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Abstract

Marijuana legalization in the United States, both recreationally or medicinally, has
increased its use in adults, yet the full impact of cannabinoid molecules found in marijuana on
endogenous signaling pathways is unknown. Cannabinoid signaling has been tied to
metabolism and pancreatic islet function, which is responsible for maintaining euglycemia.
Diabetes is the resulting disease state when blood glucose levels are not properly regulated. In
the islet, pancreatic p-cell excitability and insulin secretion are regulated by a plethora of
cannabinoid receptors (CBRs), which respond to lipids called N-acylethanolamines (NAEs).
NAEs contain an ethanolamine headgroup attached to a lipid chain that varies in length and
unsaturation, and they can target both stimulatory and inhibitory CBRs expressed on several
cell populations within the islet, including B-cells. However, NAEs’ complex pharmacology and
hydrophobicity make them difficult to control in time and space after application to cells. This
complicates our understanding of NAE signaling in B-cells and prevents us from developing
therapies for metabolic disorders that target CBR pathways. To address these challenges, we
developed Optically-Cleavable Targeted (OCT)-ligands, which combine the spatial resolution of
self-labeling protein tags (i.e. SNAP- and HaloTags) with the temporal control of photocaged
ligands. By linking a photocaged NAE to a bioconjugation motif, we can enrich NAEs on a
genetically-defined targets, and then activate them with light. Using OCT-ligands, we showed
that uncaging palmitoylethanolamide (PEA) on the surface of INS-1 B-cells increased Ca?*
oscillations through a stimulatory cannabinoid receptor, GPR55. Development of a second
generation of OCT-ligands tethers to HaloTags (hOCT-PEA) and have improved solubility and
labeling efficiency relative to the original probe. We then developed an adeno-associated virus

(AAV) to express protein tags on the surface of B-cells in intact human islets, and showed that

photorelease of PEA selectively on B-cells stimulated Ca?* oscillations in islets. Finally, we
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expanded the OCT-ligand approach to release other NAEs, including anandamide (AEA), a
classic endocannabinoid. Preliminary results suggest that releasing AEA on the surface of 3-
cells in model B-cells and primary islets stimulates Ca?*. Moving forward, the OCT-ligand
approach can be expanded to other ligands and receptors and will allow for new experimental

possibilities in targeted photopharmacology.
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Chapter 1. Introduction

1.1. The role of the endocannabinoid system in islet biology.

In the United States, the legalization of cannabis (recreational and medicinal) has increased
cannabis use in adults’. Washington DC and 18 states have fully legalized marijuana (cannabis)
use, while another 18 states have legalized medical cannabis use’. The active components in
marijuana, including A%-tetrahydrocannabinol (THC) and cannabidiol (CBD), hijack endogenous
signaling pathways (coined endocannabinoid signaling) to carry out their effects, yet much of
the basic biology behind these pathways are poorly understood?. Endocannabinoid signaling is
mediated by cannabinoid receptors (CBRs), lipid-derived ligands, and the metabolic enzymes
that control their synthesis and degradation. The canonical receptors of the endocannabinoid
system (ECS) include cannabinoid receptor 1 (CB1), which is highly expressed in the central
nervous system, and CB2, which is primarily expressed in immune cells®. Besides CB1 and
CB2, recent studies have revealed an “extended endocannabinoid system” that also responds
to cannabinoid ligands—including other G protein-coupled receptors (GPCRs), ion channels,
and nuclear receptors®.

N-acylethanolamines (NAEs) are a family of endocannabinoid ligands that are
characterized by a polar ethanolamine headgroup attached to a lipid chain that can vary in
length and degree of saturation. More than 70 NAE species have been identified®, but a majority
of NAEs still have unknown function(s). However, a general trend has emerged, where
polyunsaturated NAEs tend to activate inhibitory CBRs®’ and saturated NAEs tend to target
stimulatory CBRs®"" (Figure 1.1). Key examples include anandamide (AEA), a 20 carbon / 4
cis-double bond NAE which activates CB1 and CB2 (G; coupled)'?, and palmitoylethanolamide
(PEA), a 16 carbon / no double bond NAE which activates the atypical CBR GPR55 and

GPR119 (Gq coupled)'®™. NAEs are abundant in plasma, and global changes to their
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abundance is tied to metabolic stressors''6. For example, polymorphisms in fatty acid amide

hydrolase (FAAH)—an enzyme which degrades NAEs—are associated with obesity in

humans'’8,
Palmitoylethanolamide (PEA) Arachidonoylethanolamide (AEA)
o} o}

HO_~ PPARa  HO_~

N . N =

H% 100> GPR5S H CB1
GPR119 | 20:4n6—s CB2

Stearoylethanolamide (SEA) TRPV1

NN
0]

HOV"\N Eicosapentaenoylethanolamide (EPEA)
H 18:0 —= GPR119

Oleoylethanolamide (OEA)
0 :
cB2
HO_~
N = 4q. PPAR-u
Hm 18109 —> 5pR11g
Linoleoylethanolamide (LEA)
0]

PPAR-y

HO__~
ﬁ N 18:2n6 —»

PPAR-a
GPR119

Figure 1.1. N-acylethanolamines (NAEs) vary in acyl chain length and degree of unsaturation.
Shorter, saturated NAEs tend to target stimulatory CBRs, including GPR55 and GPR119
(green). In contrast, longer polyunsaturated NAEs tend to target inhibitory CBRs, including CB1
and CB2 (red). The length and number of double bonds is denoted in blue, as (length:degree of

unsaturation).

According to the Centers for Disease Control and Prevention, 38.4 million people have
diabetes mellitus in the United States (11.6% of the US population), while an additional 97.6
million adults over age 18 have prediabetes'®. Diabetes mellitus results from a dysregulation of
blood glucose levels caused by the abnormal function or autoimmune destruction of B-cells.

Pancreatic p-cells are found in the islets of Langerhans, a multicellular endocrine hub that
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releases hormones to regulate global blood glucose levels?. In the islets B-cells release insulin
to lower blood glucose, and a-cells secrete glucagon to raise blood glucose. Insulin facilitates
cellular glucose uptake for metabolism and serves as a critical regulator of energy homeostasis.

Cannabinoid signaling has been tied to metabolism and pancreatic islet function, yet its
specific role is unclear?"?2, In 1986, researchers found that primary rat islets treated with pure
THC had enhanced insulin release under basal and glucose-stimulated conditions?.
Epidemiological studies have shown chronic cannabis use to be protective against diabetes and
associated with leanness and lower insulin resistance®?’. In contrast, Qi M et al. found that
when human islets from chronic marijuana users were transplanted into diabetic mice, diabetes
was reversed at a lower rate (35%) compared to transplantation with islets from non-users
(77%)%. Of note, the chronic marijuana donors did not have any clinical signs of islet
malfunction. Together, these studies suggest that the ECS has an active role in islets, while
chronic activation of the ECS changes islet function. Organ transplantation is not a viable cure
for diabetes due to limited donor availability and the need to be on life-long
immunosuppressants. Thus, a more promising therapeutic strategy is the use of small
molecules to restore B-cell and islet function®. Rimonabant is a CB1 inverse agonist that was
used in multiple clinical trials for treating obesity??2°. In the SERENADE trial, rimonabant-treated
participants with type 2 diabetes showed decreased bodyweight and improved lipid profile and
glycemic control*®. However, rimonabant was removed from the clinic following multiple negative
side effect reports, including increased risk of adverse psychiatric effects and two deaths by
suicide?. While rimonabant was not a perfect therapy, the clinical trials showed the therapeutic
potential of targeting the ECS with small molecules for treating diabetes and obesity and
warrants further study.

In the B-cell, glucose-stimulated insulin secretion (GSIS) is initiated when GLUT

transporters uptake glucose, which is metabolized via glycolysis. An increase in the intracellular
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ATP:ADP ratio closes the ATP-sensitive K* channel, triggering cell depolarization. Upon cell
depolarization, Ca?* enters through voltage-dependent Ca?* channels, which induces insulin
secretion. The cell is repolarized through inwardly rectifying and voltage-gated K* channels,
which allows GSIS to repeat in an oscillatory behavior. The frequency and amplitude of these
oscillations correlate tightly to insulin secretion®'. Notably, B-cells express multiple cannabinoid-
sensitive receptors and channels that affect B-cell excitability and GSIS32, including CB1, CB2,
transient receptor potential cation channel subfamily V member 1 (TRPV1)**, peroxisome
proliferator-activated receptors®®, GPR119% and the atypical cannabinoid receptor GPR553237:38
which is a stimulatory GPCR (Figure 1.2). While CB1 inhibits cAMP via coupling to Gai, GPR55
increases [Ca?']; via coupling to Gag11 and phospholipase C (PLC)%. While NAE signaling can
modulate B-cell activity through CBR activation, our understanding of these pathways is limited
by our ability to control these molecules in time and space. Due to the presence of multiple cell
types in the islet with overlapping CBR expression®4%4! external ligand perfusion fails to
distinguish NAE signaling on specific CBR pathways in -cells within an intact islet. Further, the
lipophilicity of NAEs makes their application to cells and tissue technically problematic, due to
their highly variable diffusion in physiological solution and ability to permeate cellular
membranes. As such, there is a critical need for tools that can acutely manipulate NAEs with
high spatiotemporal precision to assess the impact of endocannabinoid signaling on specific

CBR pathways in pancreatic B-cells and islets.

16



Glucose-stimulated insulin secretion (GSIS)

Glucose K* Caz* Insulin
o secretion (@] o

VDCC K K

GLUT1/2 A K,
e

/’ Sa 4 :':
. o © Insulin secretory 0 Oo
- .8 granules B Unsaturated NAEs
oo bbb
o

Y target inhibitory CBRs:
CB1, CB2
cAMP
.

IP,R 0 -

(©)
o 3 aC Adenylyl
S gen: \ e

I eXPreSSIOn
\ 20TCOT
\PPARS y . 2
pd HO_~y -
ql11 H

HUH WDV

o

X Z

Saturated NAEs o TRPV1 Anandamide
target stimulatory CBRs: HO_~\ . >, R
GPR18, GPR55, GPR119 H AR e

Palmitoylethanolamine

Figure 1.2. GSIS relies on signaling input from many pathways, including the ECS.

p-cells secrete insulin in response to elevated blood glucose in a process known as GSIS (blue
arrows). Unsaturated NAEs tend to target CBRs coupled to inhibitory Gaio, proteins (red).
Saturated NAEs tend to target CBRs coupled to stimulatory Gag11 proteins (green). CBR
pathways can manipulate [Ca®']; and membrane polarity, which can impact p-cell excitability
GSIS.

1.2. Current chemical biology tools to study the endocannabinoid

system

Chemical biology involves using chemical tools to investigate biological systems. An advantage
of chemical biology is that once a tool is developed, it can be applied to different systems to

investigate a variety of biological questions. Each technique has a set of advantages and
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disadvantages that should be considered before applying a strategy to address a biological
question.

Photopharmacology is an approach that makes small molecules respond to light*2. The
key advantage to this technique is that light can be applied with unmatched speed, and a
degree of spatial control. Two examples of photopharmacological tools include photoswitches
and photocages (Figure 1.3). A photoswitch is a small chemical motif that can be reversibly
isomerized with light into an ‘active’ and ‘inactive’ state. For example, the classic photoswitch
azobenzene can be reversibly switched to the cis isomer under UV-A light and to the frans
isomer under blue light. Azobenzenes have been used to put cannabinoid signaling under
reversible control**%5, azo-THC was the first photoswitch to put CBR signaling under optical
control, with a bias towards CB1 agonism*3. A benzimidazole-based photoswitch was the first
selective CB2 photoswitch with nanomolar potency**. In contrast, photocages consist of a ligand
whose activity is masked by a photolabile protecting group, which irreversibly releases the
active molecule. Common photocages include the nitrobenzyl and coumarin photocages*®.
Photocages have also been used to probe cannabinoid receptor signaling, including caged AEA
and 2-arachidonoylglycerol (2-AG). Caged AEA was first used to evaluate the dynamics of
retrograde endocannabinoid signaling in rat hippocampus slices*’, while caged 2-AG was used

to characterize the impact of 2-AG on the MING B-cell signaling network?*é.
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Figure 1.3. Common photochemical tools: photoswitches and photocages.

An azobenzene (top) can be photoswitched to the cis isomer with UV-A light and to the trans
isomer with blue light. A nitrobenzyl cage (bottom left) can be released with UV-A (365 nm) light.
A diethylamino coumarin cage (bottom right) can be released with UV-A (405 nm) light. LG =

leaving group.

While photopharmacology has expanded the toolset to study cannabinoid signaling,
there are a few limitations. UV light is toxic to cells and has limited tissue penetration, limiting
the use of some tools in vivo. Red-shifting optical tools to uncage or photoswitch with longer
wavelengths of light will improve the applicability of photopharmalogical tools in complex
systems*%-5'. While photoswitches allow for optical control over a system, the photoswitch
remains permanently incorporated into the ligand of interest and cannot investigate endogenous
ligand signaling. Further, the physical properties of the photocage largely determines their
localization in cells®2%3, For example, a cationic triphenylphosphonium group on a coumarin
photocage can allow for mitochondria targeting, while sulfonated coumarin can allow for plasma
membrane targeting of the photocage®®. However, since both tools are freely diffusible, when
transitioning to 3D structures such as a pancreatic islet, these tools cannot selectively activate
cannabinoid signaling pathways on specific cell types.

Genetic approaches can offer cell specificity that traditional pharmacology cannot afford.

For example, genetic knockout (KO) or knockdown (KD) experiments can selectively reduce a
19



protein of interest’s expression in a specific cell type. However, KO and KD are slow, requiring a
days time scale to take effect, and are prone to compensation artefacts. Thus, a chemigenetic
approach is a promising alternative, which combines the speed and specificity granted by
pharmacology with the spatial precision offered by genetics to allow for precise control over
signaling pathways (Figure 1.4). A few strategies for chemigenetic targeting include designer
receptors and self-labeling proteins (SLPs). Designer receptors exclusively activated by
designer drugs (DREADDS) use synthetic ligands that specifically activate engineered designer
GPCRs®. There are DREADDS that are Gai, Gass, or Gag-coupled, and have been broadly used
to modulate neuronal activity in a cell-specific manner. Similarly, SLPs such as SNAP-tags and
HaloTags are biologically inert proteins that specifically and covalently recognize a small
chemical group. For example, a benzylguanine motif labels SNAP-tags®, while a chloroalkane
motif labels HaloTags®®. These biorthogonal motifs can be synthetically appended to other
groups, such as a fluorescent dye for microscopy or a biotin for protein enrichment, and the
ligand will be directed toward the site of SLP expression.

SLPs are a useful tool for achieving cell type specificity. For example, photoswitchable
orthogonal remotely tethered ligand (PORTL) combines a photoswitchable ligand to a
benzylguanine via a flexible linker to label SNAP-tags and reversibly control receptors with
light®”. The first PORTL ligands were benzylguanine-azoglutamate (BGAG), which labelled a
SNAP-tagged metabotropic glutamate receptor (mGluR2) and enabled reversible optical control
of mGIuR2 function in cultured hippocampal neurons®. Drugs acutely restricted by tethering
(DART) uses a similar strategy as PORTL, where a standard drug is directed towards HaloTags
via a chloroalkane motif. The DART approach was used to target a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid receptors (AMPAR) with a DART equipped with YM9O0K, an

AMPAR antagonist, and was applied to a mouse model of Parkinson’s disease®.
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Figure 1.4. Chemical biology approaches to study receptor signaling.

Photopharmacology puts a ligand of interest (yellow star) under optical control. A photoswitch
(red) reversible controls the activity of a ligand with different wavelengths of light, while a
photocage (purple) irreversibly releases a ligand of interest in response to a flash of light.
DREADDS (mauve) are designer receptors that are activated by designer synthetic ligands
(mauve star). PORLT (orange) combines the genetic targetability of SLPs (blue, SNAP-tag) with
the optical control of photoswitches. DART (green) anchors a drug of interest to a genetically
defined membrane-bound SLP (blue, HaloTag).

While these chemigenetic strategies are promising, they fail to target endogenous
signaling pathways using unmodified endogenous ligands. DREADDs utilize a synthetic ligand
with an engineered receptor, and can interrogate the activity of specific cell types, but not
endogenous signaling pathways. PORTL has the same limitations of photoswitches, in that the
ligand of interest is permanently modified with the photoswitch, which can affect its
pharmacology in cells. In the original PORTL publication, the SNAP-tag was fused to the
mGIuR2, thus endogenous receptors were not targeted. However, membrane-anchored SNAP-
tags are available to overcome this limitation. DART targets endogenous receptor pools but

uses synthetic ligands which are permanently modified via linker attachment to biorthogonal
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motif. As a result, a new tool is needed to target receptors with unmodified ligands to study

endogenous signaling pathways.

1.3. Design of Optically-Cleavable Targeted (OCT)-Ligands

This work introduces a novel chemigenetic technique to place cannabinoid signaling under
genetically-targeted optical control. Coined Optically-Cleavable Targeted (OCT)-ligands, our
approach tethers photocaged NAEs to genetically-encoded SLPs to permit photorelease of
endocannabinoid ligands on genetically-defined membranes (Figure 1.5). OCT-ligands are
small molecules composed of four units; the NAE ligand (red), photocage (purple), linker
(black), and bioorthogonal motif (blue). As a proof of concept, | synthesized OCT-
Palmitoylethanolamide (OCT-PEA), which was capable of targeting GPR55 to investigate the
downstream mechanisms by which this cannabinoid receptor affects B-cell excitability (Chapter
2). To improve the labeling efficiency of OCT-PEA, | generated four derivatives that covalently
labelled HaloTags over SNAP-tags, coined hOCT-PEA. We also generated an AAV-Halo virus,
which selectively expresses HaloTags on the surface of human B-cells. Together, these tools
allowed us to achieve cell targeted photopharmacology in intact human islets (Chapter 3). To
expand the OCT-ligand approach to other protein targets, | synthesized OCT-Anandamide
(OCT-AEA) (Chapter 4). Unlike PEA which is fully saturated, AEA has a longer acyl chain with 4
double bonds and targets the Gai-coupled CB1. Collectively, this work serves as a proof-of-
principle for a platform that will advance our understanding of endocannabinoid signaling with

subcellular resolution.
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Figure 1.5 The OCT-ligand approach allows for genetic targeting of photocaged ligands.
OCT-ligands can be spatially directed to the site of SLP expression, then with light the
photocage is released to expose an unmodified ligand of interest to activate nearby endogenous

receptors.
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2.1. Introduction

Palmitoylethanolamide (PEA) is a NAE that is part of the extended ECS* and has been shown
to have therapeutic benefits in pain, inflammation, and diabetic neuropathy®*®'. PEA is
composed of an ethanolamine head group attached via an amide linkage to a palmitate (16:0)
lipid chain®?3, and activates GPR55 selectively over CB1 and CB2. GPR55 signals through
Gag11, Which activates phospholipase C and downstream leads to an increase in [Ca?']; from the
endoplasmic reticulum stores®®. GPR55 potentiates B-cell excitability and GSIS both in vitro and
in vivo®. Treatment of isolated pancreatic islets with O-1602, a specific GPR55 agonist,
significantly increased insulin secretion from both rat and mouse islets, but not in GPR55-KO
mouse islets®?%4. Further, chronic IP injections of PEA in a diabetic mouse model led to
increased serum insulin levels compared to vehicle due to preserved islet morphology®. Taken
together this data suggests that PEA signaling could play an important role in pancreatic islet
function. Yet, our knowledge of GPR55’s precise function in B-cells is hindered by a lack of tools
that enable its precise manipulation.

Advances in chemical biology have provided a collection of tools to interface with
endocannabinoid signaling, including ligands that are activated on an optical stimulus*>5. As
light can be applied with unmatched spatiotemporal precision, optical tools like photocaged
endocannabinoids have illuminated the function of CB1 and CB2 receptors in excitable cells*’48,
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 specific organelles

by modifying the cage charge or aromaticity®>°3, this approach is quite restricted in its
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application. Adding an element of genetic control, such as a genetically-encoded SNAP-tag®®,
would allow us to direct caged signaling molecules toward any membrane or protein of interest.
To this end, we developed Optically-Cleavable Targeted (OCT-) ligands to combine a
photocaged NAE with a bioorthogonal handle, which can be recognized by genetically-encoded
SNAP-tags (Figure 2.1). As a proof-of-concept, | synthesized OCT-Palmitoylethanolamide
(OCT-PEA), which has a PEA ligand whose activity is masked by an ortho-nitrobenzyl
photocage*’, and the distal end of the cage is linked to an O8-(4-aminomethyl-benzyl)guanine
(BG) motif for covalent tethering to SNAP-tags. The tethered probe can then be quickly uncaged
(activated) by a flash of light, generating bursts of the active molecule at the site of SNAP-tag
expression. When applied to B-cells, OCT-PEA revealed that plasma membrane GPR55
stimulates B-cell Ca?* 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.
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Figure 2.1. OCT- palmitoylethanolamide (PEA) targets SNAP-tags and activates GPR55.

(A) Schematic depiction of OCT-PEA, which activates GPR55 through Gag11 and PLC. (B)
Chemical structure of OCT-PEA which contains: a benzylguanine tag, short linker, nitrobenzyl
cage, and PEA ligand.
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2.2. Results

2.2.1. Synthesis of an OCT-ligand for GPR55.

The synthesis of OCT-PEA (Figure 2.2) commenced with the reaction of 5 hydroxy-2-
nitrobenzaldehyde and ethyl bromoacetate to form the phenolic ether 1. A reductive amination
with 2-(t-butyloxy)-ethanamine formed the amine 2, and then acylation 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-NH»)18 to
produce 5. Finally, tBu-ether deprotection using BBr3; at —78 °C afforded OCT-PEA in six steps

and 26% overall yield.
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Figure 2.2. Chemical synthesis of OCT-PEA, which was prepared in 6 steps with a 26% yield.

UV-Vis spectroscopy was used to characterize the photochemical properties of uncaging

OCT-PEA (Figure 2.3 A). In the dark, OCT-PEA (in DMSO) possessed a Amax at 287 nm and an
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extinction coefficient of 15,345 (mol'scm™') (Figure 2.3 B). LED irradiation at 365 nm resulted in
a bathochromic wavelength shift to 354 nm, consistent with the expanded electron n-network
present in the uncaged product. Longer wavelengths—such as 415 nm (navy), 470 nm (blue),
and 565 nm (green)—did not uncage OCT-PEA as efficiently (Figure 2.3 B,C). This feature is
advantageous for applications in fluorescence microscopy, since the ligand will not be released
during imaging of blue and green fluorescent reporters. We also conjugated OCT-PEA to
purified SNAP-tags in vitro, which allowed the probe to be uncaged in aqueous buffer. In this
case, 365 nm irradiation induced uncaging with a t ~ 46 s (Figure 2.3 D,E), demonstrating

OCT-PEA'’s ability to be released from SNAP-tags in a physiological environment.
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Figure 2.3. UV-Vis characterization of uncaging OCT-PEA.

(A) Chemical structures showing the uncaging reaction of OCT-PEA, which releases PEA and
the nitroso-aldehyde attached to the BG. (B) Absorbance vs. Wavelength scan of OCT PEA (20
uM, in DMSQ) before LED exposure (black), and after 2 min uncaging using 365 nm (top left,
magenta, ~35 mW), 415 nm (top right, navy, ~31 mW), 470 nm (bottom left, blue, ~35 mW), or
565 nm (bottom right, green, ~31 mW) LED. (C) Absorbance at 360 nm over time of OCT-PEA
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(20 uM in DMSO) uncaging with 365 nm LED (magenta), 405 nm (navy), 470 nm (blue), and
565 nm (green) LEDs. N = 3 trials. (D) Absorbance vs wavelength of scan of OCT-PEA after it
had been conjugated to purified SNAP-tag protein (10 uM in PBS). (E) Absorbance over time at
A =335 nm of OCT-PEA in the presence of SNAP-tag purified protein. Red dotted line indicates
7~ 46 s for OCT-PEA uncaging under 365 nm LED irradiation. The exponential best-fit is

displayed as a solid red line. N = 3 trials. Shaded error bars = mean + S.E.M.

