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ted photorelease of
endocannabinoids enables optical control of
GPR55 in pancreatic b-cells†

Janelle M. Tobias, abc Gabriela Rajic,a Alexander E. G. Viray, ab David Icka-Arakiabd

and James A. Frank *ab

Fatty acid amides (FAAs) are a family of second-messenger lipids that target cannabinoid receptors, and are

known mediators of glucose-stimulated insulin secretion from pancreatic b-cells. Due to the diversity

observed in FAA structure and pharmacology, coupled with the expression of at least 3 different

cannabinoid G protein-coupled receptors in primary and model b-cells, our understanding of their role

is limited by our inability to control their actions in time and space. To investigate the mechanisms by

which FAAs regulate b-cell excitability, we developed the Optically-Cleavable Targeted (OCT)-ligand

approach, which combines the spatial resolution of self-labeling protein (SNAP-) tags with the temporal

control of photocaged ligands. By linking a photocaged FAA to an o-benzylguanine (BG) motif, FAA

signalling can be directed towards genetically-defined cellular membranes. We designed a probe to

release palmitoylethanolamide (PEA), a GPR55 agonist known to stimulate glucose-stimulated insulin

secretion (GSIS). When applied to b-cells, OCT-PEA revealed that plasma membrane GPR55 stimulates

b-cell Ca2+ activity via phospholipase C. Moving forward, the OCT-ligand approach can be translated to

other ligands and receptors, and will open up new experimental possibilities in targeted pharmacology.
Introduction

Endocannabinoid signalling is mediated by cannabinoid
receptors, lipid-derived ligands, and the metabolic enzymes
that control their synthesis and degradation. The most well-
studied component of the endocannabinoid system is canna-
binoid receptor 1 (CB1), an inhibitory G protein-coupled
receptor (GPCR) that is highly expressed in the central
nervous system and responsible for the psychotropic effects of
marijuana.1 Besides the canonical receptors CB1 and CB2,
recent studies have revealed a diverse collection of proteins that
respond to cannabinoid ligands—including other GPCRs, ion
channels, and nuclear receptors—birthing the concept of an
“extended endocannabinoid system”.2 Similarly, our under-
standing of cannabinoid ligands has broadened beyond the
second-messenger lipids anandamide and 2-arach-
idonylglycerol. One of the major ligand classes, fatty acid
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amides (FAAs), are composed of a fatty acyl chain linked by an
amide bond to a polar head group. Slight modications to the
acyl chain length, saturation, or head group can profoundly
affect their pharmacological prole.3 Coupled with heteroge-
neous cannabinoid receptor expression at both the tissue and
subcellular levels, the mechanisms by which FAAs affect phys-
iology remain poorly understood.

Endocannabinoid signalling modulates many metabolic
processes in the periphery, including insulin secretion from
pancreatic b-cells, which controls blood glucose levels. Glucose-
stimulated insulin secretion (GSIS) is initiated by increased
glucose uptake and glycolysis, which elevates ATP levels,
affecting K+ and Ca2+ channels to drive oscillations in the
intracellular Ca2+ concentration ([Ca2+]i).4 The frequency and
amplitude of these oscillations correlate tightly to insulin
secretion.5 Notably, b-cells express multiple cannabinoid-
sensitive receptors and channels that affect b-cell excitability
and GSIS,6,7 including CB1, CB2, transient receptor potential
cation channel subfamily V member 1 (TRPV1),8 peroxisome
proliferator-activated receptors,9 and the atypical cannabinoid
receptor GPR55,6,10,11 which is a stimulatory GPCR. In contrast
to the inhibitory CB1 and CB2 receptors, GPR55 activation
increases [Ca2+]i via Gaq/11 and phospholipase C (PLC).12 GPR55
is known to enhance GSIS in b-cells,6 making it a potential
therapeutic target for diabetes. Yet, our knowledge of GPR55's
precise function is hindered by a lack of tools that enable its
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 OCT-ligands allow genetic targeting of photocaged FAAs. (a)
Schematic depiction of the OCT-ligand approach. Photocaged FAAs
can be spatially enriched at the site of SNAP-tag expression and then
released on demand to activate nearby GPR55 receptors and their
downstream effector pathways. (b) Molecular schematic of OCT-PEA
tethering and photolysis. OCT-PEA can be tethered to SNAP-tags and
uncaged with UV-A (365 nm) irradiation, releasing PEA to activate
GPR55. This stimulation increases intracellular Ca2+ levels via Gaq/11
and PLC.
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targeted manipulation using endogenous ligands with spatio-
temporal precision.

