in driving this cellular response and highlight the
intricacies of biased signaling mediated by a chemically diverse
set of CB2 inverse agonists.

Cytosolic Ca*" is known to originate from both extracellular
matrix as well as various intracellular reservoirs, including
endo/sarcoplasmic reticulum.”* We thus sought to determine
the mechanism by which HU308 and CB2 modulate [Ca**];
and to identify the source of the observed Ca** jons. First, Ca>*
in the extracellular imaging buffer was sequestered by addition
of the chelator ethylene glycol-bis(2-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA, 0.1 mM), which prevents
Ca® entry into the cell Under these conditions, HU308
addition caused a rise in [Ca*"]; of approximately the same
magnitude; however, the effect subsided more rapidly when

https://dx.doi.org/10.1021/jacs.0c08926
J. Am. Chem. Soc. 2021, 143, 736—743


https://pubs.acs.org/doi/10.1021/jacs.0c08926?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08926?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08926?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08926?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c08926?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS

A Hoechst - Alexad88 __ _ _ _ _ _ c AtT-20(CB2) E HU308
. 4 ‘ before HU308 4's after HU308 addition fonomyein
—_ <3
| . | 4
§ | S , | » 80
x o
g > 1 £ %
8! = ‘ S 40 AtT-20(CB2)
2 | g | R @ std. conditions*
1 €0 | 204 @ SR144528
X | @ JTE0T
\ | 0 o | @AM630
””””””””””””””””” 1 min ‘
B Hoechst - Alexad88 D HU308 F HU308
__________________________ addition ionomycin addition ionomycin
| | H
| I 100
g | |
2! ! 80
7| | -
2, | AtT-20(CB2) § 60
3, | @ st conditions” 5 AtT-20(CB2)
Q I @EGTA ° 40+ @ U312
'.':- | | @EGTA+TG 20 @ U73343
-3 o ey | YT
| 010 20 30 40 50, @AT 20 ol ® sesosporn G
| posion (um) | | e s
””””””””””””””””” 3 min 3 min

Figure 3. HU308 triggers Ca”* transients in AtT-20(CB2) cells. Fluorescent labeling of CB2 using Alexa488-tagged HU308 derivative in (A) AtT-
20(CB2) and (B) AtT-20-wild-type cells. Nuclei were stained with Hoechst33342 and white arrows highlight CB2 plasma membrane localization.
Scale bars = 10 pm, right panels Intensity profile across the yellow line for Hoechst33342 and Alexa488 fluorescence. (C) Representative Ca**
images using Fluo-4 dye reveals addition of HU308 (20 #M) increases Ca®* levels in AtT-20(CB2) cells. Scale bars = 30 um. (D) Average Fluo-4
intensity after addition of HU308 (20 uM) to AtT-20(CB2) cells under standard conditions (black, buffer containing 1.2 mM CaCl,), after
sequestration of extracellular Ca** (blue, N = 100, T = 2), and addition of thapsigargin (TG, 5 uM, red, N = 100, T = 2). The response to HU308
was sharply reduced in wild-type cells (green, N = 100, T = 2). (E) When compared to HU308 addition under standard conditions (black, N = 463,
T =2), AM630 (20 uM, green, N = 754, T = 4) blocked the Ca’* transient. SR144528 (20 uM, blue, N = 361, T = 2) did not block the action of
HU308, while JTE907 (40 uM, red, N = 579, T = 3) delayed the cellular response. (F) Co-application of PLC inhibitor U73122 (10 uM, black, N
=99, T = 2) blocked the effect of HU308 addition, while its inactive variant, U73343 (10 uM, black, N = 100, T = 2), did not. The IP3 receptor
antagonist xestospongin C (1 uM, red, N = 150, T = 3) also blocked the Ca®* transient. Error bars = mean + s.e.m.

compared to experiments in the absence of EGTA (Figure 3D, to a sharp increase on irradiation at 375 nm, which suggests
blue). Cells were then pretreated with thapsigargin (S M), a that only the cis-configuration has activity at CB2 (Figure 4A—
sarco/endoplasmic reticulum Ca®**-ATPase (SERCA) pump C). After termination of irradiation, the Ca®" increase subsided.
blocker. Thapsigargin alone did not block Ca®" transients Similar to that in experiments involving HU308, addition of
elicited by HU308 (Figure S8D). However, combination with PLC inhibitor U73122 (10 M) or xestospongin C (1 uM)
EGTA for sequestration of extracellular Ca** completely abolished the activity of azo-HU308-3 in either trans- or cis-
abolished the effect of HU308 (Figure 3D, red). Finally, we form (Figure 4D, black and red, respectively). Although the
probed the involvement of PLC in CB2-mediated [Ca®']; response was reduced when compared to standard conditions,
increase, which has previously been reported for endocanna- photoswitching was still observed in the presence of inactive