2.2.2. GPR55 and PEA mediate Ca?* signaling 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. Although other B-cell lines (MING, BRIN-D11) and primary islets (human, mouse, rat)
are known to express GPR55%3764 jts expression and function in INS-1 cells remain
unresolved®%”. Therefore, we used immunofluorescence microscopy to confirm the expression
and localization of GPRS5. INS-1 cells were co-stained with anti-GPR55 and anti-insulin
antibodies (Figure 2.4 A). GPR55 immunoreactivity was observed on the INS-1 plasma
membrane, while insulin was observed throughout the cell. In control experiments, removal of
the primary antibody abolished GPR55 immunofluorescence, ruling out the possibility of

nonspecific secondary antibody binding (Figure 2.4 B).
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GPR55 Insulin DAPI Merge

Figure 2.4. INS-1 p-cells express GPR55 and insulin.

(A) Double immunofluorescence staining of GPR55 (green) and insulin (red). DAPI (blue) was
used as a nuclear marker. Displayed are individual channels and the merged image. (B) Control
experiment without the GPR55 primary antibody. No GPR55 immunofluorescence is observed,
demonstrating that the effect is not caused by non-specific secondary antibody binding. Scale

bars = 20 um.

To determine the effect of freely diffusible PEA application on the B-cell [Ca?*];, INS-1
cells were transfected with the fluorescent biosensor R-GECQO®8, which allows for visualization
of [Ca?]; in real-time. Under high glucose conditions (20 mM), PEA increased both the overall
[Ca?*]i level (Figure 2.5 A) and oscillation frequency (Figure 2.5 B) in a dose-dependent
manner. Further, at lower glucose concentrations (11 mM and 3 mM), PEA’s effect on the [Ca*'];
was reduced (Figure 2.5 C), while at high glucose (20 mM) PEA best stimulated [Ca?*]; (Figure
2.5 C, blue, Figure 2.5 D). Under high glucose, pretreatment with either the GPR55 antagonist
CID16020046 (Figure 2.5 E,F, blue) or PLC inhibitor U73122 (Figure 2.5 E,F, red) abolished

PEA's action®®7°. In control experiments, the effect of PEA remained in the presence of an
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inactive PLC inhibitor analogue (U73343) (Figure 2.5 E,F, green)’®. Ca?* levels were not
sensitive to 375 nm irradiation alone, nor vehicle addition (Figure 2.5 E,F, grey). Combined with
the results above, our experiments confirm that GPR55 is expressed on the surface of INS-1 3-

cells and that it responds to PEA to mediate glucose-stimulated Ca?* oscillations via PLC.
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Figure 2.5. PEA activates GPR55 in INS-1 cells.

(A) Average [Ca®']; traces for R-GECO-transfected INS-1 cells in response to 1 uM PEA (black,
N =165 T=3), 5 uM PEA (blue, N =494, T=7), and 20 uM PEA (red, N = 224, T = 4). (B) Bar
graph displaying the fold change in Ca®* oscillation frequency after PEA addition relative to
baseline for data in panel A. (C) R-GECO-transfected INS-1 cells showed that PEA addition
caused an increase in Ca®* in a glucose-dependent manner. Shown is the response to a 5 uM
PEA addition at a glucose concentration of 3 mm (red, N = 485, T = 6), 11 mMm (black, N = 307, T
=4), and 20 mM (blue, N = 494, T = 7). (D) Five representative R-GECO-transfected INS-1 cells
showing that PEA addition (5 uM) increased [Ca?]. (E) Average [Ca®']; traces for PEA addition
under standard conditions (black, 5 uM, N = 612, T = 10), overlaid with average [Ca?']; traces for

PEA addition following pre-incubation with a GPR55 antagonist (CID16020046, 5 uM, blue, N =
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449, T = 6) or PLC inhibitor (U73122, 5 uM, red, N = 296, T = 4), which blocked PEA’s effect.
KCI (25 mM) was applied at the end of each experiment. (F) Bar graph displaying the fold
change in Ca®* oscillation frequency induced by compound stimulation. Vehicle addition (DMSO,
0.1% v/v, grey, N = 418, T = 6) did not stimulate [Ca®']. The inactive PLC inhibitor analogue
(U73343, 5 uM, green, N = 511, T = 7) did not block the effect of PEA. Error bars = mean *
S.E.M. **P<0.01, *P<0.05, ns = P>0.05, see Table 2.1.

Table 2.1. Statistical significance calculations for fold change in oscillation frequency for PEA.
**P<0.01 (dark red), *P<0.05 (pink), ns = P>0.05 (white)

DMSO
PEA
CID16020046
u73122 0.4640 0.0127
U73343 0.0190 0.8904

2.2.3. Expression and labeling of cell surface SNAP-tags in INS-1 p-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
competition labeling 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 fluorescence was observed on the perimeter of transfected

cells (Figure 2.6, top). Pre-treatment with OCT-PEA blocked A488 labeling in a dose- and time-
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dependent manner (Figure 2.6). SNAP-tag labeling was abolished most consistently when cells

were labelled with 5 uM OCT-PEA for 2 h.
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Figure 2.6. OCT-PEA labels SNAP-tags in a time and concentration dependent manner.

INS-1 cells transfected with pDisplay™-SNAP were treated with probe first, washed, then
stained with SNAP-Surface® Alexa Fluor® 488 (A488, green). SNAP-tags that were not
completely labelled with OCT-PEA are thus shown in green. Hoechst-33342 (blue) was used as

a nuclear marker. Scale bars = 10 um.
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To assess OCT-PEA’s ability to label intracellular SNAP-tags, a similar competition
labeling was performed using the above-optimized labeling conditions, except using the cell-
permeable dye, SNAP-Cell® Oregon Green®. When pre-treated with vehicle, we observed
Oregon Green fluorescence on intracellular compartments, presumably representing
pDisplay™-SNAP in the secretory pathway (Figure 2.7 A). When pretreated with OCT-PEA (5
uM, 2 h), dye labeling of intracellular SNAP-tags was still observed (Figure 2.7 B). This
indicates that OCT-PEA is not cell permeable under these conditions, and primarily labels

surface-expressed SNAP-tags.
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Figure 2.7. OCT-PEA is not cell permeable.

INS-1 cells transfected with pDisplay™-SNAP were treated with DMSO (0.1% v/v, A) or OCT-
PEA (5 uM, B) for 2 h, followed by incubation with cell-permeable SNAP-Cell® Oregon Green®
(1 uM, 30 min). Hoechst-33342 (blue) serves as a nuclear marker. Intensity values of green and

blue channels plotted along the yellow line shown in the merge image. Scale bars = 10 um.

To assess the extent of SNAP-tag internalization during this labeling time, pDisplay ™-

SNAP-expressing cells were incubated with the non-permeable A488 for 2 h (Figure 2.8 A).
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Although most of the fluorescence remained enriched at the plasma membrane, small puncta
appeared inside the cells slowly over time (Figure 2.8 B). This finding confirms that the labelled
SNAP-tags remain enriched on the plasma membrane, with a fraction of internalized SNAP-tags

present.
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Figure 2.8. SNAP-tag internalization over prolonged labeling.

(A) INS-1 cells transfected with pDisplay™-SNAP were labeled with non-permeable dye SNAP-
Surface® Alexa Fluor® 488 (A488, 1 um, 30 min, green), washed, and imaged over time.
Hoechst-33342 (blue) serves as a nuclear marker. Displayed are representative images of the
same cells over time. (B) Intensity values of green and blue channels along the yellow line
shown in panel A, at 5 min (left) and 2 h (right) post wash. While some SNAP-tags are
internalized over time, a majority remains enriched at the plasma membrane. Scale bars = 10
um.

We performed site-directed mutagenesis to our standard pDisplay™-SNAP construct to
remove the reactive cysteine. Using immunohistochemistry we confirmed that the C145A
mutation prevents the SNAP-tag from labeling the BG, but did not affect its trafficking or

localization (Figure 2.9).
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Figure 2.9. SNAP-tag mutant maintains surface localization but does not recognize BG moitif.
Both pDisplay™-SNAP and pDisplay™-SNAP#* constructs contain a Myc-tag. (A) Images
showing pDisplay™-SNAP labeling with SNAP-Surface® Alexa Fluor® 488 (green),
immunofluorescent staining of anti-MYC tag (red), and DAPI (blue). Intensity plot along the
position of the yellow line shown in the merged image. (B) Images showing pDisplay™-
SNAPC'4 |abeling with SNAP Surface-Alexa488 (green), immunofiuorescent staining of anti-
MYC tag (red), and DAPI (blue). Intensity plot along the position of the yellow line shown in the

merged image. Scale bars = 10 um.

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 (Figure 2.10). PEA also did not affect cell viability*””", confirming that our

probes are not cytotoxic to INS-1 cells.
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Figure 2.10. OCT-PEA was not toxic to INS-1 cells.

INS-1 cells were incubated with compound for 24 h, then evaluated by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. (A) INS-1 cell viability
remained stable when the cells were incubated with OCT-PEA (caged, red), UV-A irradiated
OCT-PEA (uncaged, black) or PEA (blue) up to 40 uM, near its solubility limit in physiological
buffer. (B) As a positive control for the assay, INS-1 cells were incubated with KCI for 24 h,

which had an LDso of ~78 mM. Four biological replicates were performed for each condition.
Error bars = mean = S.E.M.

2.2.4. Plasma membrane PEA uncaging mediates INS-1 Ca?* levels via GPR55.

Finally, we evaluated how uncaging OCT-PEA on the cell surface influenced [Ca?*]; 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 Ca?* spike observed from bath-applied PEA, OCT-PEA uncaging
on the cell surface caused a more subtle increase in [Ca?']; (Figure 2.11 A,B). However, we
observed that OCT-PEA stimulation strongly increased the Ca?* oscillation frequency (Figure
2.11 C). Following probe labeling, treatment with the GPR55 antagonist CID16020046 or PLC
inhibitor U73122 blocked the effect of OCT-PEA uncaging (Figure 2.11 A,C), confirming the
involvement of GPR55 and PLC. In control experiments, the inactive PLC inhibitor analogue

(U73343) did not significantly block the effect of OCT-PEA uncaging (Figure 2.11 C). Again,
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INS-1 cells that were exposed to a vehicle did not respond to 375 nm irradiation (Figure 2.11

C).
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Figure 2.11. Targeted uncaging of OCT-PEA on the INS-1 cell surface.

(A) Fluorescent Ca®* imaging using R-GECO showed that OCT-PEA (5 uM, 2 h, black, N = 352,
T = 8) increased the average [Ca?'];in INS-1 cells. Overlaid with averages in the presence of a
GPR55 antagonist (CID16020046, 5 uM, blue, N = 212, T = 4) or PLC inhibitor (U73122, 5 uM,
red, N = 173, T = 4), which reduced the effect of OCT-PEA. KCI (25 mM) was applied at the end
of each experiment. (B) Heat map showing individual Ca?* traces from fifty representative cells
which were pre-incubated with OCT-PEA (5 uM, 2 h). Cells normalized to the KCI response. (C)
Comparison bar graph of fold change in oscillation frequency in response to OCT-PEA uncaging
across different conditions. Pre-incubation with vehicle (0.1% v/v DMSO 2 h, white, N = 247, T =
4) did not sensitize the cells to UV-irradiation. Uncaging OCT-PEA in the presence of GPR55
antagonist (CID16020046, 5 uM, purple, N = 212, T = 4), PLC inhibitor (U73122, 5 uM, blue, N
=173, T = 4), SNAP-Surface® Block (20 uM, yellow, N = 278, T = 5), SNAP-Cell® Block (10 uM,
orange, N = 248, T = 4), pDisplay™-SNAPC"*A (red, N = 244, T = 5) or pDisplay™-HALO
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(magenta, N = 330, T = 4) reduced the probe’s effect on oscillation frequency. The inactive PLC
inhibitor analogue (U73343, 5 uM, green, N = 357, T = 6) did not block the effect of OCT-PEA.
(D) Uncaging OCT-PEA in INS-1 cells transfected with pDisplay™-SNAPC'*4 reduced the effect
of the probe, displayed as heat map of representative traces from fifty cells, normalized to the
KClI response. Error bars = mean = S.E.M. **P<0.01, *P<0.05, see Table 2.2.

Table 2.2. Statistical significance calculations for fold change in oscillation frequency for OCT-
PEA Ca** data. **P<0.01 (dark red), *P<0.05 (pink), ns = P>0.05 (white)

DMSO OCT-PEA
DMSO - 0.0039
OCT-PEA 0.0039 -
CID16020046 0.1045 0.0184
U73122 0.4944 0.00
U73343 0.0310 0.0911
S. Block 0.0400 0.0104
C. Block 0.0490 0.0084
SNAPC14sA 0.0238 0.0118
Halo 0.0583 0.0178

To confirm that covalent attachment of OCT-PEA to the SNAP-tags on the cell surface is

necessary for the probes’ mechanism of action, we applied OCT-PEA under conditions in which
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the tethering reaction could not occur. First, cells were pretreated with SNAP-Cell® Block to
prevent subsequent OCT-PEA labeling. This pharmacological approach greatly diminished the
impact of OCT-PEA uncaging on [Ca?*]; (Figure 2.11 C). 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, confirming that
cell-surface uncaging is the main driver of our observed effect (Figure 2.11 C). 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 (Figure 2.11 C). Using
our pDisplay™-SNAPC'5* mutant, we observed a reduced effect of OCT-PEA uncaging on INS-1
Ca?* oscillations (Figure 2.11 C,D). Further, GPR55 knockdown (KD) using two independent
siRNAs blocked the effect of OCT-PEA uncaging on oscillation frequency, further supporting
GPR55 involvement for mediating the probe’s response (Figure 2.12). Combined, these results
confirm that background activity from untethered OCT-PEA was not driving our observed
response to uncaging, and that SNAP-tags effectively deliver OCT-PEA to the INS-1 cell
surface to activate GPR55. Targeted compound uncaging activates GPR55 receptors and PLC

near the plasma membrane to stimulate B-cell Ca?* activity.
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Figure 2.12. Targeted uncaging of OCT-PEA on the INS-1 cell surface with GPR55 KD.

(A) Comparison bar graph of fold change in oscillation frequency in response to OCT-PEA
uncaging in INS-1 cells transfected with siRNA scramble (yellow, N = 300, T = 8), siRNA GPR55
A (blue, N =160, T =4), or siRNA GPR55 B (red, N = 177, T = 4), and expressing R-GECO and
pDisplayTM-SNAP. Standard conditions without siRNA transfection (OCT-PEA, grey, N =398, T
= 8) shown for comparison. Error bars = mean + S.E.M. (B) p-values for data in panel A.
**P<0.01 (dark red), *P<0.05 (pink).

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 field of view
was exposed to 375 nm irradiation. As expected, we observed that only the irradiated cells
increased in their Ca?* oscillation frequency, while those that were not irradiated remained at a
constant oscillation frequency (Figure 2.13). This provides a mechanism for researchers to
directly compare cells in which GPRS55 was activated to those which were not, under the exact

same experimental conditions.
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Figure 2.13. Targeted uncaging of OCT-PEA on half of the field of view.
(A) Field of view, where the left half was exposed to 375 nm (purple) and the right half was not.
(B) Bar graph comparing fold change in oscillation frequency between irradiated (N = 145, T =

5) and nonirradiated regions (N = 132, T = 5). (C) Heat map of representative traces from one

trial, normalized to KCI response. Error bars = mean = S.E.M, **P<0.01.
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2.3. Discussion

This study presents a new chemical technology for manipulating cannabinoid signaling on a
genetically-defined cellular target. We introduce OCT-PEA, the first 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 on
the cell surface stimulated [Ca?*]; oscillations. These results confirm that INS-1 cells express
functional GPR55 on their plasma membrane, which is activated by PEA to increase [Ca?*]
oscillations through PLC activation. Similar to other approaches which utilize membrane-
anchored SNAP-tags to localize pharmacologically-active ligands® 72, this approach does not
require the overexpression of signaling 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 avoiding compensatory artefacts.
Because OCT-PEA is only uncaged with UV-A irradiation, we can combine OCT-PEA with other
blue/green fluorescent biosensors (i.e. Ca?*, cAMP, kinase activity). Reflected by the more
subtle effect of OCT-PEA stimulation on the overall Ca?* level when compared to the application
of freely diffusible PEA, we hypothesize that our approach releases PEA similar to how
endogenous NAE are typically generated transiently during periods of cell stimulation”.
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®®3, future applications of our approach with alternative SNAP-tag
targeting sequences will allow us to direct NAE signaling 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®*"47°, Thus applying
OCT-ligands to target organelles such as mitochondria or the endoplasmic reticulum will allow

us to investigate the function of intracellular receptor pools. Our probes will also be useful to
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study cannabinoid signaling in intact tissues. Leveraging genetic techniques for cell-type
selective SNAP-tag expression, OCT-ligands will allow us to focus ligand release on - 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 NAEs will help us
dissect the contributions of specific CBR subtypes. Red-shifting 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. HaloTags®), OCT-ligands will allow us to generate
sophisticated patterns of NAE signaling orthogonally, with unprecedented precision.

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

next generation of targeted pharmacology.
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2.4. Methods

2.4.1. General synthetic methods

Unless otherwise noted, all chemicals were purchased from TCI Chemicals, Fisher Scientific,
Sigma-Aldrich, or Acros Organics, and were used without further purification. Dry solvents were
purchased as “extra dry” or “anhydrous” and used without further purification. Reactions and
chromatography were monitored by analytical thin layer chromatography (TLC) on Merck silica
gel 60 F2s4 plates. The plates were first visualized under 254 nm UV light, followed by staining
with KMnOy solution or cerium (IV) molybdate solution (Hanessian’s stain) and gentle heating
with a heat gun. Flash column chromatography was performed using silica gel (ACROS
Organics™ 240360300, 0.035-0.070 mm, 60 A).

Nuclear magnetic resonance (NMR) spectra were acquired on a BRUKER 400 MHz
instrument. Chemical shifts (8) are reported in ppm and referenced to residual non-deuterated
solvent peaks ('H/'3C): DMSO (2.50/39.52), MeOD: (3.31/49.00), and CDCls (7.26/77.16).
Multiplicities are abbreviated as: s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m =
multiplet.

High-resolution (35,000) mass spectrometry was submitted to Portland State University’s
BioAnalytical Mass Spectra Facility. Data were acquired on a vanquish UHPLC/HPLC system
coupled to a Q-Exactive MS equipped with an electrospray ionization source operating in the

positive mode.

2.4.2. UV-Vis spectroscopy

The sample was placed in a 1 mL Quartz cuvettes (10 mm light path) and illumined with a
deuterium-halogen light source (Ocean Optics, DH-2000). The transmitted light was collected by
a Flame UV-Vis-ES spectrophotometer (FLMT05021, Ocean Insight) and the data were
acquired with OceanView (Version 2.0.7) Software. Purified SNAP-tags (for Fig. S3) were
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purchased from New England Biolabs and labelled with our probes according to the
manufacturer’s instructions. Uncaging was achieved using 365 nm (Thorlabs M365FP1), 415
nm (Thorlabs M415F3), 470 nm (Thorlabs M470F4) and 565 nm (M565F3) LEDs guided
through a fibre-optic cable (Thorlabs #FP400URT, 400 um diameter, 0.50 numerical aperture)
and optical cannula (400 um, Thorlabs). The cannula tip was pointed directly into the top of the
sample. LED power was quantified by a power meter (Thorlabs, PM100D) with its photodiode
power sensor (Thorlabs, S120VC,) positioned directly at the fibre tip. OCT-PEA (20 uM in
DMSO) was irradiated for up to 5 min, and adsorption spectra were acquired every 2 s. When
OCT-PEA was conjugated to SNAP-tag purified protein, absorbance spectra were acquired
every 5 s up to 10 min. The data were analyzed using MATLAB. Exponential curve fitting was
achieved using MATLAB'’s Curve Fitting application as:

ft=axeP 4

2.4.3. Cell culture media and solutions

INS-1 media: RPMI 1640 with L-glutamine (Gibco, #11875-093) with 10% FBS, Penicillin-strep
(1:100) and (in mm) 10 HEPES (Fisher, #8BP310-500), 1 sodium pyruvate (Alfa Aesar, #A11148)
0.05 2-mercaptoethanol (BME, Sigma, #M3148).

Imaging buffer contains (in mm): 185 NaCl, 1.2 CaCl,, 1.2 MgCl,, 1.2 KzHPO4, 20 HEPES.
Adjusted to pH 7.4 with NaOH. Glucose was supplemented accordingly at 3, 11 or 20 mm.
Phosphate buffer contains (in mm): 320 Na;HPO4 (Fisher, #B8P332-500), 80 Na(H2PQO4)*H-.0
(Fisher, #S369-1). Adjusted pH to 7.4 with NaOH.

4% PFA: paraformaldehyde (2 g, Sigma-Aldrich, #158127), 0.2 M phosphate buffer (25 ml),

deionized H20 (25 ml). Adjusted pH to 7.4. Kept on ice until use (within 24 h).
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Blocking buffer: Phosphate buffer saline (PBS, Gibco, #70013-032) with 10% w/v bovine
serum albumin (Fisher, #BP1605-100, lot #182765), and 0.3% v/v triton X-100 (Fisher, #BP151-

100).

2.4.4. Cell culture

INS-1 832/13 cells®® were grown in INS-1 media and incubated at 37 °C and 5% CO.. Cells
between passages 60-80 were used in experiments. For Ca?* imaging, INS-1 cells were plated
at a density of 100,000-150,000 cells per well on 8-well glass bottom chambered coverslips
(Ibidi, #0827-90). 18-24 h later, they were starved in Opti-MEM™ (250 pl) for 2 h. A transfection
mixture containing (20 ul per well): 1 ul Lipofectamine-2000 (Fisher Scientific, #11668019), 250
ng R-GECO or 125 ng R-GECO + 250 ng pDisplay™-SNAP / 250 ng pDisplay™-HALO / 250 ng
pDisplay™-SNAPC'#5A in Opti-MEM™ was mixed and incubated for 20 min at room temperature.
Following starvation, 230 ul fresh Opti-MEM™ was placed on the cells, followed by 20 pl
transfection mixture. The cells were then incubated at 37 °C and 5% CO, for 18-24 h before
exchanging the transfection mixture with INS-1 media. Microscopy experiments were performed
60-72 h post transfection.

Use of conditioned imaging buffer (supplements the INS-1 secreted factors) prior to Ca?*
imaging was necessary to achieve a stable baseline recording. The media on a separate petri
dish of INS-1 cells (6 cm, 80% confluence) was exchanged for imaging buffer with 20 mM
glucose and incubated at 37 °C and 5% CO- for at least 1 h. This conditioned imaging buffer
was added to the cells as the final wash directly before imaging.

For siRNA transfection, an siRNA (Invitrogen, Table 2.3): Oligofectamine™ (Invitrogen,
#12252-011) complexes were prepared separately (1 pl of 20 um siRNA : 16 ul Opti-MEM™ for
siRNA complex and 0.8 ul Oligofectamine™ : 3 ul Opti-MEM™ for Oligofectamine™ complex

per well) and incubated for 7 min at room temperature. The Oligofectamine™ complex mixture
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was added to the siRNA complex mixture and incubated together for 20 min at room
temperature, then added to INS-1 cells freshly seeded at 100,000 cells per well on 8-well glass
bottom chambered coverslips. INS-1 cells were transfected with R-GECO and pDisplay™-SNAP

the following day as described above, and imaged 60-72 h post transfection.

Table 2.3. siRNA GPR55 sequence and Catalog number

Abbreviation Cat No. /Lot No. 5’ — 3’ Sequence
siRNA GPR55 A 10620318 / 439644 A06 CCUAUAGGAGCAUUCACAUUCUACU
siRNA GPR55 B 10620318 / 439644 B0O7 CCAUUGCUACCAAUCUUGUCGUCUU
12935-200

siRNA Scramble
Stealth RNAI™ siRNA Negative -

Control, Low GC Duplex

2.4.5. cDNA constructs and site-directed mutagenesis

SNAP-tags and HaloTags were inserted into the pDisplay™ vector (ThermoFisher #V66020)
using Gibson cloning. Site-directed mutagenesis to create the C145A mutation of the
pDisplay™-SNAP construct was achieved using the QuikChange XL Site-Directed Mutagenesis
Kit from Agilent Technologies with forward primer 5-TTCTGATCCCGGCACACCGTGTGGT-3’
and reverse primer 5-ACCACACGGTGTGCCGGGATCAGAA-3'. After amplification, success of

cloning was confirmed via Sanger sequencing.