Advances in chemical biology have provided a collection of
tools to interface with endocannabinoid signalling, including
ligands that are activated on an optical stimulus.13–15 As light
can be applied with unmatched spatiotemporal precision,
optical tools like photocaged endocannabinoids have illumi-
nated the function of CB1 and CB2 receptors in excitable
cells.16,17 These probes contain a photolabile protecting group
(cage) which masks the endocannabinoids' activity until
exposed to irradiation, triggering the release of endogenous
ligands within milliseconds. However, a limitation of this
approach is that the cage's structure impacts the probe's
subcellular localization before irradiation, making the signal
difficult to control within the cell. Although this spatial
restriction has been exploited to release ligands on specic
organelles by modifying the cage's charge or aromaticity,18,19

this approach is quite restricted in its application. Adding an
element of genetic control, such as a genetically-encoded bio-
orthogonal protein-tag (SNAP-tag), would allow us to direct
caged signalling molecules toward any membrane or protein of
interest. While (photo)cleavable substrates for protein tags have
been utilized to turn signalling off,20–22 or release reactive
moieties for proling protein–protein interactions,23 applying
genetic targeting to activate a GPCR using a photocaged
endogenous ligand has yet to be reported.

To this end, this work introduces a novel chemigenetic
technique to place cannabinoid signalling under optical
control. Coined Optically-Cleavable Targeted (OCT)-ligands, our
approach tethers photocaged FAAs to genetically-encoded
SNAP-tags, permitting the photo-release of endocannabinoid
ligands on genetically-dened subcellular membranes. We
introduce an OCT-ligand capable of targeting GPR55 to inves-
tigate the downstream mechanisms by which this atypical
cannabinoid receptor affects b-cell excitability. More broadly,
this work serves as a proof-of-principle for a platform that will
advance our understanding of endocannabinoid signalling with
subcellular resolution.

Results and discussion
Design and synthesis of an OCT-ligand for GPR55

We designed Optically-Cleavable Targeted (OCT-) ligands to
combine a photocaged FAA with a biorthogonal handle, which
can be recognized by genetically-encoded protein tags (Fig. 1a).
Membrane-anchored SNAP-tags can be expressed on specic
subcellular compartments, allowing us to spatially enrich the
photocaged (inactive) FAA at a genetically-dened target.24,25

The tethered probe can then be quickly uncaged (activated) by
a ash of light, generating bursts of the active molecule at the
site of SNAP-tag expression. OCT-ligands are small molecules
composed of four units: the FAA ligand (purple), photocage
(orange), linker (black), and bioconjugation motif (blue)
(Fig. 1b). One of the endogenous ligands for GPR55 is palmi-
toylethanolamide (PEA), a FAA composed of an ethanolamine
head group attached to a palmitate (16:0) lipid chain (Fig. 1b,
bottom).26,27 PEA activates GPR55 selectively over CB1 and CB2,
© 2021 The Author(s). Published by the Royal Society of Chemistry
and potentiates b-cell excitability and GSIS both in vitro and in
vivo.28,29 The activity of OCT-PEA is masked by an ortho-nitro-
benzyl photocage,16 and the distal end of the cage is linked to an
O6-(4-aminomethyl-benzyl)guanine (BG) motif for covalent
tethering to SNAP-tags.