binoids.”* The addition of PLC inhibitor U73122 (10 uM)®* PLC-inhibitor analog U73343 (10 uM) (Figure S9A). This
greatly reduced the Ca?t response induced by HU308 (Figure confirms that azo-HU308-3, as HU308, affects Ca’" transients
3F, black). In control experiments, addition of the inactive in AtT-20(CB2) cells via PLC and IP; receptor signaling.
U73122 analog, called U73343°" (10 M), did not affect the Additionally, photoswitching was absent in AtT-20(CB2) cells
response induced by HU308 (Figure 3F, blue). Finally, in the presence of CB2 antagonist AM630 (20 uM) (Figure

addition of IP;-receptor antagonist xestospongin C** (1 uM) 4D, green) and in AtT-20-wild-type cells (Figure 4D, blue),
greatly reduced Ca’* transient (Figure 3F, red). which corroborates CB2 mediation. We were unable to
Taken together, these results suggest that HU308 stimulates observe photoswitching at lower concentrations (<10 yM)
Ca™ release via CB2, Ga,;, and PLC in AtT-20(CB2) cells. of azo-HU308-3.
We surmise that IP;-receptor activation results in biphasic Ca®* The other photoswitchable HU308 derivatives produced
release from intracellular endo/sarcoplasmic reticulum Ca** distinct effects on application and irradiation. In the case of
stores, followed by activation of cell-surface Ca** channels. To azo-HU308-1, we observed a sharp increase in [Ca®*]; on
the best of our knowledge, this represents a novel mechanism addition of the compound in its dark-adapted trans-

by which HU308 affects CB2 signaling at stimulatory GPCR configuration, and a ~23% decrease upon isomerization by
effector pathways. These findings should be taken into account irradiation at 375 nm (Figure 4C, Figure S9B). This suggests

when employing this widely used benchmark ligand in greater potency for azo-HU308-1 in the trans-configuration. In
pharmacological studies. contrast, azo-HU308-2 showed no effect on [Ca®*]; in either
We set out to explore the possibility of exerting optical the trans- or cis-form at 20 uM (Figure 4C, Figure S9C).
control over CB2-mediated Ca?* transients. The three azo- Together, these results confirm that, among all azo-HU308s,
HU308s were applied (each at 20 M) to AtT20(CB2) cells azo-HU308-3 is the best for manipulating CB2 with light
loaded with Fluo-4 dye, and their effects on [Ca®']; were through a mechanism identical to its parent compound.
recorded before and after photoswitching. Most strikingly, azo- Importantly, our findings demonstrate for the first time optical

HU308-3 did not affect [Ca®*]; prior to irradiation but did lead control over CB2-mediated Ca?*-transients.
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Figure 4. Azo-HU308s control Ca*transient in AtT-20(CB2) cells. (A) Averaged (left) and single cell (right) Ca®* imaging traces with Fluo-4 for
azo-HU308-3 (20 M, N = 65, T = 2) showing an increase in Ca** induced by azo-HU308-3. (B) Representative fluorescence images (scale bar =
30 um). (C) Summary bar graph for Ca** assay comparing vehicle (N = 80, T = 2), HU308 (20 uM, N = 100, T = 2), azo-HU308-1 (20 uM, N =
150, T = 3), azo-HU308-2 (20 uM, N = 60, T = 2), azo-HU308-3 (20 uM, N = 65, T = 2) and azo-HU308-3 + U73112 (10 uM, N = 100) in trans
(blue) and cis configuration (purple). (D) Incubating AtT-20(CB2) cells with U73112 (10 uM, black, N = 100, T = 2), xestospongin C (red, 1 uM,
N =150, T = 3), or AM630 (20 uM, green, N = 100, T = 2) abolished the effect of azo-HU308-3 (20 uM). The effect of azo-HU308-3 was not
present in AtT-20 wild-type cells (blue, N = 100, T = 2). Error bars = mean + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant.