2.4.6. Cell viability assay - MTT
INS-1 cells were plated in a 96-well plate (Corning #3596) with 50,000 cells per well in INS-1

media, and then were incubated for 48-72 h until they reached 70-80% confluence. For
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application of uncaged probe, OCT-PEA (10 ul, 40 mm in DMSO) was irradiated for 5 min as
described above in the “UV-Vis spectroscopy” section. The media in the 96-well plate of cells
was exchanged with 100 ul of INS-1 media with DMSO (0.1% v/v) and without BME. Afterwards,
the compounds were added, and the cells were incubated at 37 °C and 5% CO; for 24 h. The
media was aspirated from the wells and washed in 100 ul PBS. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT, TCI Chemicals, #D0801) was added to the wells at 5 mg/ml
and incubated at 37 °C and 5% CO: for 4 h. The media was gently removed and then 100 pl
DMSO was added to each well. The plate was placed in the dark on an orbital shaker for 15 min
at 100 rpm. Absorbance at 590 nm was recorded on a CLARIOstar™ VS plate reader (BMG

Labtech, 0430) and the data were processed in Microsoft Excel and MATLAB.

2.4.7. Immunofluorescence microscopy

INS-1 cells were plated on acid-etched glass coverslips (12 mm, #1.5) at a density of 100,000
cells per well in a 24-well plate (Fisherbrand, #FB012929). The cells were fixed with ice-cold
PFA (4%, 20 min, room temperature, orbital shaker 100 rpm), and then washed 2x with PBS (5
min). Fixed INS-1 cells on coverslips were incubated in the blocking buffer (1 h). Cells were then
incubated in 1° antibody solution (diluted in blocking buffer). The plate was sealed and
incubated overnight (12-14 h, 4 °C, orbital shaker 100 rpm) in the dark. The coverslips were
then washed 3x with PBS (5 min, RT, orbital shaker 100 rpm). They were then transferred to the
2° antibody solution (diluted in blocking buffer, 1 h, RT) and shaken in the dark. Details of the
specific antibodies and dilutions are provided in Table 2.4. The coverslips were washed 3% with
PBS (5 min) and then incubated in the dark with DAPI (Thermo, #D1206, 36 nM, 10 min) on the
orbital shaker, and then washed 2x with deionized water (5 min). The coverslips were mounted

on a microscope slide (VWR® Superfrost® Plus Micro Slide, 75x25x1 mm, #48311-703) and
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sealed with mounting solution (Fluoromount™). Slides remained in the dark overnight and then

imaged within one week.

Fixed cell microscopy was performed on a Zeiss LSM880 confocal laser scanning

microscope with Airyscan with a 63x oil objective at 2048x2048 resolution. DAPI excitation was

performed with a 405 nm laser. Green fluorophores were excited with a 488 nm laser. Red

fluorophores were excited with a 550 nm laser.

Table 2.4. Corresponding primary and secondary antibodies for immunofluorescence.

Protein Target

Primary Antibody

Secondary Antibody

Signaling Technology, cat #2276,

lot 24), 1:8000

GPR55 GPR55 rabbit polyclonal antibody | Alexa Fluor 488 conjugated donkey
(Bioss Antibodies, ca # BS-768R, | anti-rabbit (Life Technologies, cat #
lot # VK3136032A); 1:200 dilution | A21206); 1:2000 dilution

Insulin Insulin guinea pig polyclonal IgG (H+L) Highly Cross-Adsorbed
antibody (Abcam, cat # ab7842, Goat anti-Guinea Pig, Alexa Fluor™
lot #GR3322969-1); 1:250 594 (Invitrogen, cat # A11076, lot
dilution #2160074); 1:250 dilution

Myc-tag Myc-tag mouse mAB (Cell Cy™3 AffiniPure Donkey anti-Mouse

IgG (H+L) (Jackson ImmunoResearch
Laboratories, cat #715-165-151, log

#130991), 1:1000
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2.4.8. Live-cell confocal fluorescence microscopy

Live cell imaging was performed on an Olympus Fluoview 1200 laser scanning confocal
microscope at 37 °C and 5% CO.. Images were acquired with a 63x oil objective and
2048x2048 pixel resolution, and videos were acquired with a 20x objective, 512x512-pixel
resolution, and scan rate of 4 s per frame. R-GECO excitation was performed with a 559 nm
laser and emission was collected at 570-670 nm. SNAP-Surface® Alexa Fluor® 488 (NEB,
#59129S) excitation was performed with a 488 nm laser and emission was collected at 500-545
nm. Hoechst-33342 excitation was performed with a 405 nm laser and emission was collected
at 425-460 nm. Photo-activation was performed with a 375 nm laser (PicoQuant, PDL 800-D,
~95 uW output from the objective) triggered using the quench function in the Olympus software.
For SNAP-tag dye labeling, the cells were washed once, labeled with SNAP-Surface® Alexa
Fluor®488 (1 um, 30 min) in INS-1 media (without BME), washed once, then incubated with
Hoechst-33342 (10 uM, 5 min) in 20 mM glucose imaging buffer. The cells were washed 2x and
imaged in 20 mM glucose imaging buffer. For OCT-PEA Ca?* imaging, cells were incubated with
OCT-PEA (5 uM, 2 h) in INS-1 media without BME at 37 °C and 5% CO,. Control experiments
involved incubation with CID16020046 (5 uM, 30 min, Tocris, #4959), U73122 (5 uM, 30 min,
Tocris, #1268), U73343 (5 um, 30 min, Tocris, #4133), or SNAP-Cell® Block (10 um, 20 min,
NEB, #59106S) in INS-1 media without BME. Cells were washed, and equilibrated for at least

20 min with conditioned imaging buffer 37 °C and 5% CO..

2.4.9. Data analysis and code availability

For Ca?* imaging experiments, regions-of-interest were manually drawn around oscillating cells
using the Fiji software’®, and the resulting data were analyzed with MATLAB scripts written in-
house. All data and codes used for analysis are available on request. Unless otherwise

described, all data are presented as mean + S.E.M, which is calculated as:
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standard deviation

VN

For Ca?* imaging experiments depicting the averages over time, N is the total number of

S.E.M.=

cells (technical replicates over all videos), and T is the number of independent experiments
(biological replicates). Oscillations were calculated in MATLAB using the ‘findpeaks’ function
with an x threshold of 2 and y threshold of 1.25. Following cell selection, the total number of
oscillations across the field of view was counted from the beginning of the video to the first
stimulus (PEA addition, or UV-A irradiation in the case of OCT-PEA). Separately, the total
number of oscillations were counted for over an equivalent time post-stimulation. The sum of the
peaks was normalized against the number of cells per video (to quantify “oscillations per cell” for
each trial and condition), and then the mean fold change for post/pre-stimulation was calculated
alongside the S.E.M. In the case of these oscillation frequency counts, N is the number of
independent trials (biological replicates). Statistical significance was assessed using Matlab
(Mathworks). For the comparison between two groups in oscillation frequency analysis, Welch’s
two-sample t-test was used, with significance threshold placed at *P<0.05, **P<0.01, ns =

P>0.05.
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2.5. Detailed Synthetic Methods

31B 34
30B | \>36
38 N

H,N N

37
20 19 17 16 14 7 4

Figure 2.14. Numbering system utilized in the NMR assignments for OCT-PEA.
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2.5.1. Synthesis of Ethyl 2-(3-formyl-4-nitrophenoxy) acetate (1).

O._-
BT 0
o
H = H
O NO, Mk 0,

1

Ethyl 2-(3-formyl-4-nitrophenoxy) acetate (1) was prepared using a procedure as described by
Heinbockel et al.” 5-hydroxy-2-nitrobenzaldehyde (0.53 g, 3.2 mmol, 1.0 equiv.) and anhydrous
K2CO3 (0.32 g, 2.3 mmol, 0.70 equiv.) were dissolved in dry acetonitrile (5 ml) under an Ar
atmosphere. Ethylbromoacetate (0.40 ml, 3.6 mmol, 1.1 equiv.) was added dropwise and the
reaction mixture was stirred overnight at room temperature (RT). The reaction was filtered, and
the filtrate was concentrated in vacuo. The residue was purified by flash column
chromatography (hexane/EtOAc 95:5—80:20) to yield ethyl 2-(3-formyl-4-nitrophenoxy)
acetate (1) (0.78 g, 3.1 mmol, 97%) as a yellow solid. Analytical data were comparable to those

reported in Heinbockel et al.*”

TLC (4:1 hexane:EtOAc): R; = 0.20. '"H NMR (CDCls, 400 MHz, 25° C): 5 10.48 (s, 1 H, CHO),

8.17 (d, 1 H, H3, J=9.1 Hz), 7.31 (d, 1H, H6, J = 3.0 Hz), 7.20 (dd, 1 H, H2, J = 8.8, 3.0 Hz),

4.77 (s, 2H, H8ag), 4.29 (q, 2 H, CH2CH3, J=7.1 Hz), 1.32 (t, 3 H, CH2CH3, J = 7.3 Hz).
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2.5.2. Synthesis of (2-tert-butoxyethyl)-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)amine
(2).

NaBH(CH,CO,), J<
o /\n"D — NaOAc o o A“/Q_v,
0 A(o /NH, 0
H = HNM
NO, 67% NO,
1 2

(2-tert-butoxyethyl)-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)amine (2) was prepared as
described by Heinbockel et al.*” 2-(tert-butoxy)-ethanamine (69 mg, 0.59 mmol, 1.5 equiv.) and
ethyl 2-(3-formyl-4-nitrophenoxy) acetate (1) (0.10 g, 0.40 mmol, 1.0 equiv.) were dissolved in
dry 1,2-dichloroethane (2 ml) under an Ar atmosphere. Anhydrous NaOAc (34 mg, 0.41 mmol,
1.0 equiv.) was then added, and the reaction mixture was stirred at RT for 1 h. NaBH(CH3CO)3
(0.21 g, 1.0 mmol, 2.5 equiv.) was added in one portion, and the reaction mixture was stirred
overnight at RT. The reaction was diluted with CH>Cl» (5 ml) and quenched with a saturated
aqueous NaHCOs solution. The organic phase was separated, washed 2x with a saturated
aqueous NaHCO:s solution, once with saturated brine, and then dried over anhydrous MgSOs.
Following filtration and concentration in vacuo, the residue was purified via flash column
chromatography (10 g silica, hexane/EtOAc 90:10—65:35 with 1 vol% Et3N) to yield (2-tert-
butoxyethyl)-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)amine (2) (95 mg, 0.27 mmol, 67%)

as a yellow oil. Analytical data were comparable to those reported in Heinbockel et al.*’.

TLC (1:1 hexane:EtOAc): R; = 0.15. "H NMR (CDCls, 400 MHz, 25 °C): 5 8.08 (d, 1 H, H3, J =
9.0 Hz), 6.84 (dd, 1 H, H2, J = 9.0, 2.9 Hz), 4.71 (s, 2 H, H8 a5), 4.28 (q, 2 H, CH,CHs, J = 7.1
Hz), 4.13 (s, 2 H, H7 ag), 3.49 (t, 2 H, H10 ag, J = 5.3 Hz), 2.75 (t, 2 H, H11 a8, J = 5.3 Hz), 1.73

(b, NH), 1.31 (t, 3 H, CHxCHs, J = 7.1 Hz), 1.20 (s, 9 H, £-Bu CHs).
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2.5.3. Synthesis of N-(2-tert-butoxyethyl)-N-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)

palmitoylamide (3).
J< MNEt,
O

I\I 0 H
PEACI
HN '15
86%

NO

2

2 3

Oxalyl chloride (0.36 ml, 4.2 mmol, 1.5 equiv.) was added to a solution of palmitic acid (0.718 g,
2.8 mmol, 1.0 equiv.) in dry CH2Cl, (35 ml) under an Ar atmosphere. A drop of N,N-
dimethylformamide was added, and the reaction mixture was stirred for 70 min at room
temperature. The reaction was concentrated in vacuo to yield a yellow-orange oil. To ensure
complete removal of oxalyl chloride, the product was 2x dissolved in CH2Cl», concentrated in
vacuo, and then dried under high vacuum (<1 mbar) for 20 min. The oil was dissolved in
anhydrous CH.CI; (9 ml) immediately before use in the following reaction.
(2-tert-butoxyethyl)-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)amine (2) (0.55 g, 1.6
mmol, 1.0 equiv.) was dissolved in dry CH2Cl, (30 ml) under an Ar atmosphere, followed by
dropwise addition of the above described palmitoyl chloride solution (9 ml, 1.8 equiv.) and then
EtsN (0.39 ml, 2.8 mmol, 1.8 equiv.). The reaction mixture was stirred for 90 min at room
temperature, then diluted with CH2Cl> (20 ml). The organic phase was washed 2x with a
saturated aqueous NaHCOs; solution, once with saturated brine, and then dried over anhydrous
MgSO.. Following filtration and concentration in vacuo, the residue was purified via flash column
chromatography (50 g silica, hexane/EtOAc 95:5—90:10—85:15), to yield N-(2-tert-
butoxyethyl)-N-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)palmitoylamide (3) (0.82 g, 1.38

mmol, 86%), as a yellow oil. The product was isolated as a mixture of E and Z amide isomers.
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TLC (3:1 hexane:EtOAc): R = 0.35. '"H NMR (CDCls;, 400 MHz, 25 °C): 5 8.23 (d, 0.5 H, H3, J
= 9.3 Hz), 8.12(d, 0.5 H, H3, J= 9.5 Hz), 6.91-6.72 (m, 2 H, H2, HB), 5.14 (s, 1 H, H74), 5.01 (s,
1H, H7g), 4.66 (d, 2 H, H8 A, J = 9.5 Hz), 4.32-4.23 (m, 2 H, CH2CH3), 3.60-3.43 (m, 4 H,
H10a8, H11a8), 2.54 (1, 1 H, H134, J = 7.6 Hz), 2.19 (, 1 H, H13g, J = 7.6 Hz), 1.75-1.57 (m, 2
H, H14a8), 1.41-1.19 (m, 24 H, H15-H26, CH,CHs3), 1.16 (d, 9H, t-Bu CHs, J = 4.3 Hz), 0.88 (t,
3H, H27 agc). *C NMR (CDCls, 101 MHz, 25 °C): 5 174.62 + 174.25 (C12), 167.92 + 167.63
(C9), 162.51 + 162.00 (C1), 142.22 + 141.46 (C4), 137.81 + 137.52 (C5), 128.78 + 128.13 (C3),
114.58 + 113.68 (C6), 112.97 + 112.55 (C2), 73.62 + 73.31 (C(CHs3)3), 65.59 + 65.50 (C8), 62.04
+61.90 (CH.CHs), 60.76 + 59.85 (C10, C11), 51.49 (C7), 49.13-47.50 (C10, C11), 33.28 +33.24
(C13), 32.07-29.51 (C15-C26), 27.56 + 27.48 (C(CHa)s), 25.51 + 25.40 (C14), 22.84 (CH.CHs3),
14.29 + 14.27 (C27). HRMS (ESI*): m/z calculated for [C3s3Hs6N207]" = 593.4160, observed =

593.4149 (IM+H]")
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2.5.4. Synthesis of N-(2-tert-butoxyethyl)-N-(5-carboxymethoxy-2-nitrobenzyl)

palmitoylamide (4).

O /\",CL,_;* 'D /‘\",DH

H a) NaOH, MeOH H
b) HCI
31 15 - -31 15

3

N-(2-tert-butoxyethyl)-N-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)palmitoylamide (3) (0.55
g, 0.93 mmol, 1.0 equiv.) was dissolved in MeOH (7.4 ml) and cooled in an ice-water bath for 5
min. 1 M aqueous NaOH (2.0 ml, 2.0 mmol, 2.0 equiv.) was added dropwise over 3 min, and the
reaction continued for 1 h while gradually warming to room temperature. The reaction was again
cooled in an ice-water bath and then neutralized with 1 M HCI (1.5 ml, 1.5 mmol, 1.5 equiv.). The
reaction was diluted in EtOAc (5 ml), and the aqueous phase was 2x back-extracted with EtOAc
and 2x with Et2O. The combined organic extracts were then washed 2x with brine and dried
over anhydrous MgSQs.. Filtration and concentration in vacuo yielded N-(2-tert-butoxyethyl)-N-
(5-carboxymethoxy-2-nitrobenzyl)palmitoylamide (4) (0.55 g, 0.98 mmol) as a white powder,

which was immediately used in the next step without purification.

63



2.5.5. Synthesis of N-(2-tert-butoxyethyl)-N-(5-methoxy-6-((4-(aminomethyl)benzyl)oxy)-
9H-purin-2-carbamoyl-2-nitrobenzyl)palmitoylamide (5).

J( /\],OH Hz”mﬁ"? D JU;I

H HN Ay N H
BG-NH, Q
31 13 - 31 15
78% over 2 steps

5

6-((4-(aminomethyl)benzyl)oxy)-9H-purin-2-amine (BG-NH) was prepared using a procedure
described in Keppler et al.®®

1-Hydroxybenzotriazole (HOBt) (0.15 g, 1.1 mmol, 1.1 equiv.) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI) (0.21 g, 1.1 mmol, 1.1
equiv.) were added to N-(2-tert-butoxyethyl)-N-(5-carboxymethoxy-2-nitrobenzyl)
palmitoylamide (4) (0.55 g, 0.98 mmol, 1.0 equiv.). The mixture was dissolved in dry N,N-
dimethylformamide (30 ml) under an Ar atmosphere and was stirred for 45 min in an ice-water
bath. Separately, BG-NH; (0.34 g, 1.24 mmol, 1.3 equiv.) was dissolved in dry N,N-
dimethylformamide (15 ml) under an Ar atmosphere. The BG-NH> solution was added dropwise
to the reaction flask over 15 min and stirred overnight, while slowly warming to room
temperature. After diluting the reaction in EtOAc (40 ml), the organic phase was washed 2x with
a saturated aqueous NaHCOs; solution (100 ml), 2x with 0.1 M aqueous HCI (100 ml), 2x with
H2O (100 ml), and once with saturated brine. The organic phase was dried over anhydrous
MgSO., filtered, and then concentrated in vacuo. The residue was purified via flash column
chromatography (60.12 g silica, CH2Clo/MeOH 99:1—97:3—95:5) to yield N-(2-tert-
butoxyethyl)-N-(5-methoxy-6-((4-(aminomethyl) benzyl)oxy)-9H-purin-2-carbamoyl-2-
nitrobenzyl)palmitoylamide (5) (0.59 g, 0.72 mmol, 78% over two steps) as a yellow oil. The
product was isolated as a mixture of E and Z amide isomers.
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TLC (95:5 CH.Cl:MeOH): R; = 0.36. 'H NMR (DMSO, 400 MHz, 25 °C): 5 8.90-8.68 (m, 1.0 H,
CONH), 8.22 (d, 0.3 H, H3, J = 9.0Hz), 8.13 (d, 0.7 H, H3 J = 9.3 Hz), 7.84 (s, 1 H, H36), 7.46
(d, 2 H, H31ag, J = 8.1 Hz), 7.30 (d, 2 H, H30ag, J = 8.1 Hz), 7.09 (dd, 0.3 H, H2, J= 9.1, 2.8
Hz), 7.05 (dd, 0.7 H, H2, J = 9.0, 2.7 Hz), 6.79 (d, 0.3 H, H6, J = 2.4 Hz), 6.76 (d, 0.7 H, H6, J =
2.4 Hz), 6.26 (s, 1 H, NH), 5.48 (s, 2 H, H33as), 5.08 (s, 0.6 H, H7 ), 4.89 (s, 1.4 H, H7 ag), 4.70
(s, 2 H, H8g), 4.37 (s, 2 H, H28ag), 3.44(s, 4 H, H10ag, H11ag), 2.54 (t, 1.5 H, H13ap, J = 7.1
Hz), 2.19 (t, 0.7 H, H13s, J = 7.0 Hz), 1.67-1.45 (m, 2 H, 14ag), 1.44-1.13 (m, 24 H, H15-H26),
1.09 (d, 9 H, t-Bu CHs, J = 5.4 Hz), 0.84 (t, 3 H, H27 asc, J = 6.8 Hz). *C NMR (DMSO, 101
MHz, 25 °C): 5 173.28 (C12), 166.85 (C9), 161.99 (C1), 159.63 (C34), 141.30 (C4), 138.89
(C29), 138.28 (C36), 137.12 (C5), 135.42 (C32 e1z), 128.46 (3 C, C32 ez, C30a5), 127.78 (C3),
127.40 (3 C, C29, C314p), 113.85 (C6), 112.90 (C2), 72.60 (C(CHs)s), 667.28(C8), 66.59 (C33),
59.69 (2 C, C10,C11), 46.58 (C7), 41.70 (C28), 32.04 (C13), 31.39 + 29.17 + 22.17 (12 C, C15-
C26), 27.0371 (C(CHs)s), 24.75 (C14), 13.88 (C27). HRMS (ESI*): m/z calculated for

[CasHosNsO7]* = 817.4971, observed = 817.4951 ([M+H[*).
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2.5.6. Synthesis of N-(ethyl-2-ol)-N-(5-methoxy-6-((4-(aminomethyl)benzyl)oxy)-9H-purin-

2-carbamoyl-2-nitrobenzyl)palmitoylamide (OCT-PEA).
J@/\ \/@/\O
N
0 BBr,, CH,CL, 0
\ ”‘T % Y e \ Qs oj\,[
H b)MeOH, NEt, m/\“ HN

OCT-PEA
N-(2-tert-butoxyethyl)-N-(5-methoxy-6-((4-(aminomethyl)benzyl)oxy)-9H-purin-2-
carbamoyl-2-nitrobenzyl)palmitoylamide (5) (0.11 g, 0.14 mmol, 1.0 equiv.) was dissolved in
dry CHxCI, (6.5 ml) under an Ar atmosphere, and then cooled in a dry ice / acetone bath. BBr3
(1.0 M in CH2Cl, 0.56 ml, 0.56 mmol, 4.0 equiv.) was added over 5 min and the reaction
continued for 50 min. The reaction was quenched with 4:1 MeOH:Et.O (3 ml), and stirred
vigorously for 5 min. The reaction mixture was neutralized with EtsN (0.3 ml, 2.1 mmol) and
diluted in CHxCl> (42 ml). The reaction mixture was washed 2x with H,O (50 ml) and 2x with
saturated brine (50 ml). The organic phase was concentrated in vacuo and purified via flash
column chromatography (15 g silica, CH2Cl./MeOH 93:7), yielding compound N-(ethyl-2-ol)-N-
(5-methoxy-6-((4-(aminomethyl)benzyl)oxy)-9H-purin-2-carbamoyl-2-nitrobenzyl)
palmitoylamide (OCT-PEA, 0.063 g, 82 umol, 59%) as a yellow oil. The product was isolated

as a mixture of E and Z amide isomers.