The synthesis of OCT-PEA (Fig. 2a) commenced with the
reaction of 5-hydroxy-2-nitrobenzaldehyde and ethyl bromoa-
cetate to form the phenolic ether 1. A reductive amination with
2-(t-butyloxy)-ethanamine formed the amine 2, and then acyla-
tion with palmitoyl chloride led to the tertiary amide 3. Ester
hydrolysis under basic conditions afforded carboxylic acid 4,
which was then coupled to 6-((4-(aminomethyl)benzyl)oxy)-9H-
purin-2-amine (BG-NH2)24 to produce 5. Finally, tBu-ether
deprotection using BBr3 at �78 �C afforded OCT-PEA in six
steps and 26% overall yield. We conrmed that OCT-PEA could
be uncaged with 365 nm LED irradiation (�35 mW cm�2) using
HPLC-MS, to release PEA and the nitroso-benzaldehyde
(Fig. S1†). UV-VIS spectroscopy was used to further charac-
terize the photochemical properties of OCT-PEA (in DMSO),
which possessed a lmax at 287 nm and an extinction coefficient
of 15 345 (mol�1 cm�1) (Fig. 2b). 365 nm irradiation (�35 mW
cm�2) resulted in a bathochromic wavelength shi to 354 nm
(Fig. 2b), consistent with the expanded electron p-network
present in the uncaged product (Fig. 1b, bottom right). Longer
wavelengths—such as 415 nm (Fig. 2c, magenta,
�31 mW cm�2), 470 nm (Fig. 2c, blue, �35 mW cm�2) and
565 nm (Fig. 2c, green, �31 mW cm�2)—did not uncage OCT-
PEA as efficiently (Fig. 2c, S2†). This feature is advantageous
for applications in uorescence microscopy, since the ligand
will not be released during imaging of blue and green uores-
cent reporters. We also conjugated OCT-PEA to puried SNAP-
Chem. Sci., 2021, 12, 13506–13512 | 13507



Fig. 2 Synthesis and characterization of OCT-PEA. (a) Chemical
synthesis of OCT-PEA. (b) UV-VIS absorbance scan showing a time-
course of OCT-PEA (20 mM in DMSO) uncaging with 365 nm LED
irradiation. A rightward (bathochromic) shift in the main absorbance
peak (lmax) was observed as illumination generated the uncaged
species. (c) Absorbance at 360 nm over time of OCT-PEA (20 mM in
DMSO) uncaging with 365 nm LED (black), 405 nm (magenta), 470 nm
(blue), and 565 nm (green) LEDs. N ¼ 3 samples for each. Shaded error
bars ¼ mean � SEM.
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tags in vitro, which allowed the probe to be uncaged in aqueous
buffer. In this case, 365 nm irradiation induced uncaging with
a s � 46 s (Fig. S3†), demonstrating OCT-PEA's ability to be
released from SNAP-tags in a physiological environment.
GPR55 and PEA mediate Ca2+ signalling in INS-1 b-cells

We used the rat insulinoma INS-1 cell line to evaluate the effect
of OCT-PEA on b-cell excitability.30,31 Although other b-cell lines
(MIN6, BRIN-D11) and primary islets (human, mouse, rat) are
known to express GPR55,6,10,32 its expression and function in
INS-1 cells remain uncharacterized.8,33 Therefore, we used
immunouorescence microscopy to conrm the expression and
localization of GPR55. INS-1 cells were co-stained with anti-
GPR55 and anti-insulin antibodies (Fig. 3a and S4a†). GPR55
immunoreactivity was observed on the INS-1 plasma
membrane, while insulin was observed throughout the cell and
enriched near the perimeter (Fig. 3b). In control experiments,
removal of the primary antibody abolished GPR55 immuno-
uorescence, ruling out the possibility of nonspecic secondary
antibody binding (Fig. S4b†).