Figure 5. Predicted docking poses for (A) trans-azo-HU308-1 B) cis-azo-HU308-1 and (C) cis-azo-HU308-3 employing CB2 cocrystal structure
with agonist AM12033 (PDB ID: 6kpc). Trans-azo-HU308-3 is not shown as cis-to-trans switch results in major clash with the receptor, which
prevents reasonable docking. The receptor pocket is represented in blue sticks and transparent shape, and the cocrystallized ligand AM12033 is
shown in white. The predicted docking poses of azo-HU308-1 are shown in green, and of azo-HU308-3 in purple.

Molecular Modeling and Docking. Flexible docking of
HU308 and its azo-derivatives was performed with the
structure of CB2 solved as cocrystal with agonist AM12033
(3.2 A resolution).'® To account for minor flexibility in the
binding pocket, the conformations of receptor amino acid side
chains within 8 A radius from the ligands were co-optimized
alongside ligand conformation. To establish the baseline values
for the prediction of ligand binding poses and scores, we
performed the redocking of cocrystallized agonist AM12033, as
well as HU308 (Figure S10). The predicted docking pose of
AMI12033 showed strong agreement with the cocrystal

740

structure (RMSD = 0.39 A) and high docking score (—3S
kJ/mol). The pose of HU308 overlapped with AM12033 in the
common parts of the scaffolds and produced a comparable
docking score (—30 kJ/mol).

Docking poses and scores were predicted for cis- and trans-
isomers of each azo-HU308 (Table S1). The results show that
all three active isomers, trans-azo-HU308-1, cis-azo-HU308-1,
and cis-azo-HU-308-3, have docking scores of —27, —26, and
—26 kJ/mol, respectively. Although these are still favorable
binding scores, these values are ~3—4 kJ/mol lower than for
HU308. This result is consistent with our experimental
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observations that the photoswitchable derivatives are less
potent at triggering CB2-mediated Ca’" transients than the
parent compound. The in silico binding poses for the
resorcinyl-pinenyl core are similar to the predicted orientation
of HU308. Their azobenzene residues extend into the deep
part of the hydrophobic binding pocket (Figure $). Trans-azo-
HU308-3, with its more extended configuration, failed to fit
into the CB2 binding pocket, as it clashes with W2585*. Both
trans- and cis-azo-HU308-2 isomers docked with inferior
binding scores (—13 and —16 kJ/mol, respectively) and with
predicted poses that were dramatically distorted from that of
HU308 (Figure S11). This corroborates their lack of activity in
the Ca®* fluorescence assay. Interestingly, we observed that in
order to accommodate the azobenzene substituent of some
azo-HU308s (e.g, trans-azo-HU308-1 and cis-azo-HU308-3),
the side chain of W258°* rotates about 30° without causing
any substantial change in the surrounding residues (Figure
S12). This result suggests that the active state of CB2 has some
flexibility in the orientation of W258°* side chain, which
represents a highly conserved toggle switch in class A GPCRs
and has a crucial role in GPCR activation.'”

B CONCLUSION

We report for the first time that the commonly employed CB2
agonist HU308 stimulates CB2/PLC-mediated Ca? flux in
AtT-20(CB2) cells. Photoswitchable derivatives of HU308
were designed and studied to control CB2-mediated cellular
excitability through [Ca®'];. Late-stage diversification of
building block 3-OTf-HU308 gave rise to azobenzene-
containing HU308 derivatives. These azo-HU308s enable
optical control over Ca®" levels in AtT-20(CB2) cells with
spatiotemporal precision. Importantly, the complementary
behavior of azo-HU308-1 and azo-HU308-3 (i.e., trans vs
cis-active) will be useful in the design of experiments to
manipulate CB2 in a wide range of physiological arenas. In
silico docking studies validated our experimental findings on
the structural dependence of CB2 activity. We anticipate the
use of this structural information for the design of additional
photoswitchable CB2 ligands with the bespoken photophysical
and pharmacological properties. For example, these may
include red-shifted photochromic derivatives for use in intact
tissue or in vivo.

HU308 has been used in the study of numerous CB2-
mediated effector pathways. In order to fully realize the
potential of azo-HU308s, studies toward optical control of
other CB2 signaling pathways, including adenylyl cyclase, f-
arrestin, and ERK1/2, are currently underway in our
laboratories. In combination with additional investigations
which apply the azo-HU308s to cells that express CB2
endogenously, our efforts will reveal the unique mechanisms by
which azo-HU308s affect CB2 biased signaling pathways in
different physiological settings. As novel tools to precisely
control CB2 signaling, azo-HU308s will find applications in
complex physiological settings, thereby enhancing under-
standing of CB2, in particular, and, more broadly, cannabinoid
chemistry and biology.
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