TLC (9:1 CH:Cl,:MeOH): R; = 0.40. 'H NMR (THF-D8, 400 MHz, 25 °C): 5 11.38 (b), 8.21 (d,
0.3 H, H3, J = 9.2 Hz), 8.08 (d, 0.6 H, H3, J = 9.5 Hz), 8.05-7.91 (m, 1 H, HNCO), 7.57 (d, 1 H,
H36, J = 7.9 Hz), 7.40 (t, 2 H, H31as, J = 8.7 Hz), 7.32 (dd, 2 H, H30 A5, J = 17.9, 7.7 Hz), 7.07
(dd, 0.4 H, H2, J = 9.2, 2.6 Hz), 6.96 (dd, 0.6 H, H2, J = 9.2, 2.6 Hz), 6.92 (d, 0.4 H, H6, J = 2.3
Hz), 6.86 (d, 0.6 H, H6, J = 2.3 Hz), 5.59 (b), 5.44 (d, 2 H, H33, J = 6.9 Hz), 5.07 (s, 0.8 H, H7a),

4.93 (s, 1.2 H, H7ag), 4.61 (d, 2 H, H8ap, J = 17.1 Hz), 4.48-4.34 (m, 2 H, H284g), 3.46-3.29 (m
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2 H, H10a/H11,), 2.52 (t, H13a, J = 7.4 Hz), 2.31-2.13 (m, 1 H, H13g), 1.69-1.51 (m, 2 H,
H14ag), 1.38-1.19 (m, 24 H, H15-H26), 0.88 (t, 3 H, H27 agc, J = 6.7 Hz). 13C NMR (THF-D8,
101 MHz, 25 °C): 5 173.87 (C12e12), 173.28 (C12¢12), 167.86 (C9erz), 167.34 (C9erz), 162.78
(C1), 142.67 (C5), 138.79 (C4), 138.02 (C36), 136.62 (C32), 129.18 (2 C, C31as), 128.89 (C3
£rz), 128.42 (3 C, C29 + C30ag), 128.06 (C3 &), 114.32 (C6 &1z), 113.99 (CBerz), 113.71 (C2er),
68.67 (C28), 68.37 (C8), 60.94 (C(CHs)s) 51.50 (C7 erz), 51.04 (C10), 50.24 (C11), 48.04 (C7
£rz), 43.10 (C28), 33.34 (C13), 33.25 + 30.49 +23.36 (12 C, C15-C26), 14.26 (C27). HRMS

(ESI*): m/z calculated for [CaoHs6NsO7]" = 761.4345, observed = 761.4341 ((M+H]")
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3.1. Introduction

Pancreatic p-cell excitability and insulin secretion are regulated by a plethora of GPCRs,
including the cannabinoid receptors (CBRs), which respond to lipids called N-acylethanolamines
(NAEs)?7". However, NAEs’ complex pharmacology and hydrophobicity make them difficult to
control in time and space after application to cells. This complicates our understanding of NAE
signaling in B-cells, and prevents us from investigating the CBR pathways which potentially play
a role in metabolic disorders. Building on previous work, we wanted to use the the Optically-
Cleavable Targeted (OCT)-ligand approach® to investigate NAE signaling in intact human islets.
OCT-ligands allow NAEs to be first targeted, and then released on genetically-defined
membranes (Figure 3.1 A). Previously, we synthesized a probe—coined OCT-PEA—that
tethers to SNAP-tags and releases the saturated NAE, palmitoylethanolamide (PEA) at the site
of SNAP-tag expression, to activate nearby endogenous receptors. We showed that uncaging
OCT-PEA on the surface of the INS-1 pancreatic B-cell line, stimulated Ca?* oscillations through
GPR55 and phospholipase C. While this study set the stage for targeted cannabinoid
photopharmacology, the application of this probe remained limited to a model B-cell line, INS-1
cells. The low solubility and slow labeling kinetics of OCT-PEA, coupled with our inability to
express SNAP-tags in primary pancreatic tissue prevented us from applying this tool to more
complex biological systems, such as the pancreatic islet.

In this work, we describe the second-generation of OCT-ligands and their application to
manipulate cannabinoid signaling in intact human islets (Figure 3.1 B). We chemically modified
OCT-PEA to target HaloTags, which have faster labeling kinetics relative to SNAP-tags’®, and
identified a HaloTag-targeted OCT-PEA (hOCT-PEA) with improved labeling relative to the
parent molecule OCT-PEA. To use our probes in human islets, we developed a novel adeno-

associated virus (AAV) that allowed us to express HaloTags exclusively on the B-cell surface in

intact human islets. Coined AAV-Halo, we expressed HaloTags on human p-cells and showed
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that PEA uncaging on human B-cells stimulated Ca?* oscillations. The fusion of improved OCT-
ligands and AAV-Halo tools allow us to target CBRs in intact human islets with enhanced

spatiotemporal precision.
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Figure 3.1. OCT-palmitoylethanolamide (PEA) labels HaloTags and activates GPR55.

(A) Schematic depiction of hOCT-PEA, which activates GPR55 through Gag11 and PLC. (B)
Chemical structures of hOCT-PEA1-4 which contains: a chloroalkane tag, linker, nitrobenzyl
cage, and PEA ligand.
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3.2. Results

3.2.1. Design and synthesis of hOCT-PEA derivatives
To increase the labeling efficiency of our OCT-ligands, | prepared probes that target the HaloTag
system (HaloTag7)%¢, which is known to label more rapidly when compared to SNAP-tags’®.
Previous studies have shown that the linker region proximal to the chloroalkane is important for
labeling efficiency’®, so | synthesized four HaloTag-targeting probes (hOCT-ligands) that differ in
the linker length and degree of hydrophilicity, denoted as hOCT-PEA1-4 (Figure 3.1).
hOCT-PEA1 and hOCT-PEA2 contain a short amide linker attached to the chloroalkane
motif, and were synthesized in a similar fashion to the original SNAP-targeted compound, OCT-
PEA (Figure 3.2 A). 5-hydroxy-2-nitrobenzaldehyde was reacted with a bromated linker (X1R1 =
ethyl 2-bromoacetate, X2R2 = methyl 2-(4-(bromomethyl) phenyl)acetate) under basic conditions
to form a phenolic ethers 1 and 5, respectively. Reductive amination with 2-(t-butyloxy)-
ethanamine formed amines 2 and 6, followed by acylation with palmitoyl chloride to yield the
tertiary amides 3 and 7, respectively. The ester protecting group (R1 = CH>CH3 or R, = CH3) was
hydrolyzed under basic conditions to form the corresponding carboxylic acids, which were
directly coupled to 2-(2-(chloromethoxy)ethoxy)ethan-1-amine (CA) to afford tBu-ether
protected OCT-ligands 4 and 8. Finally, the tBu-ether was removed in neat trifluoroacetic acid to
afford hOCT-PEA1 in 38% overall yield (Detailed synthetic methods, Figure 3.14 A) and

hOCT-PEA2 in 23% overall yield (Detailed synthetic methods, Figure 3.15 A).
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Figure 3.2. Synthetic scheme for hOCT-PEA derivatives.

H

(A) Chemical synthesis of hOCT-PEA1 and hOCT-PEA2, which proceeded over 6 steps in 38%
and 23% overall yields, respectively. (B) Chemical synthesis of hOCT-PEA3 and hOCT-PEA4,

which proceeded over 5 steps in 16% and 14% overall yields, respectively.

hOCT-PEA3 and hOCT-PEA4 were designed to contain long polyethylene glycol (PEG)

linkers to improve their aqueous solubility. These were synthesized using copper-catalyzed click

chemistry to incorporate different linker lengths and the CA in a single step (Figure 3.2 B). First,
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5-hydroxy-2-nitrobenzaldehyde was reacted with 3-bromoprop-1-yne under basic conditions to
form phenolic ether 9. Reductive amination with 2-(¢-butyloxy)-ethanamine formed amine 10,
followed by acylation with palmitoyl chloride to yield the tertiary amide 11. To prepare the
extended PEG-CA linkers, amide coupling of the PEG acids with the CA led to N3-PEG,-CA (n
= 3,8). The extended PEG-linkers (N3-PEG3-CA and N3-PEGg-CA) were clicked onto alkyne 11
to afford triazoles 12 and 13, respectively. Finally, deprotection of the tBu-ether afforded hOCT-
PEA3 in 16% overall yield (Detailed synthetic methods, Figue 3.16 A), or hOCT-hPEA4 in
overall 14% vyield (Detailed synthetic methods, Figure 3.17 A), respectively. This use of click-
chemistry opens the door for straightforward functionalization of the linker and bioconjugation
motifs of our OCT-ligands, which can be used to prepare a library of unique OCT-ligands in
futures studies.

We studied the photophysical properties of hROCT-PEA1-4 by UV-Vis spectroscopy. To
assess the kinetics of the uncaging reaction, we exposed each compound to 365 nm LED light
(Figure 3.3 A, ~26 mW). In the dark, Amax for each compound was hOCT-PEA1 = 306 nm;
hOCT-PEA2 = 313 nm; hOCT-PEA3 = 310 nm; and hOCT-PEA4 = 310 nm (Figure 3.3 B).
Further, irradiation led to a bathochromic wavelength shift for each compound, consistent with
the uncaged product which contains an extended electron n-network of the uncaged nitroso-
aldehyde. The uncaging reaction for hROCT-PEA1-4 proceeded witha t=22s, 22 s, 26 s, and
25 s, respectively (Figure 3.3 C). Together, these data show that the chosen linkers did not

impact the uncaging kinetics of the nitrobenzyl photocage in vitro.
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Figure 3.3. Photophysical characterization of hOCT-PEA derivatives by UV-Vis spectroscopy.
(A) Chemical structures showing the uncaging reaction for hOCT-PEA derivatives. Uncaging
OCT-PEA releases PEA and the nitroso-aldehyde attached to R, where R is the linker that
differs across hOCT-PEA derivatives. (B) UV-Vis absorbance spectra of four hOCT-PEA
derivatives in the dark (black) and 1 min after 365 nm LED exposure (magenta). (C) Kinetics of
uncaging reaction for four hOCT-PEA derivatives. Data for each compound is normalized
against the absorbance at Amax, and plotted over 5 min of 365 nm irradiation. The Amax for each

compound are: hOCT-PEA1 = 306 nm; hOCT-PEA2 = 313 nm; hOCT-PEA3 = 310 nm; hOCT-
PEA4 = 310 nm.

Next, we wanted to confirm that hOCT-PEA4 was compatible for use with longer
wavelengths. | adjusted the power of four LEDs (365 nm, 415 nm, 470 nm, and 565 nm) to ~16
mW, and exposed hOCT-PEA4 to each LED for 5 min (Figure 3.4 A). After 365 nm light

exposure, the main absorbance peak of hOCT-hPEA4 is at . = 312 nm, which is red-shifted
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after 365 nm light exposure, and proceeded with T = 43 s. Irradiation with longer wavelengths
(415 nm, 470 nm, and 565 nm) did not efficiently uncage hOCT-hPEA4 (Figure 3.4 B),
demonstrating that the probe is compatible for use in fluorescence microscopy with blue and

green biosensors.
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Figure 3.4. Comparing uncaging across LEDs.

(A) UV-Vis absorbance spectra of hOCT-PEA4 (40 uM in DMSO) in the dark (black) and after
2.5 min of 365 nm (magenta, top left, ~16 mW), 405 nm (navy, top right, ~15 mW), 470 nm
(blue, bottom left, ~16 mW), or 565 nm (green, bottom right, ~21 mW) LED exposure . (B)
Normalized absorbance at 1 = 312 nm over time of hOCT-PEA4 (40 uM in DMSO) after
exposure to 365 nm LED (black, ~16 mW), 405 nm (navy, ~15 mW), 470 nm (blue, ~16 mW), or
565 nm (green, ~21 mW) light. Absorbance data is normalized against the absorbance att =0

min. N = 3 samples for each condition. Shaded error bars = mean + SEM.

3.2.2. Comparing hOCT-PEA derivatives’ labeling efficiency and toxicity in INS-1 cells
With four OCT-ligands in hand, we wanted to compare their labeling efficiency at surface-
expressed HaloTags. To this end, | constructed a reporter plasmid CMV-pDisplayHaloTag7-T2A-

EGFP (pDisplayHalo-EGFP), that allows for quantification of probe labeling through the co-
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expression of cytosolic EGFP and surface-targeted HaloTags (Figure 3.5 A). | also prepared a
control plasmid with a mutated HaloTag, pDisplayHalo7P'%’A-EGFP (Figure 3.5 B). Both
plasmids have a Myc-tag on the HaloTag which can be used to visualize protein expression.
However, the D107A mutation prevents the HaloTag from labeling the chloroalkane motif, and

thus HaloTag dyes or hOCT-ligands.

pDisplayHalo-EGFP
Hoechst / EGFP Hoechst / HaloTag Hoechst/ Merge

pDisplayHalo®"’A-EGFP
Hoechst / EGFP Hoechst / HaloTag Hoechst/ Merge

Figure 3.5. Expression of pDisplayHalo-EGFP and pDisplayHaloP'°"A-EGFP in INS-1 cells.
INS1 cells were transfected with pDisplayHalo-EGFP or pDisplayHaloP°"*-EGFP and labelled
with Hoechst-33342 (10 uM, blue) and jFHalo549i (500 nM, red) for 10 min. Cells were fixed,
then probed for Myc-tag (grey). EGFP (green) serves as a transfection marker. (A) INS1 cells

transfected with pDisplayHalo-7-T2A-EGFP have surfaced-labeled Halo-tags in cells that are
positive for EGPF and Myc. (B) In contrast, INS-1 cells transfected with the inactive
pDisplayHaloP'"A-EGFP did not have jFHalo549i fluorescenc but maintained Myc staining in the
EGFP positive cells. Scale bar 15 mm.
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INS-1 B-cells were transfected with pDisplayHalo-EGFP, preincubated with vehicle or
hOCT-PEA derivatives for 1 h at increasing concentrations, then labeled with a fluorescent
HaloTag dye (jFHalo549i) to fluorescently label any free HaloTags. The cells were fixed and
imaged, where fluorescence of jFHalo549i was normalized to the EGFP fluorescence. Since the
hOCT-PEAs and jFHalo549i dye covalently label the same residue (D107) in the HaloTag
protein, successful hOCT-PEA labeling decreases jFHalo549i fluorescence (Figure 3.6 A).
Surprisingly, hOCT-PEA1, which has the same linker as the original SNAP-tag targeted OCT-
PEA, and hOCT-PEA2, which has a sterically bulkier linker, did not efficiently label the HaloTags
up to 8 uM. However, hOCT-PEA3 and hOCT-PEAA4, which incorporated flexible PEG linkers of
different lengths, showed improved labeling relative to hOCT-PEA1 and hOCT-PEA2 (Figure
3.6 B). We found that hOCT-PEA4 labeled pDisplay-HaloTags much more effectively than the
other 3 hOCT-PEA derivatives. Complete labeling was achieved at 2 uM for 1 h which was a
shorter incubation and lower dose relative to the original OCT-PEA probe, which required
labeling of 5 uM probe for 2 h. Because hOCT-PEA4 showed superior labeling, it was used as

the lead compound the subsequent experiments.
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Figure 3.6. Evaluating hOCT-PEA labeling in INS-1 p-cells.

(A) INS-1 cells were transfected with pDisplayHalo-EGFP, treated with vehicle or hOCT-PEA
derivatives (2 uM), then incubated with jfHalo549i (red, 500 nM) to label any free HaloTags and
Hoechst-33342 (blue, 10 uM) to label nuclei. EGFP (green) served as a transfection marker and
for normalization purposes. Shown are representative images from each condition. Scale bar =
20 um. (B) Quantification of competition labeling. Bar graph shows the ratio of the jFHalo549i

fluorescence intensity relative to the EGFP fluorescence.

Next, we assessed whether treatment of hOCT-PEA4 impacted INS-1 cell viability
(Figure 3.7). We incubated INS-1 cells overnight with intact hOCT-PEAA4 or probe that had
been uncaged by 365 nm LED light, then subjected them to 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT assay). We did not detect any cytotoxic effects from the
intact or uncaged hOCT-PEAA4 probe at concentrations up 40 uM, which is near the solubility

limit of the probe. As a positive control, we applied KCI, which killed the INS-1 cells in a dose-
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dependent manner. This result demonstrates that hOCT-PEAA4 is not cytotoxic to p-cells, even

during long incubations.
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Figure 3.7. Evaluating prolonged hOCT-PEA4 treatment on INS-1 cell viability.

(A) INS-1 cells were incubated with intact or UV-A-uncaged hOCT-PEA4 for 24 h, then
evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. INS-
1 cell viability was stable when the cells were incubated with hOCT-PEA4 (caged, black), UV-A
irradiated hOCT-PEA4 (uncaged, blue) up to 40 uM, near its solubility limit in physiological
buffer. (B) As a positive control for the viability assay in A, INS-1 cells were incubated with KCI
for 24 h. Four biological replicates were performed for each condition. Error bars = mean *
S.E.M.

3.2.3. Plasma membrane uncaging of hOCT-PEA4 in INS-1 cells

To assess the impact of hOCT-PEA4 uncaging on p-cell Ca?* signaling, we co-transfected INS-1
cells with cDNA encoding pDisplayHalo-EGFP and RGECO®8, which allows intracellular Ca*
levels to be monitored in real-time. Cells were preincubated with hOCT-PEA4, washed, and

then evaluated via confocal microscopy (Figure 3.8 A). Relative to vehicle, uncaging hOCT-

85



PEA4 increased the number of Ca?* oscillations after 375 nm stimulation relative to baseline
(Figure 3.8 B). When a GPRS5 inhibitor (CID160020046, 5 uM) was present in the bath, the
Ca?* stimulation caused by uncaging hOCT-PEA4 was not significantly reduced (Figure 3.8 B).
To evaluate the impact of untethered hOCT-PEA4 that had accumulated in the cells, we used
the control pDisplayHalo7P'"%"A-EGFP plasmid with an inactive HaloTag that cannot tether our
probe (Figure 3.8 B). INS-1 cells transfected with the mutant plasmid had a reduced probe
effect on Ca?* stimulation relative to the standard conditions, demonstrating the importance of
probe tethering to the cell surface. Together, these data show that hOCT-PEA4 stimulates Ca?*
in INS-1 cells partially through GPR55 and requires HaloTag expression and compound
tethering. This result sets the stage for application of hROCT-PEA4 in more complex biological

settings, such as intact human islets.
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Figure 3.8. Uncaging hOCT-PEA4 on the INS-1 cell surface.

(A) Heat map showing Ca®" traces from 50 individual INS-1 cells co-transfected with RGECO
and pDisplayHalo-EGFP and preincubated with hOCT-PEA4 (2 uM, 1 h). Each video included a
baseline recording, irradiation with 375 nm (60 s), and a positive control addition (256 mM KClI)
for data normalization. (B) Comparison bar graph showing the fold change in the number of
Ca** oscillations counted after 375 nm irradiation relative to baseline. Uncaging hOCT-PEA4
(blue, N = 199, T=7) led to an increased fold change relative to vehicle (grey, N = 114, T = 4).
Uncaging in the presence of CID16020046 (green, N = 148, T = 5) and in INS-1 cells
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transfected with pDisplayHaloP'"A-EGFP (yellow, N = 90, T = 4) reduced the probe’s fold
change effect on Ca®*. Each dot represents the average data from a video, T. Error bars = mean
+ SEM.

3.2.4. Endocannabinoids mediate Ca?* and insulin release in intact human islets

Before applying our tools to islets, we wanted to evaluate how modulating the ECS tone
affected [Ca?*] and insulin secretion in human islets. To assess the health and glucose-
responsiveness of different human islet batches, we transduced islets with AdV-RIP-GCaMP6s,
an adenovirus that expressed the cytosolic Ca?* indicator GCaMP6s. The virus has a rat insulin
promoter (RIP) that drives GCaMP6s expression in 3-cells. The islets were then exposed to
increasing glucose concentrations (2, 11, and 20 mM) and glucose-stimulated Ca?* oscillations
were monitored by confocal microscopy. (Figure 3.9). We observed increased Ca?* oscillations
at the 11 mM and 20 mM glucose conditions, relative to 2 mM, confirming the glucose-sensitivity

and health of our islet cultures.
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Figure 3.9. Ca*" imaging to evaluate glucose sensitivity across donors.

Human islets were transduced with AdV-RIP-GCaMP6s, which expresses a green Ca** sensor
in p-cells. Comparison bar graph showing the number of Ca?* events detected at increasing
glucose concentrations (2 mM, 11 mM and 20 mM). Data is separated by donor, and combined

in a summary graph.
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Next, we treated islets with inhibitors for enzymes responsible for NAE biosynthesis and
degradation—N-acylphosphatidylethanolamine phospholipase D (NAPE-PLD) inhibitor LEI401,
and N-acylethanolamine acid amidase (NAAA, degradation) inhibitor ARN726. NAPE-PLD is
responsible for the biosynthesis of a variety of NAEs®, whereas NAAA preferentially degrades
PEA®'. In both cases, we observed fewer Ca?* oscillations at 11 mM glucose compared to no
drug (Figure 3.10 A), suggesting that endogenous NAE metabolism plays a role in mediating
human islet Ca?*-handling. We also evaluated the impact of the NAE signaling on insulin
release from human islets in two donors (Figure 3.10 B). Under high glucose (11 mM)
conditions, islets treated with PEA (10 uM) or a NAPE-PLD inhibitor (LEI401, 10 uM)
significantly stimulated insulin secretion relative to vehicle. Exendin-4 (100 nM)—which
activates glucagon-like peptide-1 receptor, a known stimulator of GSIS8—was used as a
positive control but did not significantly stimulate insulin release (p value = 0.0596). However,
insulin stimulation from exendin-4 treatment was trending towards significance. Further,
treatment with a GPR55 inhibitor CID16020046 (10 uM) did not affect insulin secretion under

high glucose conditions.
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Figure 3.10. Evaluating ECS tone in human islets.

(A) Comparison bar graph showing the number of Ca?* events detected in GCaMP6s-
expressing human islets in response to a NAPE-PLD inhibitor (LEI401, 5 uM) and NAAA
inhibitor (ARN 726, 5 uM). Data collected from 5 donors. (B) Comparison bar graph showing the
normalized secreted insulin (mU/L) from human islets in response to vehicle (0.1% v/v DMSO),
PEA (10 uM), exendin-4 (100 nM), CID16020046 (10 M) and NAPE-PLD inhibitor (LEI401, 10
uM). Data collected from 2 donors. Significance threshold placed at *P<0.05, **P<0.01, ns =
P>0.05.

3.2.5. HaloTag AAV virus and targeted hOCT-PEA4 uncaging in islets
To illuminate the role of NAE signaling in the context of human p-cell function, we sought to
apply the OCT-ligand approach to uncage NAEs in intact human islets. Because our current

approach relied on HaloTag cDNA transfection, we generated a HaloTag AAV for transducing
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human B-cells, coined AAV-INSx2-pDisplay-Halo (AAV-Halo). This AAV is built on previous AAV
technology that allowed for the expression of transgenes in human p-cells without leaky o-cell
expression®® (Figure 3.11, top). We also generated the control catalytically inactive Halo-tag
AAV (AAV-HaloP'7A) which maintains pDisplay surface HaloTag expression in p-cells but

cannot label the chloroalkane biorthogonal motif (Figure 3.11, bottom).

C-peptide Myc-tag JF635i-Halo

AAV-Halo

AAV-HaloP107A

Figure 3.11. Expression of AAV-Halo and AAV-HaloP"°# in human islets.

Human islets were transduced with either AAV-Halo or AAV-HaloP°7A stained with JF635i-
HaloTag (2 uM, 1 h, cyan), fixed, and then probed for C-peptide (green) and Myc-tag (magenta).
The D107A mutation prevents the HaloTag from labeling the HaloTag dye. Islets transduced
with AAV-Halo have f-cells (marked by C-peptide) that have Myc and HaloTag staining (top). In
contrast, islets transduced with AAV-HaloP°’* have Myc staining in C-peptide positive cells, but

lacks HaloTag staining (bottom). Scale bar 30 um.

With improved OCT-ligands and AAV-Halo in hand, we are now in position to interrogate
the effects of PEA on human islets. We combined hOCT-PEA4 and AAV-Halo to assess the
impact of PEA release on B-cell Ca?* dynamics in intact human islets. We were unable to use

the GCaMP6s sensor for uncaging experiments due to a photoswitching artefact induced by 375
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nm irradiation (data not shown). Instead, live human islets were transduced with AAV-Halo
alongside a B-cell-specific adenovirus to express jJRGECO1a (AdV-RIP-JRGECO1a), a red-
shifted Ca?* sensor. We observed robust JRGECO1a expression across the islet, which
overlapped with HaloTag labeling and C-peptide staining in immunohistochemistry experiments
(Figure 3.12 A). Together, these viruses allowed us to target OCT-ligands to 3-cells and record
the complimentary Ca?* event. To confirm that hOCT-PEA4 was able to label HaloTags
expressed on human islet B-cells, we performed a competitive labeling assay between hOCT-
PEA4 and Halo-JF635i dye. Islets that were pre-incubated with vehicle prior to the JF635i-
HaloTag showed robust HaloTag fluorescence on the B-cell membranes (Figure 3.12 B, top);
however, pre-incubation with hOCT-PEA4 (5 uM, 90 min) blocked the HaloTag dye labeling
(Figure 3.12 B, bottom). This result confirms that our probe successfully tethered the HaloTags

in the islets.

C-peptide JRGECO

HaloTag

JRGECO HaloTag

+Vehicle

)
R

intensity (x10% A.U.
IS
+hOCT-PEA4

gositEi;on 1(;21m)16
Figure 3.12. Targeting p-cells in intact human islets.