To determine the effect of freely diffusible PEA application
on the b-cell [Ca2+]i, INS-1 cells were transfected with the uo-
rescent biosensor R-GECO,34 which allows for visualization of
[Ca2+]i in real-time. Under high glucose conditions (20 mM), we
observed characteristic oscillations in [Ca2+]i (Fig. 3c and d).
13508 | Chem. Sci., 2021, 12, 13506–13512
Similar to other b-cell lines,10 PEA increased both the overall
[Ca2+]i level (Fig. 3d) and oscillation frequency (Fig. 3e, black) in
a dose-dependent manner (Fig. S5†). Pretreatment with either
the GPR55 antagonist CID16020046 (Fig. 3d and e, blue and
S6a†) or PLC inhibitor U73122 (Fig. 3d and e, red and S6b†)
abolished PEA's action.35,36 In control experiments, the effect of
PEA remained in the presence of an inactive PLC inhibitor
analogue (U73343) (Fig. 3e, green, and S6c and d†).36 Ca2+ levels
were not sensitive to 375 nm irradiation alone, nor vehicle
addition (Fig. 3e, and S6e and f†). At lower glucose concentra-
tions (11 mM and 3 mM), PEA's effect on [Ca2+]i was reduced
(Fig. S7†). Combined with the results above, our experiments
conrm that GPR55 is expressed on the surface of INS-1 b-cells
and that it responds to PEA to mediate glucose-stimulated Ca2+

oscillations via PLC.
Expression and labelling of cell surface SNAP-tags in b-cells

To localize OCT-PEA nearby GPR55 receptors, we transfected
INS-1 cells with a plasmid encoding pDisplay™-SNAP, a plasma
membrane-anchored SNAP-tag. We then performed a competi-
tion labelling assay between OCT-PEA and a non-permeable
SNAP-Surface® Alexa Fluor® 488 (A488) dye to optimize the
conditions for OCT-PEA tethering. Transfected cells were
labelled with either a vehicle or increasing concentrations and
duration of OCT-PEA. They were then thoroughly washed and
exposed to A488 to detect any un-reacted SNAP-tags. When
preceded with the vehicle, A488 uorescence was observed on
the perimeter of transfected cells (Fig. 4a, le). Pretreatment
with OCT-PEA blocked A488 labelling in a dose- and time-
dependent manner (Fig. S8†). SNAP-tag labelling was abol-
ished most consistently when cells were labelled with 5 mM
OCT-PEA for 2 h (Fig. 4a, right). To assess OCT-PEA's ability to
label intracellular SNAP-tags, a similar competition labelling
was performed using the above-optimized labelling conditions,
except using the cell-permeable dye, SNAP-Cell® Oregon
Green®. When pre-treated with vehicle, we observed Oregon
Green® uorescence on intracellular compartments, presum-
ably representing pDisplay™-SNAP in the secretory pathway
(Fig. S9a†). When pretreated with OCT-PEA (5 mM, 2 h), dye
labelling of intracellular SNAP-tags was still observed
(Fig. S9b†). This indicates that OCT-PEA is not cell permeable
under these conditions, and primarily labels surface-expressed
SNAP-tags. To assess the extent of SNAP-tag internalization
during this labelling time, pDisplay™-SNAP-expressing cells
were incubated with the non-permeable A488 for 2 h
(Fig. S10a†). Although most of the uorescence remained
enriched at the plasma membrane, small puncta appeared
inside the cells slowly over time (Fig. S10b†). This nding
conrms that the labelled SNAP-tags remain enriched on the
plasma membrane, with a fraction of internalized SNAP-tags
present.

To evaluate the cytotoxicity of our probe, INS-1 cells were
incubated with caged or uncaged OCT-PEA for 24 h and then
subjected to a cell viability assay. We did not observe any effect
on cell viability induced by the caged or uncaged OCT-PEA up to
its solubility limit in the physiological buffer (Fig. S11†). PEA
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 INS-1 cells express GPR55 and respond to PEA. (a) Immunofluorescence images of fixed INS-1 cells stained for GPR55 (green) and insulin
(red). Nuclei were labelled with DAPI (blue). Scale bar ¼ 10 mm. (b) Fluorescence intensity profile plotted across the yellow arrow shown in panel
A. (c) Fluorescent Ca2+ imaging using R-GECO showed that PEA addition (5 mM) increased [Ca2+]i. Displayed as Ca2+ traces from five repre-
sentative cells. (d) Average [Ca2+]i traces for PEA addition under standard conditions (black, 5 mM, N ¼ 612, T ¼ 10), overlaid with average [Ca2+]i
traces for PEA addition following pre-incubation with a GPR55 antagonist (CID16020046, 5 mM, blue, N¼ 449, T¼ 6) or PLC inhibitor (U73122, 5
mM, red, N ¼ 296, T ¼ 4), which blocked PEA's effect. UV-A irradiation (375 nm) shown as purple bars, and KCl (25 mM) was applied at the end of
each experiment. (e) Bar graph displaying the fold change in Ca2+ oscillation frequency induced by compound stimulation. Vehicle addition
(DMSO, 0.1% v/v, grey, N¼ 418, T ¼ 6) did not stimulate [Ca2+]i. The inactive PLC inhibitor analogue (U73343, 5 mM, green,N¼ 511, T ¼ 7) did not
block the effect of PEA. Error bars ¼ mean � SEM. **P < 0.01, *P < 0.05, ns ¼ P > 0.05, P values reported in Table S2.†
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also did not affect cell viability,10,37 conrming that our probes
are not cytotoxic to INS-1 cells.

Plasma membrane OCT-PEA uncaging mediates INS-1 Ca2+

levels via GPR55

We evaluated how uncaging OCT-PEA on the cell surface
inuenced [Ca2+]i dynamics in b-cells under high-glucose
conditions (20 mM). INS-1 cells expressing R-GECO and
pDisplay™-SNAP were labelled with OCT-PEA, followed by
a washing step to remove any untethered probe. In contrast to
the large Ca2+ spike observed from bath-applied PEA, OCT-PEA
uncaging on the cell surface caused a more subtle increase in
[Ca2+]i (Fig. 4b, black). However, we observed that OCT-PEA
stimulation strongly increased the Ca2+ oscillation frequency
(Fig. 4c and d). Following probe labelling, treatment with the
GPR55 antagonist CID16020046 or PLC inhibitor U73122
blocked the effect of OCT-PEA uncaging (Fig. 4b and d and S12a
and b†), conrming the involvement of GPR55 and PLC. In
control experiments, the inactive PLC inhibitor analogue
(U73343) did not signicantly block the effect of OCT-PEA
uncaging (Fig. 4d and S12c and d†). GPR55 knockdown using
two independent siRNAs blocked the effect of OCT-PEA
uncaging on oscillation frequency, further supporting GPR55
involvement for mediating the probe's response (Fig. S13†). INS-
1 cells that were exposed to a vehicle did not respond to 375 nm
irradiation (Fig. 4d and S12e and f†).
© 2021 The Author(s). Published by the Royal Society of Chemistry
To conrm that covalent attachment of OCT-PEA to the
SNAP-tags on the cell surface is necessary for our probe's
mechanism of action, we applied OCT-PEA under conditions in
which the tethering reaction could not occur. First, cells were
pretreated with SNAP-Cell® Block to prevent subsequent OCT-
PEA labelling. This pharmacological approach greatly dimin-
ished the impact of OCT-PEA uncaging on [Ca2+]i (Fig. 4d, S14a
and b†). We performed similar experiments with SNAP-
Surface® Block, which is non-permeable and only blocks SNAP-
tags on the cell surface, and not intracellular pools. Again, this
blocked the effect of OCT-PEA uncaging, conrming that cell-
surface uncaging is the main driver of our observed effect
(Fig. 4d and S14c and d†). Alternatively, we transfected INS-1
cells with pDisplay™-HALO, which does not react with the BG
moiety on OCT-PEA. This biorthogonal tag exchange also
reduced OCT-PEA's effect (Fig. 4d and S13e and f†). Finally, we
performed site-directed mutagenesis to our standard
pDisplay™-SNAP construct to remove the reactive cysteine.
Using immunohistochemistry, we conrmed that this C145A
mutation prevents it from reacting with a BG, but did not affect
SNAP-tag trafficking or localization (Fig. S15†). Consistent with
our other control experiments, this mutation blocked the effect
of OCT-PEA on INS-1 [Ca2+]i (Fig. 4d–f). Combined, these results
unambiguously conrm that background activity from unteth-
ered OCT-PEA was not driving our observed response to
uncaging, and that SNAP-tags effectively deliver OCT-PEA to the
Chem. Sci., 2021, 12, 13506–13512 | 13509