(A) Immnofiluorescent staining of human islet transduced with AAV-Halo (cyan) and jJRGECO
(red), and probed for C-peptide (green) to label S-cells. An intensity plot is shown across the
white arrow in the merged image. (B) Competitive labeling of AAV-Halo transduced islets
between hOCT-PEA4 (5 uM, 90 min) and Halo-JF635i dye. Islets preincubated with hOCT-
PEA4, had reduced jFHalo-635i dye fluorescence relative to vehicle (0.1% v/v DMSO).
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Finally, we monitored Ca?* dynamics in B-cells in intact islets stimulated with 11 mM
glucose. Islets co-transduced with JRGECO1a and AAV-Halo were preincubated with hOCT-
PEA4. Uncaging hOCT-PEA4 on B-cells caused an increase in the number of Ca?* oscillations
relative to vehicle (Figure 3.13 A,B). In cells pre-treated with vehicle only, no increase was
observed, confirming that this Ca?* increase was not an artefact caused by the UV-A irradiation.
This result demonstrates that PEA uncaging on B-cells increases human islet Ca?* oscillations;
and more generally, demonstrates the suitability of our technology to target endocannabinoid
signaling on human B-cells. Interestingly, uncaging hOCT-PEA4 with GPR55 inhibitor
CID16020046 in the bath during imaging also caused an increase in Ca?* oscillations,

suggesting that hOCT-PEAA4 is stimulating Ca?* in islets in a GPR55-independent mechanism.
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Figure 3.13. Uncaging hOCT-PEA4 on p-cells in human islets.
(A) Three representative JRGECO Ca** traces of islets treated with vehicle (0.1% v/v DMSO) or
hOCT-PEA4 (5 uM, 90 min). 375 nm irradiation is indicated by the purple bar. (B) Comparison
bar graph showing fold change in Ca** oscillation counts after 375 nm stimulation relative to
baseline. Uncaging hOCT-PEA4 (5 uM, 90 min, N = 48) on cells lead to a higher fold change in
Ca** events relative to vehicle (0.1% v/v DMSO, N = 42) across three donors. Treatment with
the GPR55 inhibitor (CID16020046, N = 47) did not reduce Ca** stimulation from uncaging
hOCT-PEAA4. Significance threshold placed at *P<0.05, **P<0.01, ns = P>0.05.
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3.3. Discussion

This study presents a new set of tools to study endocannabinoid signaling in intact human
pancreatic islets. Building on our previous OCT-ligand technology that tethered SNAP-tags, we
synthesized new hOCT-PEA derivatives that label HaloTags, and identified hOCT-PEA4 to have
improved labeling efficiency and solubility compared to the original probe. Using fluorescent
Ca?" imaging and insulin assays, we showed that human islets have an endogenous
cannabinoid tone which mediates Ca?* dynamics, and that PEA triggers insulin release in
human islets. Interestingly, treatment with the NAPE-PLD inhibitor LEI401 decreased Ca?*
oscillations, yet stimulated insulin release. NAPE-PLD is responsible for the biosynthesis of
multiple NAE species®®#, which could explain this discrepancy. Also, the Ca?* oscillations
following LEI401 treatment were recorded in five different donors, whereas insulin release in
response to LEI401 was evaluated in two donors. Further characterization of LEI401’s
mechanism of action in islets is warranted and more repeats of the insulin ELISA data are
needed. Finally, using novel AAV-Halo virus to enrich our probes at the p-cell surface,
photorelease of hOCT-PEA4 allowed for activation of endogenous receptors in human islets in
a GPR55-independent manner. To finalize this dataset, uncaging hOCT-PEA4 in human islets
transduced with JRGECO1a and AAV-HaloP'’* is needed to assess the contribution of
untethered probe on Ca?* dynamics.

A key advance in our technology is the development of a novel AAV to express HaloTags
on the surface of human B-cells, and we demonstrated that these transduce intact human islets
tissue. Because we are transducing intact islets, we do observe more efficient HaloTag
expression on the outer surface of the islet. While this peripheral expression may be limiting for
some experiments, it did not prevent the application or tethering of our probes. If future
applications require HaloTag-expression on the inner core of the islet, a pseudoislet prep could

be utilized, where the islets are dissociated and transduced, then reconstituted®. While the
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OCT-ligand approach has thus far only been applied to release PEA, the platform is versatile
and will allow us to target other compatible probes using the same virus. Our future efforts will
include developing OCT-ligands with different endocannabinoids of interest. For example, an
OCT-ligand to release anandamide (Chapter 4) could target Gi-coupled CB1 and TRP
channels®, which would allow us to probe other NAE signaling pathways. Notably, our approach
is not limited to endocannabinoids, and our future synthetic efforts will extend to other ligands
such as synthetic agonists, neurotransmitters, and small peptides.

One consideration for using our OCT-ligands is that they require UV-A light for activation.
For imaging applications, the use of UV-A light is advantageous because it allows them to be
used with blue-green fluorescent biosensors. However, we acknowledge that UV-A light can be
damaging to cells and tissues when applied for extended periods of time. In future studies, we
intend to modify the nitrobenzyl photocage to leverage red-shifted photocages. These
modifications will allow photorelease with lower energy irradiation, which penetrates deeper in
tissue and is less phototoxic. Such a development will be advantageous for more complex
biological settings, such as in vivo, where longer-irradiation light could be applied through the
skin.

Our current approach leverages a novel AAV-Halo to target p-cells specifically in human
islets. We can also modify the promotor sequences of this virus to target alternative islet cell
types, such as a-cells. The role of endocannabinoid signaling in a-cells is not described, thus
such developments may be important to discover endocannabinoid regulation of a-cell
physiology. Additionally, we can use our hOCT-PEA ligands to investigate NAE signaling in other
organ systems, such as the brain, where endocannabinoid signaling is abundant, yet still poorly
characterized, especially for more exotic NAEs or endocannabinoids with different lipid tails.
While we primarily used HaloTags in this study, using AAV-SNAP would allow us to use existing

photopharmacological tools, such as PORTL-ligands®’, in human islets.
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In summary, this work presents the first application of cell-targeted, photopharmacology
in intact human islets. The OCT-ligand approach enables evaluation of endogenous signaling
pathways, while the Halo-AAV allows for cell-specific targeting in heterogeneous tissue. Moving
forward, these tools offer the potential to increase the sophistication of our experimental design

and test the impact of NAE signaling in native tissue environments.
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3.4. Methods

3.4.1. General synthetic methods
Unless otherwise noted, all chemicals were purchased from TCI Chemicals, Fisher Scientific,
Sigma-Aldrich, or Acros Organics, and were used without further purification. Dry solvents were
purchased as “extra dry” or “anhydrous” and used without further purification. Reactions and
chromatography were monitored by analytical thin layer chromatography (TLC) on Merck silica
gel 60 Fas4 glass plates. The plates were first visualized under 254 nm UV light, followed by
staining with KMnQa solution or cerium (IV) molybdate solution (Hanessian’s stain) and gentle
heating with a heat gun. Flash column chromatography was performed using silica gel (ACROS
Organics™ 240360300, 0.035-0.070 mm, 60 A) or a Buchi Pure chromatography system.
Nuclear magnetic resonance (NMR) spectra were acquired on a BRUKER 400 MHz instrument.
Chemical shifts (8) are reported in ppm and referenced to residual non-deuterated solvent
peaks ('H/'3*C): MeOD, (3.31/49.00), and CDCI;(7.26/77.16). Multiplicities are abbreviated as: s
= singlet, d = doublet, t = triplet, g = quartet, br = broad, m = multiplet. Data in *C is reported as
E/Z isomer, where assignment of isomers are separated by a slash ( /), and each peak
assignment is separated by a semicolon. Separate atom peaks that are merged under one large
peak (i.e., acyl PEA chain, PEG linker) are separated by a comma.

High-resolution (35,000) mass spectrometry data were acquired at Portland State
University’s BioAnalytical Mass Spectra Facility. Data were acquired on a vanquish
UHPLC/HPLC system coupled to a Q-Exactive MS equipped with an electrospray ionization

source operating in the positive mode.

3.4.2. UV-Vis spectroscopy
Compounds were diluted to 40 uM in DMSO and placed in a 1 ml Quartz cuvette (10 mm light

path). A deuterium-halogen light source (Ocean Optics, DH-2000) transmitted light through the
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sample, which was collected by a Flame UV-Vis-ES spectrophotometer (FLMT05021, Ocean
Insight) using OceanView (Version 2.0.7) Software. Uncaging was achieved using 365 nm
(Thorlabs M365FP1), 415 nm (Thorlabs M415F3), 470 nm (Thorlabs M470F4) and 565 nm
(M565F 3) fiber-coupled LEDs guided through a fiber-optic cable (Thorlabs #FP400URT, 400 um
diameter, 0.50 numerical aperture) and optical cannula (400 um, Thorlabs). LED power was
quantified by a power meter (Thorlabs, PM100D) with its photodiode power sensor (Thorlabs,
S120VC) positioned directly at the fiber tip. The cannula tip was pointed directly into the top of

the sample.

3.4.3. Cell Culture media and solutions

INS-1 media contains: RPMI 1640 with L-glutamine (Gibco, #11875-093) with 10% FBS,
Penicillin-strep (1:100) and (in mm) 10 HEPES (Fisher, #8P310-500), 1 sodium pyruvate (Alfa
Aesar, #A11148). INS-1 media was filtered and distributed into 50 ml aliquots. 50 uM
2-mercaptoethanol (BME, Sigma, #M3148) was added fresh to each 50 ml aliquot prior to use.
INS-1 imaging buffer contains (in mm): 185 NaCl, 1.2 CaCl,, 1.2 MgCl,, 1.2 KzHPO4, 20
HEPES. Adjusted to pH 7.4 with NaOH. D-glucose was supplemented at 5, 11 or 20 mm.
INS-1 permeabilization buffer contains: Phosphate buffered saline (PBS, Gibco, #70013-032)
with 5 vol% donkey serum, and 0.3 vol% triton X-100 (Fisher, #8P151-100).

INS-1 blocking buffer contains: Phosphate buffered saline (PBS, Gibco, #70013-032) with 5
vol% donkey serum, and 0.1 vol% triton X-100 (Fisher, #BP151-100).

Islet culture media contains: RPMI 1640 with L-glutamine (Gibco, #11875-093) with 15 vol%
FBS, Penicillin-strep (1:100)

Islet imaging buffer contains (in mm): 119 NaCl, 4.7 KCl, 1.0 CaCl,, 1.5 MgSO0s, 1.2 KoHPOs,

10 HEPES. Adjusted to pH 7.35 with NaOH. Glucose was supplemented at 2, 11 or 20 mm.
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Islet blocking buffer contains 0.3 vol% triton X-100 (Fisher, #BP151-100), 0.1 vol% BSA, 2
vol% donkey serum, phosphate buffer saline (PBS, Gibco, #70013-032)

HEK culture (D10) media contains high glucose DMEM (Gibco, #11965-092), 10 vol% FBS
(HyClone’s USDA tested, #SH30910), 0.5 vol% Penicillin-strep (Gibco, #15070). Sterile filtered
and aliquoted.

Phosphate buffer contains (in mm): 320 Na;HPO4 (Fisher, #8P332-500), 80 Na(PO4H)*H-.0
(Fisher, #S369-1). Adjusted pH to 7.4 with NaOH.

4% PFA: paraformaldehyde (2 g, Sigma-Aldrich, #158127), 0.2 M phosphate buffer (25 ml),

deionized H20 (25 ml). Adjusted pH to 7.4. Kept on ice until use.

3.4.4. Cell Culture
INS-1 832/13 (INS-1) cells® were grown in INS-1 media and incubated at 37 °C and 5% CO..
Cells were used between passages 65-80. For live-cell Ca?* imaging, INS-1 cells were plated at
a density of 150,000 cells per well on 8-well glass bottom chambered coverslips (Ibidi, #0827-
90). 18-24 h later, cells were starved in Opti-MEM™ (250 pl) for 2 h before adding the
transfection mixture containing (20 ul per well): 1 ul Lipofectamine-2000 (Fisher Scientific,
#11668019), 75 ng R-GECO + 225 ng pDisplay-Halo- EGFP, or 75 ng R-GECO + 225 ng
pDisplay-Halo7P'9A-EGFP in Opti-MEM™. The cells were then incubated at 37 °C and 5% CO;
for 18-24 h before exchanging the transfection mixture with INS-1 media. Microscopy
experiments were performed 60-72 h post-transfection.

Human pancreatic islets from non-diabetic donors were received from the Integrated
Islet Distribution Program (lIDP) funded by the National Institute of Diabetes and Digestive and
Kidney Disease (NIDDK). Islets were cultured in islet culture media in non-surface treated 24-
well suspension plates (VWR® #10861-558), or non-surface treated 10 cm culture dishes

(Falcon®#351029) at 37 °C and 5% CO, for up to two weeks after receiving the shipment.
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Islets were transduced by mixing AAV-Halo only in 200 pl islet culture media in a 15 ml conical
centrifuge tube set at ~10° angle for 1 h at 4 °C on an orbital shaker. They were then transferred
to 24-well suspension plates or 10 cm culture dishes and cultured for 4 days at 37 °C and 5%
CO; before experiments. For GCaMP6s and jJRGECO1a transductions, the islets were placed in
a 24-well plate in 2 ml islet media, then 1 ul concentrated AdV solution was added directly to the

media of the wells and cultured for 4 days before experiments.

3.4.5. INS-1 Competition Labeling Assay

For the hOCT-PEA competition labeling assay, a transfection mixture containing (50 ul per well)
1 ul Lipofectamine-2000 and 150 ng pDisplay-Halo-EGFP in Optim-MEM™ was added to acid-
etched glass coverslips (12 mm, #1.5) in a 24-well plate. INS-1 cells were then plated at a
density of 150,000 cells per well on top of the transfection mixture, and Opti-MEM™ was added
to a final volume of 0.5 ml. The cells were then incubated at 37 °C and 5% CO- for 18-24 h
before exchanging the media with fresh INS-1 media. 60-72 h post transfection, the cells were
labeled with vehicle or OCT-ligand (100 nM — 8 um) in INS-1 media (without BME) for 1 h. The
cells were washed once with INS-1 media (without BME), then labelled with a dye mixture
containing jFHalo549i (500 nm) and Hoechst-33342 (10 um) for 10 min. The coverslips were
washed with cold PBS, fixed in 4% PFA for 5 min at RT, and washed 3x in PBS. The coverslips
were mounted on a microscope slide (VWR® Superfrost® Plus Micro Slide, 75x25x1 mm,
#48311-703) with mounting solution (Fluoromount™) and sealed with nail polish. Imaging
parameters are described below in the “Fixed cell microscopy” section.

Two images per coverslip were acquired with a 20x objective at 1024x1024 pixel
resolution for quantification, and one representative image was acquired with a 63x% oil objective
at 2048x2048 pixel resolution. For quantification, intensity from regions-of-interest drawn using
the Fiji software’ around each EGFP+ cell across 4 images from two biological replicates, and
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the intensities from the green and red channels were exported to be analyzed with MATLAB

scripts written in-house.

3.4.6. rAAV production and purification

We produced and purified the rAAV’s using the Easy AAV production as previously described®.
After cloning pDisplay-HaloTag into their AAV vector and verifying insert size from restriction
digest and sequencing, we grew and maintained HEK293 cells for two passages before plating
them in 10-cm culture dishes in HEK culture media to achieve 90% confluency the following
day. For each plate, the media was replaced with 6.5 ml modified HEK culture media featuring
DMEM + L-glutamine, 2% FBS, and no antibiotics. 6 ug of each AAV plasmid (AAV-INSx2-
pDisplay-HaloTag-3MRE'’s, pAd5 Adeno Helper, and pAAV-KP1 Rep-Cap®®) were mixed in a 50
ml conical tube with 54 ul of 1 mg/ml polyethylenemine (PEI, Polysciences MW 2500). 3.5 ml of
OptiMEM was added before vigorous mixing with a benchtop vortex mixer, followed by 20 min
incubation at RT and addition to the HEK cells. The plates were cultured for 7 days at 37° C and
5% COz prior to AAV harvest and purification. The AAV-containing culture media was collected
from the plates and placed into a 250 ml conical tube, 2x centrifuged at 1800g for 30 min and
then placed into a new conical tube. The filtrate was then passed through a 0.25 um PES filter
into a new 250 ml conical tube before 1 ul of benzonase was added. The tube was gently
inverted 10x to mix the solutions. The conical tube was then incubated at 37° C and 5% CO: for
30 min, followed by centrifugation at 1800g for 30 min. The solution was again filtered through a
0.25 um PES filter into a new 250 ml conical tube. The filtrate was then mixed with 5x PEG8000
/ NaCl to achieve 1x concentration and inverted 50 times. The mixture was stored at 4 °C
overnight to precipitate the viral particles. The mixture was again centrifuged at 5000g at 4° C
for 1 h before the supernatant was carefully removed. The viral pellet was resuspended in 500

ul PBS and placed on an orbital shaker overnight at 4° C. The virus / PBS mixture was collected
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into 1.5 ml tubes and centrifuged at 5000 rpm for 4 min at RT. The viral lysate was then
collected and transferred into a new 1.5 ml tube, then aliquoted into 0.5 ml tubes. The viral

aliquots were quickly frozen on dry ice, and stored in -80° C for future use.

3.4.7. Immunofluorescence staining in cultured p-cells and islets

INS-1 cells were plated on acid-etched glass coverslips (12 mm, #1.5) at a density of 100,000
cells per well in a 24-well plate (Fisherbrand, #FB012929), and transfected as noted in the
INS-1 Cell Culture section. The cells were labelled with a dye mixture including jFHalo549i
(500 nm) and Hoechst-33342 (10 um) for 10 min. The coverslips were washed with cold PBS,
fixed in ice-cold 4% PFA for 5 min at RT and washed 2x with PBS (5 min). The fixed cells were
then incubated in the blocking buffer for 1 h. The cells were then incubated in 1° Myc-tag
Mouse mAB antibody (1:8000, Cell Signaling Technology, cat #2276, lot 24) diluted in INS-1
blocking buffer and shook overnight (12-14 h, 4 °C) in the dark. The coverslips were then
washed 3x with PBS (5 min, RT), then incubated with 2° donkey anti-mouse Alexa Fluore™647
solution (1:750), diluted in INS-1 blocking buffer for 1 h in the dark shaking at RT. The coverslips
were washed 3x with PBS (5 min) and then washed 2x with deionized H>O (5 min). The
coverslips were mounted on a microscope slide (VWR® Superfrost® Plus Micro Slide, 75x25x1
mm, #48311-703) with mounting solution (Fluoromount™) and sealed using nail polish. The
slides were kept in the dark until imaging within one week.

Live human islets were transduced with AAV-Halo, then labelled with either JF635i-
HaloTag dye at 2 uM for 2 h in islet culture media. The labelled islets were transferred into 1.5
ml tubes and centrifuged at 2000 rpm for 1 min. The media was removed and PBS was added,
followed by centrifugation at 2000 rpm for 1 min at RT. The PBS was removed from the pellet,
then 4% PFA was added and the islets were incubated at 4° C for 1 h on an orbital shaker. The

islets were centrifuged at 2000 rpm for 1 min, and then the solution was removed before adding
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islet blocking buffer. The islets were incubated at 4° C for 1 h on an orbital shaker, and then
centrifuged at 2000 rpm for 1 min. The buffer was aspirated before co-application of rat
monoclonal anti-C-peptide antibody (GN-ID4,DSHB; 1:100 dilution) and mouse anti-Myc-tag
mAB antibody (1:1000, Cell Signaling Technology, cat #2276, lot 24) in islet blocking buffer at 4°
C for 7 days on an orbital shaker. The islets were centrifuged at 2000 rpm for 1 min, then the
primary antibody solution was removed, before washing with PBS, rotating on a benchtop
nutator for 30 min at RT, and spun down at 2000 rpm for 1 min. The washing step was repeated
3x. The secondary antibodies were added to the islets; which included goat anti-rat Alexa Fluor
488 (Jackson ImmunoResearch; 1:750 dilution) and anti-Mouse Cy™3 AffiniPure Donkey IgG
(H+L) (Jackson ImmunoResearch Laboratories, cat #715-165-151, lot #130991, 1:1000),
antibodies in islet blocking buffer at 4° C for 1 week on an orbital shaker. The samples were
again centrifuged at 2000 rpm for 1 min, and the antibody solution was removed before washing
again with PBS, rotating on a benchtop nutator for 30 min at RT, and spun down at 2000 rpm for
1 min. The washing step was repeated again 3x. For mounting, the islets were spun down, the
PBS was removed, and then the islets were resuspended in VectaShield (40 ul) and transferred
to the center of a microscope slide (VWR® Superfrost® Plus Micro Slide, 75%25x1 mm, #48311-
703). The edges were than sealed with clear nail polish and allowed to dry in the dark at RT for

1 h before imaging.

3.4.8. Live-cell confocal microscopy

Live cell and islet imaging was performed on an Olympus Fluoview 1200 laser scanning
confocal microscope at 37 °C and 5% CO.. Videos were acquired with a 20x objective,
512x512-pixel resolution, and scan rate of 4 s per frame. R-GECO and jRGECO1a excitation
was performed with a 559 nm laser at low laser power (<6%) and emission was collected at

570-670 nm. EGFP and GCaMP6s excitation was performed with a 488 nm laser at low laser
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power (<5%) and emission was collected at 500-545 nm. Photo-activation was performed with a
375 nm laser (PicoQuant, PDL 800-D, 100% laser power) triggered using the quench function in
the Olympus software.

Control experiments involved incubation with CID16020046 (5 uM, 30 min, Tocris,
#4959), LEI401 (5 uM, 30 min, Cayman Chemical, #31108), or ARN726 (5 uM, 30 min, Cayman
Chemical, #24259), in imaging buffer.

For dye-labeling experiments in human islets, live human islets were labelled with
JF635i-HaloTag dyes at 2 uM for 1 h in islet culture media at 37 °C and 5% CO.. They were
then washed with PBS and ~10 islets at a time were transferred into 8-well Ibidi glass bottom
chambered coverslip (Ibidi, #0827-90) containing 250 uL of islet imaging buffer and equilibrated
for 20 min before imaging.

For Ca?* imaging experiments in human islets, AdV-RIP-jRGECO1a or AdV-RIP-
GCaMP6s-expressing islets were transferred to 8-well Ibidi glass bottom chambered coverslips
(Ibidi, #0827-90) containing 300 pL of islet imaging buffer. 10-15 islets were added to each
chamber, and the chamber was gently swirled to cluster the islets in the center of the chamber.
The islets were placed on the microscope and allowed to equilibrate at 37 °C and 5% CO;for at
least 25 min before imaging.

For Ca?* imaging experiments, regions-of-interest were manually drawn around
oscillating cells that were EGFP+ (INS-1) or entire islets using the Fiji software, and the

resulting data were analyzed with MATLAB scripts written in-house.

3.4.9. Fixed cell microscopy
Fixed samples were imaged on a Zeiss LSM880 confocal laser scanning microscope with
Airyscan with a 40x oil objective or a 63x oil objective at 2048%x2048 pixel resolution. Hoechst-

33342 and DAPI excitation were performed with a 405 nm laser at low laser power (<1%).
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Green fluorophores were excited with a 488 nm laser at low laser power (<2%). Red
fluorophores were excited with a 550 nm laser at low laser power (<10%). Far-red fluorophores

were excited with 647 nm laser at laser power (<15%).

3.4.10. MTT assay

INS-1 cells were plated in a 96-well plate (Corning #3596) with 50,000 cells/well in INS-1 media,
and then were incubated for 48-72 h until they reached 70-80% confluence. To generate the
uncaged probe, hOCT-PEA4 (10 pl, 40 mM in DMSO) was irradiated for 5 min with a 365 nm
LED. Next, intact hOCT-PEA4, or uncaged hOCT-PEA4 were added to the wells in INS-1 media
without BME, and the cells were incubated at 37 °C and 5% CO. for 24 h. The media was
aspirated from the wells, and then the cells were washed in 100 ul PBS. 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyltetrazolium bromide (MTT, TCI Chemicals, #D0801) was added to the
wells at 5 mg/ml and incubated at 37 °C and 5% CO- for 4 h. The media was gently removed,
and then 100 ul DMSO was added to each well. The plate was incubated in the dark on an
orbital shaker for 15 min at 100 rpm. Absorbance at 590 nm was recorded on a
CLARIOstarPLUS plate reader (BMG Labtech, 0430), and the data were processed in Microsoft

Excel and MATLAB.