Fig. 4 Targeted uncaging of OCT-PEA on the INS-1 cell surface. (a) Pre-incubation with DMSO (0.1% v/v, 2 h) maintains surface SNAP-tag
labelling (A488, green, left), whereas pre-incubation with OCT-PEA (5 mM, 2 h) abolished dye labelling (right). Nuclei stained with Hoechst-33342
(blue). Scale bar ¼ 10 mm. (b) Fluorescent Ca2+ imaging using R-GECO showed that OCT-PEA (5 mM, 2 h, black, N ¼ 352, T ¼ 8) increased the
average [Ca2+]i in INS-1 cells. Overlaid with averages in the presence of a GPR55 antagonist (CID16020046, 5 mM, blue, N ¼ 212, T ¼ 4) or PLC
inhibitor (U73122, 5 mM, red, N ¼ 173, T ¼ 4), which reduced the effect of OCT-PEA. UV-A irradiation (375 nm) shown as purple bars, and KCl
(25 mM) was applied at the end of each experiment. (c) Heat map showing individual Ca2+ traces from fifty representative cells which were pre-
incubated with OCT-PEA (5 mM, 2 h). Cells normalized to the KCl response. (d) Comparison bar graph of fold change in oscillation frequency in
response to OCT-PEA uncaging across different conditions. Uncaging in the presence of GPR55 antagonist (CID16020046, 5 mM, purple, N ¼
212, T ¼ 4), PLC inhibitor (U73122, 5 mM, blue, N ¼ 173, T ¼ 4), SNAP-Surface® Block (20 mM, yellow, N ¼ 278, T ¼ 5), SNAP-Cell® Block (10 mM,
orange,N¼ 248, T¼ 4), pDisplay™-SNAPC145A (red,N¼ 244, T¼ 5) or pDisplay™-HALO (magenta,N¼ 330, T¼ 4) reduced the probe's effect on
oscillation frequency. The inactive PLC inhibitor analogue (U73343, 5 mM, green, N ¼ 357, T ¼ 6) did not block the effect of OCT-PEA. Vehicle
treatment (DMSO, 0.1% v/v, grey, N ¼ 247, T ¼ 4) did not change the oscillation frequency in response to UV-A irradiation. (e and f) Uncaging
OCT-PEA in INS-1 cells transfected with pDisplay™-SNAPC145A reduced the effect of the probe, displayed as (e) average trace of all cells and (f)
heatmap of representative traces from fifty cells, normalized to the KCl response. (g–i) Targeted uncaging on half of the field of view, displayed as
(g) uncaging ROI, (h) bar graph comparing fold change in oscillation frequency between irradiated (N¼ 145, T¼ 5) and nonirradiated regions (N¼
132, T ¼ 5), and (i) heat map of representative traces from one trial, normalized to KCl response. Error bars ¼mean� SEM. *P < 0.05, **P < 0.01,
ns ¼ P > 0.05, P values reported in Table S3.†
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INS-1 cell surface. Targeted compound uncaging activates
GPR55 receptors and PLC near the plasma membrane to stim-
ulate b-cell Ca2+ activity.

Finally, we sought to demonstrate the spatial utility of our
OCT-ligand approach. SNAP-tag expressing INS-1 cells were
labelled with OCT-PEA, and this time only half the eld of view
was exposed to 375 nm irradiation. As expected, we observed
that only the irradiated cells increased in their Ca2+ oscillation
frequency, while those that were not irradiated remained at
a constant oscillation frequency (Fig. 4g–i). This provides
a mechanism for researchers to directly compare cells in which
13510 | Chem. Sci., 2021, 12, 13506–13512
GPR55 was activated to those which were not, under the exact
same experimental conditions.
Conclusion

This study presents a new chemical technology for manipu-
lating cannabinoid signalling on a genetically-dened cellular
target. We introduce OCT-PEA, the rst photochemical tool that
has been shown to target GPR55 in living cells. A photocaged
PEA was tethered to the plasma membrane of INS-1 b-cells
using membrane-anchored SNAP-tags, and uncaging OCT-PEA
© 2021 The Author(s). Published by the Royal Society of Chemistry
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on the cell surface stimulated [Ca2+]i oscillations. These results
conrm that INS-1 cells express functional GPR55 on their
plasma membrane, which is activated by PEA to increase b-cell
excitability through PLC activation. Similar to other approaches
which utilize membrane-anchored SNAP-tags to localize
pharmacologically-active ligands,38,39 this approach does not
require the overexpression of signalling proteins and enables
the targeting of endogenous receptors. Because SNAP-tags are
inactive until conjugated with a pharmacophore, OCT-ligands
allow us to acutely manipulate receptor function while avoid-
ing compensatory artefacts. Because OCT-PEA is only uncaged
with UV-A irradiation, we can combine OCT-PEA with other
blue/green uorescent biosensors (i.e. Ca2+, cAMP, kinase
activity). Reected by the more subtle effect of OCT-PEA stim-
ulation on the overall Ca2+ level when compared to the appli-
cation of freely diffusible PEA, we hypothesize that our
approach releases PEA similar to how endogenous FAAs are
typically generated transiently during periods of cell
stimulation.40

Because we observed that GPR55 is expressed on the INS-1
plasma membrane, OCT-PEA was targeted to the cell surface.
While similar results could also be achieved using other
specialized photocages,18,19 future applications of our approach
with alternative SNAP-tag targeting sequences will allow us to
direct FAA signalling to a variety of subcellular locations
without requiring the synthesis of new compounds. Moreover,
an increasing body of work indicates that CBRs can be found on
internal membranes, even in b-cells.7,41 Thus, applying OCT-
ligands to target organelles such as mitochondria or the endo-
plasmic reticulum will allow us to investigate the function of
intracellular receptor pools. Our probes will also be useful to
study cannabinoid signalling in intact tissues. Leveraging Cre-
recombination technology to facilitate cell-type selective
SNAP-tag expression, OCT-ligands will allow us to focus ligand
release on b- or a-cells in the intact pancreatic islet.

Our future efforts will aim to develop OCT-ligands with
alternate pharmacological or photophysical properties. For
example, probes capable of releasing different FAAs will help us
dissect the contributions of specic CBR subtypes. Red-shiing
the photocage toward longer visible wavelengths will also help
translate our strategy in vivo, as lower-energy photons are less
phototoxic and penetrate deeper into tissue. Combined with the
expansion of our approach to utilize alternative bio-conjugation
tags (i.e. HALO-, CLIP-tags),42 OCT-ligands will allow us to
generate sophisticated patterns of FAA signalling orthogonally,
with unprecedented precision.

Beyond applying OCT-ligands to study CBR signalling in b-
cells, this approach will be generalizable to other cell types,
ligands, and signalling pathways. These advances will enhance
the acuity with which we can manipulate signalling in time and
space, setting the stage for the next generation of targeted
pharmacology.

Data availability

All MATLAB scrips were written in house and are available upon
request. Please see the ESI† for more information.
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P. M. W. French, G. A. Rutter, T. Tan, S. R. Bloom,
A. Tomas and B. Jones, ACS Pharmacol. Transl. Sci., 2020,
2020, 360.

23 D. C. McCutcheon, G. Lee, A. Carlos, J. E. Montgomery and
R. E. Moellering, J. Am. Chem. Soc., 2020, 142, 146–153.

24 A. Keppler, S. Gendreizig, T. Gronemeyer, H. Pick, H. Vogel
and K. Johnsson, Nat. Biotechnol., 2003, 21, 86–89.

25 E. Prii, L. Reymond, M. Umebayashi, R. Hovius,
H. Riezman and K. Johnsson, ACS Chem. Biol., 2014, 9,
606–612.

26 F. A. J. Kuehl, T. A. Jacob, O. H. Ganley, R. E. Ormond and
M. A. P. Meisinger, J. Am. Chem. Soc., 1957, 79, 5577–5578.

27 L. Rankin and C. J. Fowler, Int. J. Mol. Sci., 2020, 21, 7942.
13512 | Chem. Sci., 2021, 12, 13506–13512
28 G. Donvito, I. Bettoni, F. Comelli, A. Colombo and B. Costa,
CNS Neurol. Disord.–Drug Targets, 2015, 14, 452–462.

29 E. Ryberg, N. Larsson, S. Sjögren, S. Hjorth,
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