3.4.11. Insulin ELISA assay

Each islet treatment was performed in triplicate or quadruplet per drug stimulation. For one
treatment, 20 islets were handpicked and transferred to a 1.5 ml tube. The islets were
centrifuged at 310 rcf for 4 min and the media was aspirated. The islets were preconditioned in
INS-1 imaging buffer spiked with 5 mM glucose for 1 h at 37 °C and 5% CO.. The islets were
again spun at 310 rcf for 4 min, and the buffer was aspirated. The islets were then treated with

INS-1 imaging buffer spiked with 11 mM glucose + drug (vehicle, 10 uM PEA, 100 nM Exendin-
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4,10 uM CID16020016, or 10 uM LEI401) for 30 min at 37 °C and 5% CO.. The stimulated
islets were centrifuged at 310 rcf for 4 min, then the supernatant was collected and evaluated
via a human insulin ELISA assay (Mercodia 10-1113-01) per manufacturer instructions.
Absorbance values at 450 nm were recorded using a CLARIOstarPLUS plate reader (BMG

Labtech, 0430), and the data was processed using myAssays.com and MATLAB.

3.4.12. Data analysis and code availability
Unless otherwise described, all data are presented as mean = S.E.M, which was calculated as:

standard deviation

VN

For Ca?* imaging experiments, N is the total number of cells (technical replicates), and T is the

S.E.M.=

number of independent experiments (biological replicates). Oscillations were calculated in
MATLAB using the ‘findpeaks’ function with a y threshold of 0.5 for RGECO (INS-1 data), ay
threshold of 0.2 for JRGECO1a (islet data), and a y threshold of 0.1 for GCamP6s (islet data).
For RGECO and jJRGECO1a data, the total number of oscillations across the field of view was
counted from the beginning of the video to UV-A irradiation. Separately, the total number of
oscillations were counted over an equivalent time post-stimulation. The sum of the peaks was
normalized against the number of cells per video (to quantify “oscillations per cell” for each trial
and condition), and then the mean fold change for post/pre-stimulation was calculated alongside
the S.E.M. For GCamP#®6s data, the total number of oscillations across the entire video was
counted.

Statistical significance was assessed using MATLAB (Mathworks) and Excel (Microsoft). For the
comparison between two groups in oscillation frequency analysis, a Welch’s two-sample t-test

was used, with significance threshold placed at *P<0.05, **P<0.01, ns = P>0.05.
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3.5. Detailed synthetic methods

A
NaBH(OAc); J<
OH K,CO4 O/\"/OEt NaOAc o O/\"/OEt
B~y OFt o} vy NH, H 0
o) O
H 97% H 67% HN
O NO, O NO, NO,
1 2
1) NaOH, MeOH
2) EDC-HCI, HOBT, DIPEA
J< OEt K CA
cl o) oY HaN o~~~ O~y o) oY
0
NEt, © H\/@ (CA) \J@O
H31C15- N H31C15 N
86% 3 15\I]/ 89% over 2 steps 3 15\I]/
0 NO, o) NO,
3 4
H
N~~~ O~~~
OH Oy 0 cl
TFA \ 0
7% (x/\/\n/N
o) NO,
hOCT-PEA1
B
8opn 2 30 5 3 3B
NS T VU N
23 5425 ,6 27 OH Ol/\g 28 31 32 34 36 cl
22 11\10 6 2
13
5 19 17 15 >N 5 3
20 18 16 14 7 4
O NO,
hOCT-PEA1

Figure 3.14. Synthetic scheme of hOCT-PEA1.
(A) Synthesis of hOCT-PEA1, which was prepared from in 6 steps and 38% overall yield. (B)
NMR atom numbering assignment for hOCT-PEA1.
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3.5.1. Synthesis of N-(2-(tert-butoxy)ethyl)-N-(5-(2-((2-(2-((6-chlorohexyl)oxy)

ethoxy)ethyl) amino)-2-oxoethoxy)-2-nitrobenzyl)palmitamide (4)

1) NaOH, MeOH

H
O. _ 2) EDC-HCI, HOBT, DIPEA J< N o
\ o) HZN/\O/\/O\/\/\/\CI (CA) \ /\(f)l/
H31015\[rN CC/\/WN
o} NO, 0 NO,
3 4

N-(2-tert-butoxyethyl)-N-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)palmitoylamide (3) was
prepared as described in Chapter 2%° (section 2.5.3). 2-(2-(Chloromethoxy)ethoxy)ethan-1-
amine (CA) was prepared as described by Liu, Q et al®’.

Compound 3 (38 mg, 0.064 mmol, 1.0 equiv.) was dissolved in MeOH (0.7 ml), and then
aqueous NaOH (1 M, 0.13 ml, 0.13 mmol, 2.0 equiv.) was added dropwise over 90 s. The
reaction continued for 30 min before the reaction was diluted in MeOH (0.5 ml), and then
aqueous HCI (1 M, 0.12 ml, 0.12 mmol, 1.9 equiv.) was added until the mixture was at pH = 7.0.
The reaction was diluted in EtOAc (0.5 ml), and the organic layer was 2x extracted with H.O (2
x 0.3 ml). The organic layer was washed once with saturated brine and dried over anhydrous
MgSO.. The crude mixture was filtered, and the solvent was removed in vacuo. The crude 2-(3-
((N-(2-(tert-butoxy)ethyl)palmitamido)methyl)-4-nitrophenoxy) acetic acid (31 mg, 0.055
mmol) was used directly in the next reaction without further purification.

1-hydroxybenzotriazole (HOBt, 10. mg, 0.074 mmol, 1.4 equiv.) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI, 14 mg, 0.074 mmol, 1.4
equiv.) were added to 2-(3-((N-(2-(tert-butoxy)ethyl)palmitamido)methyl)-4-nitrophenoxy)
acetic acid (31 mg, 0.055 mmol, 1.0 equiv.) and put under an argon atmosphere. The mixture
was dissolved in anhydrous N,N-dimethylformamide (DMF, 1.3 ml) and N,N-
diisopropylethylamine (DIPEA, 17 ul, 0.098 mmol, 1.8 equiv.) was added dropwise. Separately,
2-(2-((6-chlorohexyl)oxy)ethoxy) ethan-1-amine (CA, 43 mg, 0.19 mmol, 3.5 equiv.) was

placed under an argon atmosphere, dissolved in anhydrous DMF (0.5 ml), and transferred to the
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reaction mixture. The reaction was heated to 50 °C and stirred for 1 h. The reaction was diluted
in EtOAc (3 ml), and the organic phase was washed 2x with H.O, once with saturated aqueous
LiCl, and once with brine. SiO; gel was added to the crude product and the solvent removed in
vacuo, then the product-containing SiO; gel was loaded onto a SiO2 column and purified by flash
column chromatography (EtOAc:Hexane 0:1 — EtOAc:Hexane 1:0). N-(2-(tert-butoxy)ethyl)-
N-(5-(2-((2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)amino)-2-oxoethoxy)-2-

nitrobenzyl)palmitamide (4, 44 mg, 0.057 mol, 89%) was isolated as a yellow oil.

TLC (MeOH:DCM) 1:19): R = 0.32. 'H NMR (CDCls, 400 MHz, 25 °C): & 8.27 (d, 0.4 H, H3, J =
9.1 Hz); 8.13 (d, 0.6 H, H3, J = 8.6 Hz); 6.95-6.75 (m, 3 H, NH, H2, H6); 5.15 (s, 0.9 H, H7x);
5.01 (s, 1.2 H, H7z); 4.53 (d, 2 H, H8g, J = 8.6 Hz); 3.73-3.36 (M, 16 H, H10as, H11a5, H28-
H32, H37); 2.56 (t, 1 H, H13a, J = 7.6 Hz); 2.20 (t, 1 H, H13g, J = 7.8 Hz); 1.81-1.53 (m, 6 H,
H14ag, H33a5, H36as); 1.50-1.19 (m, 28 H, H15-26, H34as, H3548); 0.87 (t, 3 H, H27apc, J =
6.4 Hz). 13C NMR (CDCls, 101 MHz, 25 °C): & 174.70 / 174.26 (C12); 166.99 / 166.62 (C9);
161.74 / 161.26 (C1); 142.48 / 141.81 (C4); 137.79 (C5); 129.04 / 128.23 (C3); 114.43 / 114.20
(C6); 113.11 / 112.44 (C2); 73.62 (C(CHs)s); 71.43 (C37); 70.49, 70.21, 70.14, 69.72, 69.68
(C29-31); 67.74 / 67.69 (C8); 60.80 / 59.91 (C11); 51.41 / 47.67 (C7); 49.19 / 47.53 (C10); 45.15
(C32); 39.10 (C28); 33.26 (C13); 32.65 (C33); 32.06, 29.84, 22.83, 29.77, 29.68, 29.65, 29.58,
29.53, 29.51 (C15-26); 27.57 / 27.49 (C(CHa)s); 26.82 (C34); 25.55 (C35); 25.45 / 25.42 (C14);
14.26 (C27). HRMS (ESI*): m/z calcd. for [CaH7sNsOsCI]*: 770.5086, found: 770.5062

([M+H]")).
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3.5.2. Synthesis of N-(5-(2-((2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)amino)-2-oxoethoxy)-

2-nitrobenzyl)-N-(2-hydroxyethyl)palmitamide (hOCT-PEA1)

/\"/N V\O/\/O\/\/\/\CI

.
o p wp

NO,
hOCT-PEA1

N-(2-(tert-butoxy)ethyl)-N-(5-(2-((2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl) amino)-2-
oxoethoxy)-2-nitrobenzyl)palmitamide (4, 14 mg, 0.018 mmol, 1.0 equiv.) was put under an
argon atmosphere and trifluoroacetic acid (TFA, 0.50 ml, 6.7 mmol, excess) was added. The
reaction stirred for 25 min at RT before the solvent was removed in vacuo. The crude product
was dissolved in DCM and the solvent was removed in vacuo, 2x, to remove residual TFA. The
crude product was purified via SiO; flash column chromatography (EtOAc:hexane 0:1 —
EtOAc:hexane 1:0) to yield N-(5-(2-((2-(2-((6-chlorohexyl)oxy)ethoxy) ethyl)amino)-2-
oxoethoxy)-2-nitrobenzyl)-N-(2-hydroxyethyl)palmitamide (hOCT-PEA1, 10 mg, 0.014

mmol, 77%) as a yellow oil.

TLC (MeOH:DCM 1:9): R¢ = 0.49. 'H NMR (CDCls, 400 MHz, 25 °C): 5 8.28 (d, 0.6 H, H3, J =
8.9 Hz); 8.13 (d, 0.4 H, H3, J = 9.1 Hz); 6.99-6.79 (m, 3 H, NH, H2, H6); 5.05 (s, 1.2 H, H7»);
4.98 (s, 0.8 H, H7s); 4.57 (d, 2 H, H8ap, J = 5.99 Hz); 3.86-3.70 (m, 2 H, H11ag); 3.68-3.49 (m

12 H, H10ap, H28-H32); 3.45 (q, 2 H, H37ag); 2.57 (t, 0.8 H, H13,, J = 7.57 Hz); 2.22 (t, 1.2 H,
H13s, J = 7.57 Hz, br, 1 H, OH); 1.81-1.52 (m, 6 H, H14ag, H33a5, H36a5); 1.50-1.14 (m, 28 H,
H15-26, H34as, H35a8); 0.87 (t, 3 H, H275c). 13C NMR (CDCls, 101 MHz, 25 °C): & 176.30 /
174.67 (C12); 167.53 / 166.65 (C9), 161.98 / 161.35 (C1), 142.16 / 141.57 (C4); 138.11 / 137.24
(C5); 129.08 / 128.14 (C3); 114.06 / 114.00 (C6); 113.43 / 113.35 (C2); 71.42 (C37); 70.73,

70.40, 70.17, 70.10, 69.67 (C29-31); 67.75/ 67.70 (C8); 61.99 / 60.44 (C11); 51.58 / 48.96 (C7);
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51.27 / 50.73 (C10); 45.16 (C32); 39.13 (C28); 33.43 / 33.36 (C13); 32.64 (C33); 32.07, 29.84,
29.80, 29.76, 29.70, 29.69, 29.62, 29.56, 29.50, 22.84 (C15-26 + C36); 26.80 (C34); 25.53
(C35); 25.39 / 25.29 (C14); 14.26 (C27). HRMS (ESI*): m/z calcd. for [Cs7HesN3OsCI]*:

714.4460, found: 714.4443 ([M+H]").
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NaBH(OAC)s
K2CO3 NaOAc K

] Y@ O, Y@ o (N, :\ Omo/

46%
O NO, o) No2 NO,

chloride \ O/ 2) EDC- HCI, HOBT, \ CA
H31C15\"/N

NEt; DIPEA, CA

—_— H31C15\"/
91% 56% over 2 steps o

NO,
7 8

0o A~
m . CCL G T
97%

o) NO,
hOCT-PEA2

128 37 39
26 27 \Ilo 6 /\©\9)3%N/\/OV\O/\/\/\/C|
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7

‘NO,
hOCT-PEA2

Figure 3.15. Synthetic scheme of hOCT-PEA2.
(A) Chemical synthesis of hOCT-PEA2, which was prepared in 5 steps from compound 5 and
23% overall yield. (B) NMR atom numbering assignment for hOCT-PEA2.
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3.5.3. Synthesis of methyl 2-(4-((3-(((2-(tert-butoxy)ethyl)amino)methyl)-4-nitrophenoxy)

methyl) phenyl)acetate (6)

NaBH(OAc); )<
o A(O _/NH; \ o
H HN
O NO, NO,
5 6

2-(4-((3-formyl-4-nitrophenoxy)methyl)phenyl)acetate (5, 57 mg, 0.17 mmol, 1.0 equiv.),
2-t-butoxyethylamine (26 mg, 0.22 mmol, 1.3 equiv.), and NaOAc (15 mg, 0.18 mmol, 1.0 equiv.)
were added to a reaction vial, alongside a stir bar and then placed under an argon atmosphere.
The reaction mixture was dissolved in anhydrous 1,2-dichloroethane (DCE, 1 ml) and stirred for
1 h before adding NaBH(OAc)s (94 mg, 0.44 mmol, 2.5 equiv.) in one portion. The reaction was
stirred overnight at RT, then diluted with DCM (3 ml) and quenched with saturated NaHCO3 (3
ml) and transferred to a separatory funnel. The organic phase was washed 2x with saturated
aqueous NaHCOs3 and once with brine. The organic phase was dried over anhydrous MgSQy,
filtered, and the solvent removed in vacuo. The crude product was purified by SiO; flash column
chromatography (EtOAc:Hexane 1:9 — EtOAc:Hexane 1:0). Methyl 2-(4-((3-(((2-(tert-
butoxy)ethyl)amino)methyl)-4-nitrophenoxy)methyl)phenyl) acetate (6, 35 mg, 0.081 mmol,

46%) was isolated as an oil.

TLC (EtOAc:Hexane, 1:1): R¢ = 0.15. "H NMR (CDCls, 400 MHz, 25 °C): 5 8.07 (d, 1 H, H3,
J = 9.1 Hz); 7.42-7.27 (m, 5H, H6, H28-31, 5 H); 6.89 (dd, 1 H, H2, J = 9.1, 2.8 Hz); 5.14 (s,
H8ag, 2 H); 4.13 (s, H7as, 2 H); 3.70 (s, 3 H, OCHs); 3.64 (s, HO9ap, 2 H); 3.48 (t, 2 H, H11ap, J =
5.3 Hz); 2.74 (t, 2 H, H10as, J = 5.3 Hz); 2.01 (br, NH, 1 H); 1.19 (s, C(CHs)s, 9 H). 13C NMR
(CDCls, 101 MHz, 25 °C): § 171.90 (C32); 162.69 (C1); 141.92 (C5); 139.89 (C4); 134.74 (C43);

134.37 (C44); 129.80 (C30, C31); 127.94 (C3, C28, C29); 116.18 (C6); 113.34 (C2); 72.98
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(C(CHa)s); 70.30 (C8); 61.02 (C11); 52.24 (OCHs); 51.17 (C7); 49.63 (C10); 40.99 (C9); 27.73

(C(CHa)s). HRMS (ESI*): m/z calcd. for [C2sHa1N2Og] *: 431.2182, found: 431.2174 ([M+H]*).
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3.5.4. Synthesis of methyl 2-(4-((3-((N-(2-(tert-butoxy)ethyl)palmitamido)methyl)-4-

nitrophenoxy)methyl)phenyl)acetate (7)

>< NEt; ><
e e

Palmitic acid (62 mg, 0.24 mmol, 3.1 equiv.) was placed under an argon atmosphere, dissolved

NO,
6

in anhydrous DCM (0.5 ml), then oxalyl chloride (30 pl, 0.35 mmol, 4.3 equiv.) and a drop of
DMF were added to initiate the reaction. The reaction was stirred for 1 h at RT, concentrated in
vacuo, then re-dissolved in DCM and concentrated in vacuo 3x. The crude palmitoyl chloride
was placed under an argon atmosphere and re-dissolved in anhydrous DCM (1 ml). Methyl 2-
(4-((3-(((2-(tert-butoxy)ethyl)amino)methyl)-4-nitrophenoxy)methyl)phenyl)acetate (6, 34
mg, 0.078 mmol, 1.0 equiv.) was separately placed under an argon atmosphere and dissolved
in anhydrous DCM (2 ml), then the palmitoyl chloride solution was transferred to the amine
solution via cannula. NEts (23 ul, 0.17 mmol, 2.1 equiv.) was added dropwise while stirring. After
90 min the reaction was diluted in DCM (3 ml) and transferred to a separatory funnel. The
reaction was quenched with saturated aqueous NaHCO3, then the organic phase was washed
2x with saturated aqueous NaHCO3 and once with brine. The organic phase was separated,
dried over anhydrous MgSOs, and then filtered. SiO2 gel was added to the filtered product and
the solvent was removed in vacuo, then the product-containing SiO. gel was loaded onto a SiO;
column and purified by flash column chromatography (EtOAc:Hexane 0:1 — EtOAc:Hexane
1:1). Methyl 2-(4-((3-((N-(2-(tert-butoxy)ethyl)palmitamido)methyl)-4-nitrophenoxy)

methyl)phenyl)acetate (7, 49 mg, 0.074 mmol, 91%) was isolated as a yellow oil.
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TLC (EtOAc:Hexane 1:4): R¢= 0.17. "H NMR (CDCls, 400 MHz, 25 °C): 5 8.23 (d, 0.5 H, H3, J
= 9.1 Hz); 8.12 (d, 0.5 H, H3, J = 9.0 Hz); 7.41-7.28 (m, 4 H, H28-31); 6.94 (dd, 0.5 H, H2, J =
9.0, 2.8 Hz); 6.87 (dd, 0.5 H, H2, J = 9.1, 2.7 Hz); 6.83-6.75 (m, 1 H, H6); 5.16-5.09 (d, 2 H, H74
+ H8,); 5.08 (s, 1 H, H8s); 5.01 (s, 1 H, H7s); 3.70 (s, 3 H, OCHs); 3.64 (s, 2 H, H94g); 3.58-3.35
(M, 4 H, H10ag + 11ag); 2.52 (t, 1 H, H13a, J = 7.7 Hz); 2.16 (t, 1 H, H13s, J = 7.6 Hz); 1.78-1.52
(M, 2 H, H14ag); 1.44-1.18 (m, 24 H, H15-26); 1.14 (s, 9 H, C(CHa)s); 0.92-0.81 (m, 3 H,
H27agc). *C NMR (CDCls, 101 MHz, 25 °C): § 174.56 / 174.21 (C12); 171.86 (C32); 163.44 /
162.99 (C1); 141.60 / 140.83 (C4); 137.70 / 137.40 (C5); 134.66, 134.53, 134.43, 134.31 (C43,
C44); 129.93, 129.84 (C30, C31); 128.82 / 128.19 (C3); 127.92,127.86 (C28, C29); 114.48 (C6);
113.55, 113.48 (CB, C2); 112.94 (C2); 73.56 / 73.29 (C(CHa)s); 70.49 / 70.37 (C8); 60.73 / 59.80
(C11); 52.25 (C33); 51.54 (C7); 49.01 (C10); 47.51, 47.47 (C7, C10); 40.97 (C9); 33.25 / 33.20
(C13); 32.06, 30.03-29.17, 22.83 (C15-26); 27.55 / 27.47 (C(CHa)s); 25.51 / 25.40 (C14); 14.26

(C27). HRMS (ESI*): m/z calcd. for [C39He1N207] *: 669.4479, found: 669.4475 ([M+H]").
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3.5.5. Synthesis of N-(2-(tert-butoxy)ethyl)-N-(5-((4-(2-((2-(2-((6-chlorohexyl)

oxy)ethoxy)ethyl) amino)-2-oxoethyl)benzyl)oxy)-2-nitrobenzyl)palmitamide (8)

)4 1) NaOH, MeOH ><
o om 2) EDC-HCI, HOBT, DIPEA o 0 o
\ o~ HZN/\O’\/OWCI \ /\©\)\N/\/O\/\O/\/\/\/C|
Ha1Crs N (/\\/\/i/\/\(N H
o NO, o} NO,
7 8

Methyl 2-(4-((3-((N-(2-(tert-butoxy)ethyl)palmitamido)methyl)-4-nitrophenoxy)methyl)
phenyl)acetate (7, 63 mg, 0.095 mmol, 1.0 equiv.) was placed under an argon atmosphere and
dissolved in anhydrous tetrahydrofuran (1 ml). Aqueous NaOH (1 M, 0.19 ml, 0.19 mmol, 2.0
equiv.) was added dropwise, and the reaction was heated to 50 °C. The reaction continued for
110 min, and then aqueous HCI (1 M) was added dropwise until pH = 7.0. The reaction was
diluted in DCM (5 ml), and the organic layer was extracted 2x with H,O. The organic phase was
washed once with brine and then dried over anhydrous MgSOs4. The crude mixture was filtered
and the solvent removed in vacuo. The crude 2-(4-((3-((N-(2-(tert-butoxy)ethyl)
palmitamido)methyl)-4-nitrophenoxy)methyl)phenyl)acetic acid (53 mg, 0.080 mmol) was
carried directly into the next reaction without further purification.

HOBt (20. mg, 0.15 mmol, 1.9 equiv.) and EDC-HCI (27 mg, 0.14 mmol, 1.8 equiv.) were
added to 2-(4-((3-((N-(2-(tert-butoxy)ethyl)palmitamido)methyl)-4-nitrophenoxy)methyl)
phenyl)acetic acid (53 mg, 0.080 mmol, 1.0 equiv.) and placed under an argon atmosphere.
The mixture was dissolved in anhydrous DMF (3 ml) and DIPEA (33 pl, 0.19 mmol, 2.4 equiv.)
was added dropwise. The reaction was heated to 50 °C and stirred for 1 h. Separately, 2-(2-((6-
chlorohexyl)oxy)ethoxy)ethan-1-amine (CA, 43 mg, 0.19 mmol, 2.4 equiv.) was placed under
an argon atmosphere, dissolved in anhydrous DMF (1 ml), and transferred to reaction mixture.
The reaction stirred for 2.5 h before diluting in DCM. The organic phase was washed 2x with
H.O, once with saturated aqueous LiCl, and once with brine. SiO- gel was added to the crude

product, and the solvent was removed in vacuo. The product-containing SiO. gel was loaded
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onto a SiO; column and purified by flash chromatography (MeOH:DCM 0:1— MeOH: DCM 1:9).
N-(2-(tert-butoxy)ethyl)-N-(5-((4-(2-((2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl) amino)-2-
oxoethyl)benzyl)oxy)-2-nitrobenzyl)palmitamide (8, 46 mg, 0.053 mol, 56%) was isolated as

a yellow oil.

TLC (MeOH:DCM 1:19): R; = 0.30. 'H NMR (CDCls, 400 MHz, 25 °C): 5 8.23 (d, 0.5 H, H3, J =
9.1 Hz); 8.11 (d, 0.5 H, H3, J = 9.1 Hz); 7.39-7.28 (m, 4 H, H28-31); 6.94 (dd, 0.5 H, H2, J = 9.1,
2.7 Hz); 6.87 (dd, 0.5 H, H2, J = 9.1, 2.7 Hz); 6.80 (m, 1 H, H6, J = 10.6, 2.6 Hz); 5.99 (br, 1 H,
NH); 5.16-5.09 (d, 2 H, H7a + H8,); 5.08 (s, 1 H, H8g); 5.01 (s, 1 H, H7s); 3.67-3.36 (m, 16 H,
H9as, H10-11, H33-37, H4245), 2.52 (t, 1 H, H13a, J = 7.6 Hz); 2.16 (t, 1 H, H13s, J = 7.5 Hz);
1.83-1.54 (m, 6 H, H14a5, H388, H41a8); 1.52-1.17 (m, 28 H, H15-26, H39-H40); 1.14 (s, 9 H,
C(CHa)s); 0.92-0.81 (m, 3 H, H27a5.c). *C NMR (CDCls, 101 MHz, 25 °C): 5 174.56 / 174.20
(C12), 170.63 (C32); 163.43 / 162.94 (C1); 141.61 / 140.86 (C4); 137.71/ 137.40 (C5); 135.58 /
135.48 (C44); 134.65 / 134.34 (C43); 129.93, 129.84 (C30, C31); 128.83 / 128.18 (C3); 128.13,
128.04 (C28, C29); 114.52 / 113.54 (C6); 113.42 / 112.87 (C2); 73.55 / 73.27 (C(CHa)s); 71.45 /
71.38 (C42); 70.49 / 70.32 (C8); 70.39-69.83 (C34-36); 60.69 / 59.80 (C11); 51.53 / 47.51 (C7);
49.05 / 47.48 (C10); 45.13 (C37); 43.53 (C9); 39.53 (C33); 33.24 / 33.19 (C13); 32.62 (C38);
32.05, 30.04-29.54, 22.82 (C15-26); 29.49 (C41); 27.55 / 27.46 (C(CHa)s); 26.79 (C39); 25.54
(C40); 25.40 (C14); 14.25 (C27). HRMS (ESI*): m/z calcd. for [CasH7eNsOsCl]*: 860.5556, found:

860.5551 ([M+H]").
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3.5.6. Synthesis of N-(5-((4-(2-((2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)amino)-2-

oxoethyl)benzyl)oxy)-2-nitrobenzyl)-N-(2-hydroxyethyl)palmitamide (hOCT-PEA2)

\ CA TFA \ N/\/O\/\O/\/\/\/Cl
H31C15\"/N - (X/\/\”/N H
0 NO, o NO,
8 hOCT-PEA2

N-(2-(tert-butoxy)ethyl)-N-(5-((4-(2-((2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl) amino)-2-
oxoethyl)benzyl)oxy)-2-nitrobenzyl)palmitamide (8, 26 mg, 0.030 mmol, 1.0 equiv.) was
placed under an argon atmosphere and then TFA (0.50 ml, 6.7 mmol, excess) was added. The
reaction continued for 2 h at RT, then the solvent was removed in vacuo. The crude product was
re-dissolved in DCM, and the solvent was removed in vacuo, 3%, to remove residual TFA. The
crude product was purified via SiO; flash chromatography (MeOH:DCM 1:99 — MeOH:DCM
1:19). N-(5-((4-(2-((2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)amino)-2-oxoethyl)benzyl)oxy)-2-
nitrobenzyl)-N-(2-hydroxyethyl)palmitamide (hOCT-PEA2, 23 mg, 0.029 mmol, 97%) was

isolated as a yellow oil.

TLC (MeOH:DCM 1:19): R = 0.30. 'H NMR (CDCls, 400 MHz, 25 °C): 5 8.24 (d, 0.7 H, H3, J =
9.1 Hz); 8.12 (d, 0.3 H, H3, J = 9.1 Hz); 7.39-7.27 (m, 4 H, H28-31); 7.00 (dd, 0.7 H, H2, J = 9.1,
2.7 Hz); 6.94 (dd, 0.3 H, H2, J= 9.1, 2.7 Hz); 6.79 (d, 0.7 H, H6, J = 2.6 Hz); 6.55 (d, 0.3 H, H8,
J = 2.6 Hz); 6.30 + 6.14 (br, 1 H, NH); 5.19 (s, 0.6 H, H8,); 5.17 (s, 1.3 H, H8ag); 4.98 (s, 1.3 H,
H7ag); 4.92 (s, 0.7, H7s); 3.69 (t, 1.4 H, H11ag, J = 5.4 Hz); 3.63-3-49 (m, 10 H, H9ap + H33-
36); 3.49-3.33 (M, 6 H, H11g + H10ag + H33ap + H37ag + H4248); 3.14 (t, 0.7 H, H10s, J = 6.7
Hz); 2.43 (t, 0.9 H, H13a, J = 7.6 Hz); 2.18 (t, 2 H, OH + H13g, J = 7.5 Hz); 1.81-1.72 (m, 2 H,
H38ag); 1.72-1.65 (M, 0.7 H, H14,); 1.65-1.55 (m, 3.6 H, H14ap + H41a8); 1.51-1.18 (m, 30 H,
H39as + H40ap + H15-26); 0.87 (t, 3 H, H27asc, J = 6.8 Hz). C NMR (CDCls, 101 MHz,

25 °C): 8 176.04 (C12); 174.20, 171.06 / 170.71 (C32); 163.49 / 162.60 (C1); 140.70 (C4);
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137.19/ 136.85 (C5); 135.61 (C44); 135.23; 135.18 / 134.35 (C43); 130.01 (C30 + C31); 128.91
/ 128.13 (C3); 127.73 (C28, C29); 126.99; 115.14 / 114.71 (C2); 112.97 / 112.93 (C6); 71.38
(C42); 70.59 / 70.07 (C8); 70.35/ 70.11 / 69.86 / 69.76 (C34-36); 61.64 / 59.93 (C11); 51.47 /
48.13 (C7); 50.30 (C10); 45.17 (C37); 43.42 / 43.17 (C9); 39.65 / 39.57 (C33); 33.20 (C13);
32.64 (C38); 32.06, 29.84, 29.82, 29.79, 29.76, 29.64, 29.50, 22.84 (C15-26); 29.57 (C41);
26.81 (C39); 25.54 (C40); 25.27 (C14); 14.26 (C27). HRMS (ESI*): m/z calcd. for

[CasH71N3OsCI]*: 804.4930, found: 804.4916 ([M+H]*).
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NaBH(OAc);
oK

OH K,CO, 0™ NaOAc 0 ™ palmitoyl
A( NH chloride
O No, 94% O NO, 45% NO, 91%
9 10

0J< O™\ cul o>< o/\ENoN
\ N3-PEG;-CA \ N o TFA

H31C15\n/N : 3 N ~ MONCA >
o)

Ha,C
49% Mah 'S 84%
NO, o) NO,
1 12

OH O/\[ °N o

0 NO,
hOCT-PEA3
B
828N
226 .27 H 6 N’ 40 41 43
10
o) o\)L o) Cl
13 V\ /\/ /\/ \/\ /\/\/\/
C:j\/ls\/\%‘/ 3 29\\/ o % 3536H % O &5 a4 6
hOCT-PEA3

Figure 3.16. Synthetic scheme of hOCT-PEAS3.
(A) Chemical synthesis of hOCT-PEA3, which was prepared in 5 steps and 16% yield. (B) NMR
atom numbering assignment for hOCT-PEA3.
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3.5.7. Synthesis of 2-(tert-butoxy)-N-(2-nitro-5-(prop-2-yn-1-yloxy)benzyl)ethan-1-amine

(10)
NaBH(OAc); )4
O/\ NaOAc o) O/\
N, \
H HN
O NO, NO,
9 10

2-Nitro-5-(prop-2-yn-1-yloxy)benzaldehyde (9) was prepared as described by Li et. al®.
Aldehyde 9 (0.1001 g, 0.488 mmol, 1.0 equiv.), 2-t-butoxyethylamine (68.9 mg, 0.588 mmol, 1.2
equiv.), and NaOAc (40.3 mg, 0.491 mmol, 1.0 equiv.) were added to a reaction vial and placed
under an argon atmosphere. The reaction mixture was dissolved in anhydrous DCE (2 ml),
stirred for 1 h before adding NaBH(OAc)s (0.2577 g, 1.22 mmol, 2.5 equiv.) in one portion, and
then stirred overnight. The reaction was diluted reaction with DCM (5 ml), quenched with
saturated NaHCO3 (5 ml), and transfered to a separatory funnel. The organic phase was
washed 2x with saturated NaHCO3 and once with brine. The organic phase was dried over
anhydrous MgSO, filtered and the solvent was removed in vacuo. The crude product was
purified by SiO, flash chromatography (EtOAc:Hexane 3:7— EtOAc:Hexane 4:1). 2-(tert-
butoxy)-N-(2-nitro-5-(prop-2-yn-1-yloxy)benzyl)ethan-1-amine (10, 67.8 mg, 0.221 mmol,

45%) was isolated as a an oil.

TLC (EtOAc:Hexane, 1:1): Rs = 0.25. '"H NMR (CDCls, 400 MHz, 25 °C): §8.09 (d, 1 H, H3, J
= 9.1 Hz); 7.31 (d, 1 H, H6, J = 2.8 Hz); 6.93 (dd, 1 H, H2, J = 9.1, 2.9 Hz); 4.79 (d, 2 H, H8ag, J
= 2.4 Hz); 4.14 (s, 2 H, H7ag); 3.49 (t, 2 H, H11a8, J = 5.3 Hz); 2.77 (t, 2 H, H10as, J = 5.3 Hz);
2.56 (t, 1 H, H9, J = 2.4 Hz); 1.91 (br, 1 H, NH); 1.20 (s, 9 H, C(CHzs)s). *C NMR (CDCls, 101
MHz, 25 °C): 5 161.35 (C1); 142.40 (C4); 139.86 (C5); 127.75 (C3); 116.21 (C6); 113.42 (C2);
77.36 (C28); 76.61 (C9); 72.97 (C(CHa)s); 61.03 (C11); 56.25 (C8); 51.04 (C7); 49.57 (C10);

27.69 (C(CHa3)3).
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3.5.8. Synthesis of N-(2-(tert-butoxy)ethyl)-N-(2-nitro-5-(prop-2-yn-1-yloxy)

benzyl)palmitamide (11)

N OO P o
") 2

NO, O NO,
10 1

Palmitic acid (89.3 mg, 0.348 mmol, 3.0 equiv.) was placed under an argon atmosphere,
dissolved in anhydrous DCE (7 ml), and oxalyl chloride (45 ul, 0.524 mmol, 4.4 equiv.) was
added. A drop of anhydrous DMF was added to initiate the reaction. The reaction was stirred for
1 h at RT before the solvent was removed in vacuo. The crude product was re-dissolved in DCM
3x, then 2x in toluene, and the solvent was removed in vacuo, accordingly. The crude palmitoyl
chloride was placed under an argon atmosphere and then dissolved in anhydrous DCE (2 ml).

Separately, 2-(tert-butoxy)-N-(2-nitro-5-(prop-2-yn-1-yloxy)benzyl) ethan-1-amine
(10, 36 mg, 0.12 mmol, 1.0 equiv.) was placed under an argon atmosphere and dissolved in
anhydrous DCE (2.5 ml). The amine was transferred to the acid chloride solution, then NEt3 (33
ul, 0.237 mmol, 2.0 equiv.) was added dropwise. After 90 min, the reaction was diluted in DCM
(3 ml), and the reaction was quenched with saturated NaHCOs3. The organic phase was
extracted, washed 2x with saturated aqueous NaHCO3; and once with brine. SiO» gel was added
to the crude product, and the solvent was removed in vacuo, then the product-containing SiO-
gel was loaded onto a SiO2 column (4.1 g) and purified by flash column chromatography (7.5%
— 15% EtOAc / Hexane). N-(2-(tert-butoxy)ethyl)-N-(2-nitro-5-(prop-2-yn-1-

yloxy)benzyl)palmitamide (11, 57.4 mg, 0.105 mmol, 91%) was isolated as a yellow oil.

TLC (EtOAc:Hexane, 1:4): R; = 0.28. 'H NMR (CDCls, 400 MHz, 25 °C): § 8.25 (d, 0.5 H, H3, J

= 9.1 Hz); 8.14 (d, 0.5 H, H3, J= 9.1 Hz); 6.98 (dd, 0.5 H, H2, J= 9.1, 2.8 Hz); 6.92 (dd, 0.5 H,
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H2, J= 9.1, 2.8 Hz); 6.85 (dd, 1 H, HB, J = 8.2, 2.7 Hz); 5.14 (s, 1 H, H74); 5.03 (s, 1 H, H7z);
4.74 (dd, 2 H, H8ag, J = 11.2, 2.4 Hz); 3.61-3.45 (m, 4 H, H10ag + 11a5); 2.59-2.52 (m, 1.8 H,
HO + H13a); 2.33 (t, 0.2 H, H13,, J = 7.5 Hz); 2.20 (t, 1 H, H13s, J = 7.5 Hz); 1.77-1.53 (m, 2 H,
H14ag); 1.44-1.18 (m, 24 H, H15-26); 1.15 (d, 9 H, C(CHa)s, J = 4.1 Hz); 0.92-0.81 (m, 3 H,
H27agc). *C NMR (CDCls, 101 MHz, 25 °C): § 174.58 / 174.22 (C12); 162.17 / 161.70 (C1);
142.02 / 141.35 (C4); 137.70 / 137.38 (C5); 128.67 / 128.09 (C3); 114.42 / 113.85 (C6); 113.48 /
113.03 (C2); 73.61/ 73.30 (C(CHa)s); 60.80 / 59.85 (C11); 56.41 / 56.23 (C8); 51.52 (C7); 47.60
/ 47.56 (C10); 33.30 / 33.23 (C13); 32.06, 30.03-29.28, 22.83 (C15-26); 27.56 / 27.47
(C(CHa)s); 25.54 / 25.39 (C14); 14.26 (C27). HRMS (ESI*): m/z calcd. for [CazHssN2Os]*:

545.3954, found: 545.3945 ([M+H]").
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3.5.9. Synthesis of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)-N-(2-(2-((6-

chlorohexyl)oxy)ethoxy) ethyl)acetamide (N3:-PEG3-CA)

HOBt, EDC-HCI, DIPEA

O HZN\/\O/\/O\/\/\/\C| o O\)(J)\ o cl
NN
N /\/o\/\o/\/o\)J\OH Ns/\/ \/\O/\/ N/\/ \/\o
8 H
N;-PEG;-CA

HOBt (15.7 mg, 0.116 mmol, 1.5 equiv.) and EDC-HCI (22.6 mg, 0.118 mmol, 1.6 equiv.) were
added to 11-azido-3,6,9-trioxaundecanoic acid (17.7 mg, 0.0759 mmol, 1.0 equiv.), and put
under an argon atmosphere. The reaction was dissolved in anhydrous DMF (2 ml). Separately,
CA (38.3 mg, 0.171 mmol, 2.3 equiv.) was placed under an argon atmosphere and dissolved in
anhydrous DMF (1 ml). The amine was transferred to the acid reaction mixture, DIPEA (27 ul,
0.155 mmol, 2.0 equiv.) was added, and the reaction stirred at RT for 5.5 h. The reaction was
directly loaded onto a C18 reverse phase column and purified by flash chromatography
(MeOH:H20 1:1 — MeOH:H20 4:1), followed by SiO; flash column chromatography
(MeOH:DCM 1:99 — MeOH:DCM 1:19). 2-(2-(2-(2-azidoethoxy)ethoxy) ethoxy)-N-(2-(2-((6-
chlorohexyl)oxy)ethoxy)ethyl)acetamide (N3-PEG3-CA, 21.3 mg, 0.0485 mmol, 64% yield)

was isolated as a yellow oil.

TLC (MeOH:DCM, 1:9): R = 0.54. 'H NMR (CDCls, 400 MHz, 25 °C): § 7.12 (br, 1 H, NH); 4.00
(s, 2 H, H3548); 3.68 (s, 10 H, H30-34); 3.63-3.48 (m, 10 H, H37-41); 3.45 (t, 2 H , H46,, J =
6.65); 3.39 (t, 2 H , H29a8, J = 5.03); 1.77 (q, 2 H, H42a8, J = 7.09); 1.60 (q, 2 H, H4545, J =
7.07); 1.51-1.31 (m, 4 H, H4345 + H4445). *C NMR (CDCls, 101 MHz, 25 °C): § 170.08 (C36);
71.40 (C46); 71.09, 70.87, 70.82, 70.75, 70.59, 70.47 (C35, C30-34); 70.24, 70.19, 69.99 (C38-
40); 50.82 (C29); 45.20 (C41); 38.75 (C37); 32.67 (C42); 29.62 (C45); 26.84 (C43); 25.58

(C44). HRMS (ESI*): m/z calcd. for [C1sH3sNsOsCl] *: 439.2323, found: 439.2317 ([M+H]*).
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3.5.10. Synthesis of N-(2-(tert-butoxy)ethyl)-N-(5-((1-(24-chloro-11-0x0-3,6,9,15,18-

pentaoxa-12-azatetracosyl)-1H-1,2,3-triazol-4-yl)methoxy)-2-nitrobenzyl)palmitamide (12)
e e
N

Q cul o T o o
N3-PEG;-CA m\/@ N\\/O\/\O/\/o\)LN/\/o\/\O/\/\/\/Q
H
o)
12

/

o\
H31C15\"/N\/©
(0]

NO, NO,
11

Cul (3.2 mg, 0.013 mmol, 0.5 equiv.) and sodium ascorbate (5.6 mg, 0.028 mmol, 1.1 equiv.)
were added to 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)-N-(2-(2-((6-chlorohexyl)oxy)ethoxy)
ethyl)acetamide (N3-PEG3-CA, 11 mg, 0.025 mmol, 1.0 equiv.), and the mixture was placed
under an argon atmosphere. Separately, N-(2-(tert-butoxy)ethyl)-N-(2-nitro-5-(prop-2-yn-1-
yloxy)benzyl)palmitamide (11, 15 mg, 0.027 mmol, 1.1 equiv.) was dissolved in anhydrous
DMF (0.5 ml) and transferred to N3-PEG3-CA mixture. The reaction was stirred overnight, and
loaded directly onto a C18 reverse phase column for purification (ACN:H20 0:1 — ACN:H20
1:0). N-(2-(tert-butoxy)ethyl)-N-(5-((1-(24-chloro-11-0x0-3,6,9,15,18-pentaoxa-12-
azatetracosyl)-1H-1,2,3-triazol-4-yl)methoxy)-2-nitrobenzyl)palmitamide (12, 15 mg, 0.012

mmol, 49%) was isolated as a yellow oil.

TLC (MeOH:DCM, 1:19): R¢ = 0.24. "H NMR (CDCls, 400 MHz, 25 °C):  8.24 (d, 0.5 H, H3, J =
9.1 Hz); 8.11 (d, 0.5 H, H3, J = 8.8 Hz); 7.83 (d, 1 H, H9, J = 8.2 Hz); 7.17-6.66 (m, 3 H, H2 +
H6 + NH); 5.24 (s, 1.5 H, H8ag); 5.16 (s, 0.5 H, H8s); 5.13 (s, 1 H, H7A); 5.01 (s, 1 H, H7s); 4.56
(a4, 2 H, H10ag, J = 5.2 Hz); 3.99 (s, 2 H, H35458); 3.89 (4, 2 H, H11ag, J = 5.0 Hz); 3.69-3.36 (m,
24 H, H29-34 + H37-41 + H46ap); 2.57 (t, 1 H, H13, J = 7.8 Hz); 2.19 (t, 1 H, H13g, J = 7.8
Hz); 1.83-1.52 (M, 6 H, H14a5 + H42a5 + H4555); 1.50-1.19 (m, 28 H, H43-44 + H15-26); 1.14
(s, 9 H, C(CHs)s); 0.87 (t, 3 H, H27ag.c, J = 6.9 Hz). 13C NMR (CDCls, 101 MHz, 25 °C):
§174.70 / 174.29 (C12); 170.03 (C36); 163.11 / 162.52 (C1); 142.69 / 142.37 (C28); 141.69 /
141.04 (C5); 139.25; 137.57 / 137.40 (C4); 136.66; 129.41; 128.90 / 128.13 (C3); 124.60 /
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124.53 (C9); 115.32 / 114.18 (C6); 113.24; 113.11 / 112.71 (C2); 73.54; 73.36; 73.27 (C(CHs)a);
71.36 (C46); 70.94; 70.84; 70.74 (C35); 70.64; 70.56; 70.41; 70.13; 69.92; 69.49; 69.46 / 69.30
(C11); 62.49; 62.31/ 52.15 (C8), 60.72; 60.34; 59.88; 51.49 / 47.56 (C7); 50.54 / 50.50 (C10);
49.00; 47.94; 47.50; 45.16 (C41); 38.76 (C37), 33.27 / 33.18 (C13); 32.63 (C42); 32.05; 29.83;
29.78; 29.67; 29.62; 29.48; 29.40; 29.36; 22.81; 29.58 (C45); 27.55 / 27.50 / 27.46 (C(CHa)s);
26.80 + 25.62 (C43); 25.53 (C44); 25.44 + 25.41 (C14); 14.25 (C27). HRMS (ESI*): m/z calcd.

for [CsoHgsCINeO11] *: 983.6200, found: 983.6193 ([M+H]").
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3.5.11. Synthesis of N-(5-((1-(24-chloro-11-0x0-3,6,9,15,18-pentaoxa-12-
azatetracosyl)-1H-1,2,3-triazol-4-yl)methoxy)-2-nitrobenzyl)-N-(2-hydroxyethyl)

palmitamide (hOCT-PEA3)

Ve N N
0 0 ) OH O s
\ /\[NIN o A H /\[N,N \)Ci
o) - O~ ~O A0~~~ Cl
Ha1Crsn N ~ V\ONCA (:/\Z/\/\(N — 0 : 0
o] NO, o NO,

12 hOCT-PEA3

N-(2-(tert-butoxy)ethyl)-N-(5-((1-(24-chloro-11-0x0-3,6,9,15,18-pentaoxa-12-azatetracosyl)-
1H-1,2,3-triazol-4-yl)methoxy)-2-nitrobenzyl)palmitamide (12, 28 mg, 0.029 mmol, 1.0
equiv.) was put under an argon atmosphere and neat TFA (0.5 ml, 6.7 mmol, excess) was
added. The reaction was stirred for 40 min at RT, before it was diluted with DCM (1.5 ml). The
solvent was removed in vacuo, re-dissolve 2x in DCM and solvent was removed in vacuo
accordingly to remove residual TFA. The crude product was purified via SiO- flash
chromatography (MeOH:DCM 1:99 — MeOH:DCM 1:19). N-(5-((1-(24-chloro-11-oxo-
3,6,9,15,18-pentaoxa-12-azatetracosyl)-1H-1,2,3-triazol-4-yl)methoxy)-2-nitrobenzyl)-N-(2-
hydroxyethyl)palmitamide (hOCT-hPEA3, 22 mg, 0.024 mmol, 84%) was isolated as a yellow

oil.

TLC (MeOH:DCM, 1:19): R¢ = 0.16. 'H NMR (MeOD., 400 MHz, 25 °C): § 8.28 (d, 0.3 H, H3, J
= 9.1 Hz); 8.18 (d, 0.6 H, H3, J = 1.8 Hz); 8.16 (d, 1 H, H9, J = 1.9 Hz); 7.22 (dd, 0.3 H, H2, J =
4.0 Hz); 7.10 (dd, 0.6 H, H2, J = 4.0 Hz); 7.05 (d, 0.1 H, J = 2.7 Hz); 6.99 (d, 0.5 H, H6, J = 2.7
Hz); 6.94 (d, 0.1 H, H6, J = 2.6 Hz); 6.90 (d, 0.3 H, J = 2.7 Hz); 5.33 (s, 0.5 H, H8x); 5.31 (s, 1
H, H8g); 5.28 (s, 0.2 H, H8,); 5.25 (s, 0.3 H, H84); 5.15 (s, 0.7 H, H74); 5.00 (s, 1.3 H, H7ap);
4.63 (g, 2 H, H10ag, J = 4.88 Hz); 3.98 (s, 2 H, H3548); 3.93 (q, 2 H, H11ag, J = 4.57 Hz); 3.74
(g, 2 H, J = 4.70 Hz); 3.70-3.38 (m, 24 H, H29-34 + H37-41 + H46,8); 2.67 (t, 1.2 H, H13ag, J =

7.6 Hz); 2.29 (t, 0.8 H, H13s, J = 7.4 Hz); 1.82-1.64 (m, 3 H, H42a5 + H14,); 1.64-1.53 (m, 3 H,
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H14g + H4548); 1.53-1.20 (m, 28 H, H43-44 + H15-26); 0.92 (t, 3 H, H27ag.c, J = 6.8 Hz). 13C
NMR (MeODs, 101 MHz, 25 °C): § 177.00 / 176.92 (C12); 172.74 (C36); 164.28 / 163.89 (C1);
143.86 (C28); 142.83 (C5); 142.41; 138.02 / 137.96 (C4); 129.77 / 129.05 (C3); 126.51 (C9);
115.11; 115.00 / 114.83 (C6); 114.54 (C2); 72.18 (C46); 71.99; 71.69; 71.59; 71.52; 71.43;
71.40; 71.29 (C35); 71.27; 71.18; 70.48; 70.29; 70.23 (C11); 63.12 / 63.01 (C8); 60.94; 60.70;
52.41 (C7); 51.96 / 51.51 (C10); 50.64; 49.00; 45.73 (C41); 39.81 (C37); 34.04 / 33.99 (C13);
33.75 (C42); 33.08; 30.81; 30.78; 30.71; 30.63; 30.49; 30.45; 30.29; 23.74; 30.58 (C45); 27.75
(C43, C14); 26.51 (C14); 14.46 (C27). HRMS (ESI*): m/z calcd. for [CasHeoNsO1Cl]*: 927.5574,

found: 927.5565 ([M+H]*).

159



o}
H

L-/O\/\O/\ 0\21\ N/\/va\.o/‘vwcl

N

T MML

0.0 ppm

3.5 3.0 25 20 1.5 1.0 0.5

4.0

4.5

7.5 7.0 65 60 55 5.0

8.0

K i
£e'zrL-
69'COL
8Z'v9L

vLTLL
Nm.mt\
00°2L)

130

.M_L__JMLM

160



aw 0

Q/\:N\P \/Q L\./0“'/‘\O/‘\/O\)LN O‘/\OWCI
H
hOCT-PEA3 © ULLJ
A x dod A I | - WF‘] ppm
cosy Ho
- e »
S35 -
o° - = Z@?
2
o -
(=] oF
L3
2 N L4
-5
&
6
e ar” -7
- - _8
I T T T T T T T T T T T T T T T T T T 9
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 ppm
OH O
oA g
H
hOCT-PEA3 © NO,
" " dudd_a L_Aml P M,-J ppm
HSQC -0
R - -
L 20
=g
— I - 40
—E! .' L L 4 ¢
] - - 60
— e
— | &a"
- 80
- 100
— - abg.
- 120
= -5
5 - 140
85 80 75 70 65 60 55 50 45 40 35 30 26 20 15 10 05 00 ppm

161



o

hOCT-PEA3 ©

N

2

HoooTt

N o

H

m N Jll J I

il

bk

|

Ll

HMBC

100

120

140

160

180

85 80 75

7.0

6.5

6.0

5.5

5.0

45

162

4.0

3.5

1 1
30 25 20 15 10 05 00 ppm



NaBH(OAc);
OH K,CO4 % NaOAc \ % ps:m|goy|
el p N Q (L
0 NO, 94% N02 45% 91%
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0J< O\ cul K /\[N

\ N;-PEGg-CA \ o TFA
HatCrs N\/© HatCrs \/ V\oMcA .
b 67% \rr 56%
0 NO, 0 NO,
1 13

OH O S
4 “E N 0
oL U< L CORVUSV UV IR ISP

Y

H
o) NO,
hOCT-PEA4
B
2 224 21 10 6 33 3% 37 45 48 51 52 54 56
21 19 3 29\\/031/\0/\/0\/\0/\/0\/\0/\/0\/\0/\)4]7\N/\/O\/\O/\/\/\/Cl
30 34 35 38 39 42 43 46 49 50 55 57
20 18 H
hOCT-PEA4

Figure 3.17. Synthetic scheme of hOCT-PEA4.
(A) Chemical synthesis of hOCT-PEA4, which prepared in 5 steps and 14% yield. (B) NMR
atom numbering assignment for hOCT-PEAA4.
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3.5.12. Synthesis of 1-azido-N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-

3,6,9,12,15,18,21,24-octaoxaheptacosan-27-amide (N3:-PEG;s-CA)

HOBt, EDC-HCI, DIPEA

o HoN 0
2 \/\o/\/ \/\/\/\C|
N /\/O\/\O/\/O\/\O/\/OV\O/\/OV\O/\)k0H
3
(0]
N3/\/O\/\O/\/O\/\O/\/O\/\O/\/O\/\O/\)J\N/\/O\/\O/\/\/\/Cl
H

N;-PEGg-CA
HOBt (21 mg, 0.16 mmol, 1.6 equiv.) and EDC-HCI (33 mg, 0.17 mmol, 1.7 equiv.) were added
to azido-PEG8-acid (47 mg, 0.10 mmol, 1.0 equiv.), and put under an argon atmosphere, then
dissolved in anhydrous DMF (3 ml). Separately, CA (44 mg, 0.20 mmol, 1.9 equiv.) was placed
under an argon atmosphere and dissolved in anhydrous DMF (1.5 ml). The amine was
transferred to the acid reaction mixture, then DIPEA (37 pl, 0.21 mmol, 2.1 equiv.) was added.
The reaction stirred at RT for 5 h. The solvent was removed in vacuo, and the crude product
was purified by flash chromatography (MeOH:DCM 1:19). 1-azido-N-(2-(2-((6-chlorohexyl)
oxy)ethoxy)ethyl)-3,6,9,12,15,18,21,24-octaoxaheptacosan-27-amide (N3:-PEGs-CA, 57 mg,

0.084 mmol, 84% yield) was isolated as a yellow oil.

TLC (MeOH:DCM, 1:9): R¢ = 0.45. 'H NMR (CDCls, 400 MHz, 25 °C): § 6.58 (br, 1 H, NH); 3.72
(t, 2 H, H458, J = 5.98 Hz); 3.69-3.57 (m, 32 H); 3.57-3.50 (M, 6 H, H5245); 3.48-3.41 (m, 4 H,
H48ap + H57ap); 3.38 (t, 2 H, H29a8, J = 5.09 Hz); 2.45 (t, 2 H, H46,8, J = 5.98 Hz); 1.77 (q, 2
H, H53a8, J = 7.05 Hz); 1.59 (q, 2 H, H56a5, J = 7.06 Hz); 1.51-1.31 (m, 4 H, H54a5 + H5545).
13C NMR (CDCls, 101 MHz, 25 °C): § 171.53 (C47); 71.38 (C57); 70.82; 70.79; 70.76; 70.69;
70.52; 70.43; 70.40; 70.15; 69.95; 67.38 (C45); 50.80 (C29); 45.15 (C52); 39.24 (C48); 37.13
(C46); 32.64 (C53); 29.58 (C56); 26.80 (C54); 25.54 (C55). HRMS (ESI*): m/z calcd. for

[CasHssN4O11CI]*: 673.3791, found: 673.3780 ([M+H]").
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3.5.13. Synthesis of 1-(4-((3-((N-(2-(tert-butoxy)ethyl)palmitamido)methyl)-4-
nitrophenoxy) methyl)-1H-1,2,3-triazol-1-yl)-N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-
3,6,9,12,15,18,21,24-octaoxaheptacosan-27-amide (13)

e

Q N cul 0 o

N
O N
LN
\ N3-PEG5-CA H N o o o O~ A 0o al
H31C15YN i i N L PP o oY NSO g S
H
) )
13

NO, NO,
1

Cul (3.1 mg, 0.012 mmol, 0.70 equiv.) and sodium ascorbate (5.2 mg, 0.026 mmol, 1.4 equiv.)
were added to N3-PEGs-CA (12 mg, 0.018 mmol, 1.0 equiv.), and placed under an argon
atmosphere. Separately, N-(2-(tert-butoxy)ethyl)-N-(2-nitro-5-(prop-2-yn-1-yloxy)benzyl)
palmitamide (11, 14 mg, 0.026 mmol, 1.4 equiv.) was dissolved in anhydrous DMF (0.5 ml),
and transferred to N3-PEG3s-CA mixture. The reaction was stirred overnight at RT was purified
via reverse phase flash chromatography (MeCN:H20 0:1 — MeCN:H20 1:0). 1-(4-((3-((N-(2-
(tert-butoxy)ethyl)palmitamido)methyl)-4-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-N-(2-
(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-3,6,9,12,15,18,21,24-octaoxaheptacosan-27-amide

(13, 15 mg, 0.012 mmol, 67%) was isolated as a yellow oil.

TLC (MeOH:DCM, 1:19): R¢ = 0.25. "H NMR (CDCls, 400 MHz, 25 °C): § 8.24 (d, 0.5 H, H3, J =
9.1 Hz); 8.11 (d, 0.5 H, H3, J = 9.1 Hz); 7.86 (d, 1 H, H9, J = 9.5 Hz); 7.06 (dd, 0.5 H, H2, J =
9.1, 2.7 Hz); 6.95 (dd, 0.5 H, H2, J = 9.1, 2.8 Hz); 6.88 (d, 0.5 H, H6, J = 2.7 Hz); 6.82 (d, 0.5 H,
H6, J = 2.6 Hz); 6.57 (br, 1 H, NH); 5.23 (s, 1.7 H, H8as); 5.16 (d, 0.3 H, H8s); 5.12 (s, 1 H,
H7a); 5.00 (s, 1 H, H7s); 4.55 (g, 2 H, H10ag, J = 5.0 Hz); 3.87 (q, 2 H, H11ap, J = 4.7 Hz); 3.72
(t, 2 H, H4545, J = 6.0 Hz); 3.68-3.57 (m, 30 H, H30-44); 3.57-3.40 (m, 14 H, H29 + H48-52
+H57a8); 2.57 (t, 1 H, H13a, J = 7.6 Hz); 2.45 (t, 2 H, H46a5, J = 6.0 Hz); 2.18 (t, 1 H, H13g, J =
7.6 Hz); 1.76 (g, 2 H, H53a8, J = 7.0 Hz); 1.72-1.65 (m, 1 H, H144); 1.59 (g, 3 H, H14g + H5648,

J =7.0 Hz); 1.50-1.17 (28 H, H54-55 + H15-26); 1.14 (s, 9 H, C(CHs)s); 0.86 (t, 3 H, H27ag.c, J
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= 6.6 Hz). 13C NMR (CDCls, 101 MHz, 25 °C): 5 174.62 / 174.21 (C12); 171.44 (CA7); 163.14 /
162.56 (C1); 142.64 / 142.31 (C28); 141.64 / 140.98 (C5); 137.56 / 137.40 (C4); 128.87 / 128.12
(C3); 124.68 / 124.65 (C9); 114.17 / 114.14 (C6); 113.23 / 112.71 (C2); 73.50 / 73.24 (C(CHs)s);
71.36 (C57); 70.65; 70.57- 69.94 (C30-44); 69.45 / 69.43 (C11); 69.29; 67.38 (C45); 62.48 /
62.29 (C8); 60.72; 59.87; 51.47 (C7); 50.54 / 50.50 (C10); 48.94; 47.52 (C7); 47.48; 45.14
(C52); 39.22 (C48); 37.13 (C46); 33.24 / 33.16 (C13); 32.63 (C53); 32.02, 29.80-29.46, 22.79
(C15-26, C56); 27.53 / 27.45 (C(CHa)s); 26.79 (C54); 25.53 (C55); 25.41 / 25.38 (C14); 14.23

(C27). HRMS (ESI*): m/z calcd. for [CeiH110NsO1s CIJ*: 1217.7667, found: 1217.7649 ([M+H]").
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3.5.14. Synthesis of N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-1-(4-((3-((N-(2-
hydroxyethyl) palmitamido)methyl)-4-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-

3,6,9,12,15,18,21,24-octaoxaheptacosan-27-amide (hOCT-PEA4)

e N N,
O N OH [e] N
o /\[N’N o \ I N/N /\)(1
TFA O~~~ O~ OO, 0. A~~~ Cl
H31C15WN WO(\/\OMCA - mN ~ o S o ) ﬂ/\/ ~"0
o NO, o NO,
13 hOCT-PEA4

1-(4-((3-((N-(2-(tert-butoxy)ethyl)palmitamido)methyl)-4-nitrophenoxy)methyl)-1H-1,2,3-
triazol-1-yl)-N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-3,6,9,12,15,18,21,24-
octaoxaheptacosan-27-amide (13, 26 mg, 0.021 mmol, 1.0 equiv.) was placed under an argon
atmosphere, and neat TFA (0.5 ml, 6.7 mmol, excess) was added. The reaction was stirred for
45 min at RT, before it was diluted with DCM and the solvent was removed in vacuo. The crude
product was re-dissolve 2x in DCM and concentrated in vacuo to remove residual TFA. The
crude product was purified via SiO; flash chromatography (MeOH:DCM 1:99 — MeOH:DCM
1:20). N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-1-(4-((3-((N-(2-hydroxyethyl)palmitamido)
methyl)-4-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12,15,18,21,24-
octaoxaheptacosan-27-amide (hOCT-PEA4, 13.9 mg, 0.0120 mmol, 56%) was isolated as a

yellow oil.

TLC (MeOH:DCM, 1:10): R¢ = 0.39. 'H NMR (MeOD, 400 MHz, 25 °C): § 8.29 (d, 0.3 H, H3, J =
9.1 Hz); 8.21 (s, 0.3 H, H3); 8.19 (s, 1 H, H9); 8.17 (s, 0.4 H, H3); 7.23 (dd, 0.3 H, H2, J = 9.1,
2.7 Hz); 7.11 (dd, 0.6 H, H2, J = 9.1, 2.7 Hz); 6.99 (d, 0.6 H, H6, J = 2.7 Hz); 6.90 (d, 0.3 H, H6,
J=2.7 Hz); 5.33 (d, 2 H, H8ag, J = 5.3 Hz); 5.15 (s, 0.6 H, H7A); 5.01 (s, 1.2 H, H7s); 4.62 (q, 2
H, H10as, J = 4.6 Hz); 3.95-3.88 (M, 2 H, H11ag); 3.77-3.70 (M, 4 H, H4545); 3.68-3.53 (m, 38
H, H29-44 + H49-52); 3.50 (t, 2 H, H57as, J = 6.6); 3.38 (t, 2 H, H48a8, J = 5.6); 2.68 (t, 1.2 H,
H13ap, J = 7.57 Hz); 2.47 (t, 2 H, H4648, J = 6.2 Hz); 2.29 (t, 0.8 H, H13s, J = 7.4); 1.79 (q, 2 H,
H53a8, J = 7.0 Hz); 1.74-1.67 (m, 1 H, H14,); 1.62 (q, 3 H, H14s + H568, J = 7.0 Hz); 1.55-
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1.21 (m, 28 H, H54-55 + H15-26); 0.92 (t, 3 H, H27ap.c, J = 6.8 Hz). *C NMR (MeOD., 101
MHz, 25 °C): § 176.99 / 176.90 (C12); 173.98 (C47); 164.31 / 163.93 (C1); 143.80 / 143.59
(C28); 142.81 / 142.40 (C5); 138.00 / 137.94 (C4); 129.78 / 129.05 (C3); 126.65 (C9); 115.01
(CB); 114.84 (C2); 114.60, 114.55 (C2, CB); 72.22 (C57); 71.56; 71.51; 71.47; 71.42; 71.36;
71.30; 71.21; 70.57; 70.30 (C11); 68.28 (C45); 63.12 / 63.01 (C8); 60.94; 60.69; 52.39 (C7);
51.94; 51.53 (C10); 50.63; 45.72 (C52); 40.40 (C48); 37.62 (C46); 34.04 / 33.98 (C13); 33.75
(C53); 33.08, 30.81-30.29, 23.74 (C15-26); 30.57 (C56); 27.74 (C54); 26.50 (C55, C14); 26.24
(C14); 14.46 (C27). HRMS (ESI*): m/z calcd. for [Cs7H102NsO1s CIJ*; 1161.7041, found:

1161.7032 ((M+H]*).
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Chapter 4. Expanding the OCT-ligand platform to

other ligands: hOCT-Anandamide

Janelle M. Tobias' and James A. Frank’

' Department of Chemical Physiology & Biochemistry, Oregon Health & Science University,

Portland, OR, USA.
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hOCT-anandamide, performed experiments in cultured cells, and performed insulin ELISA on

human islets. J.A.F. performed islet live imaging, and J.M.T. processed and analysed the data.
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4.1. Introduction

The endocannabinoid system (ECS) regulates metabolism and plays an unresolved role
within the pancreas*'. In 1992, anandamide (AEA) was discovered as the first endogenous
cannabinoid (CB) ligand (CB1)’. AEA is generated by NAPE-PLD and degraded by fatty acid
amide hydrolase (FAAH)™. AEA is composed of an ethanolamine head group attached to an
arachidonate (20:4n6) lipid chain and activates CB1, CB2 and transient receptor potential
vanilloid-1 (TRPV1)3'2. CB1 is expressed in the central nervous system and throughout the
periphery, including pancreatic islets’%. CB1 is an inhibitory GPCR that is expressed in B-
cells®®, and inhibits GSIS®!, presumably through inhibition of adenylyl cyclase activity®?. INS-1E
cells, a model B-cell line, have been reported to express TRPV1, another target of AEA,
measured by PCR, and CB1, measured by PCR, Western Blot, and immunofluorescent
staining®*. However, due to conflicting physiological and immunohistochemical studies, the
precise localization and function of CB1 in B-cells remain unclear®. Although intracellular CB1
signaling has been characterized in other cell types’™7%%, nothing is known about intracellular
CB1 in the pancreas.

There are a few optical tools that have been developed to study CB1. Optical tools are
advantageous because they offer a high degree of temporal control, since light can be applied
with unmatched speed. Azo-THC is a photoswitchable compound with a THC pharmacore that
favors CB1 activation over CB24. Caged-anandamide was first used to evaluate the dynamics
of endocannabinoid retrograde signaling in rat hippocampus*’. Caged-2-arachidonoylglycerol
activated CB1 in MING cells, a mouse-derived model B-cell line*®. Together, these tools allow for
optical control over cannabinoid signaling pathways with high temporal precision. However,
these tools are freely diffusible, and do not allow for endogenous control of CB1 signaling with
subcellular precision. A novel approach is needed to elucidate the subcellular role of CB1 on

GSIS.
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Building on the work presented in Chapters 2 and 3, | wanted to build an Optically-
Cleavable Targeted (OCT)-ligand capable of targeting CB1. This work presents hOCT-
Anandamide, which can target CB1, CB2 and TRPV1 (Figure 4.1). AEA is an ideal photocaged
agonist, as it has already been shown to tolerate photocage modification*’, and it favors CB1
over other CBRs'2. By linking photocaged AEA to a chloroalkane motif, it can be tethered to
genetically encoded HaloTags®®. These protein tags are fused to trafficking peptides for targeted
expression on specific membranes, allowing us to enrich and release hOCT-AEA at genetically
defined compartments. By combining hOCT-AEA with AAV-Halo (Chapter 3), a virus which
expresses HaloTags on exclusively B-cells in human islets, we were able to achieve cell-
targeted photorelease of AEA in intact human islets, and evaluate Ca?* dynamics in real time.
Moving forward, hOCT-AEA can be used to probe endocannabinoid signaling with improved

spatiotemporal control.

hOCT-AEA

Adenylyl

Unmodified Cyclase

hOCT-AEA
@ Chloroalkane IPEGB linker eNitrobenzyl cage .::3 AEA

Figure 4.1. hOCT-Anandamide (AEA) labels HaloTags and activates CB1.

(A) Schematic depiction of hOCT-AEA, which activates CB1 through Gei. (B) Chemical
structure of hOCT-AEA which contains: a chloroalkane tag, PEGs linker, nitrobenzyl cage, and
AEA ligand.
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4.2. Results

4.2.1. Design and synthesis of hOCT-AEA

The design of hOCT-AEA mimics the design of hOCT-PEA4, which was described in Chapter
3. The improved labeling efficiency and solubility due to the PEG8S linker were desirable features
that were incorporated into the hOCT-AEA synthetic scheme (Figure 4.2). hOCT-AEA has a
chloroalkane biorthogonal handle connected via a PEGS linker to a nitrobenzyl photocage and
AEA ligand. First, 5-hydroxy-2-nitrobenzaldehyde was reacted with a 3-bromoprop-1-yne linker
under basic conditions to form phenolic ether 9. Reductive amination with 2-(t-butyloxy)-
ethanamine formed amine 10, which was followed by acylation with arachidonyl! chloride (AEA-
Cl) to yield the tertiary amide 11. Amide coupling of the PEGs acid with the CA led to N3-PEGgs-
CA, which was clicked onto alkyne 11 to afford triazole 13. Finally, deprotection of the tBu-ether

afforded hOCT-AEA in 12% yield over 5 steps.

NaBH(OAC)s J<
OH o 0" NaOAc 0 0 Arachidonyl
>3 N NH \ Chloride
H BI"\ H O_/_ 2 HN NEt;
0, 0, 0,
0 NO, 94% 0 NO, 45% NO, 93%
1 2

Ve N
Ci< O\ cul o 0/\[ N o
N
(j N;-PEG5-CA N LOf~oAea TFA
H31C1o N —————— H3Cig N ok AL —
o 19\([)( 53% sty 59%
o)

NO,
3 4

N
OH 0 s
e 0
N \\/O\/\O/\/O\/\O/\/O\/\O/\/O\/\O/\)]\N /\/O\/\O A~~~ Cl
H

NO,
hOCT-AEA

Figure 4.2. Chemical synthesis of hOCT-AEA, which was prepared in 5 steps with 12% yield.
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UV-Vis spectroscopy was used to assess the photophysical properties of uncaging
hOCT-AEA (Figure 4.3 A). Before UV-A exposure, hOCT-AEA had an absorbance peak at Amax
= 306 nm (Figure 4.3 B, black). Irradiation with a 365 nm LED over 5 min caused a
bathochromic shift to Amax = 359 nm, which is consistent with the formation of the nitroso-

aldehyde that extends the electron n-network. The uncaging reaction proceeded witha t =22 s
(Figure 4.3 C).

A hOCT-AEA

OH N,
H o/\EN;N O
H
NO,

365 nm

OH N,
T & SO
0. NH H L—-../O“-v‘/\'()p“‘-/ o~ \N/‘N.O/\)"\n/\/o,‘/mowm
+

uncaged nitroso-aldehyde

B
0.16 - 1.1, 17225
m é
&)
5 012 g
o 0.12;
< 5
S 0.08. <
@ ki
2 N
o ©
2 0,04 &
< S .
<
0 ——————r——————— 0.44— T ; ; . ]
280 320 360 400 440 0 1 2 3 4 5
Wavelength (nm) Time (min)

Figure 4.3. Photophysical properties of uncagingg hOCT-AEA with 365 nm.

(A) Chemical structures showing the uncaging reaction for hOCT-AEA. Uncaging hOCT-AEA
releases AEA and the nitroso-aldehyde. (B) UV-Vis absorbance spectra of hOCT-AEA (40 uM,
DMSOQO) before LED exposure (black) and after 45 s of 365 nm LED exposure (magenta). (C)
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Kinetics of uncaging reaction, measured by monitoring the change in absorbance at Amax (306

nm) of the caged species over time with constant 365 nm LED exposure.

4.2.2. INS-1 cells express FAAH

Fatty acid amide hydrolase (FAAH) is an ECS enzyme that degrades AEA. | wanted to confirm
whether model 3-cells expressed FAAH to ensure the proper machinery was present to
metabolize AEA. | evaluated two model B-cell lines, INS-1% and MIN6% cells using western blot
analysis and immunofluorescent staining. For western blot analysis, cell lysates were separated
on an SDS-PAGE gel, transferred to a membrane, and stained with Ponceau to visualize total
protein content (Figure 4.4 A, left). The membrane was probed for FAAH, and a band of the
correct molecular weight (~63 kDa) was present in INS-1 lysate but not MING lysate (Figure 4.4
A, right). Similar results were found with immunofluorescent staining, where INS-1 cells showed
robust fluorescent signal, meanwhile MING cells under the identical microscope settings showed
minimal fluorescence (Figure 4.4 B). Staining controls for INS-1 cells, where the primary
antibody was co-incubated with a blocking peptide and where the primary antibody was omitted,
showed no fluorescent signal (Figure 4.4 C). Together, this data show that INS-1 cells express
FAAH, while FAAH cannot be detected with this antibody in MING cells. Consequently, INS-1

cells were used as the model system to evaluate hOCT-AEA.
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A Ponceau stain FAAH B INS-1 MING6

X N X N
R o R O
FES FIES

150 .
100

(+) FAAH 1°

50 -
c (+) FAAH 1° (+) BP (-) FAAH 1°

37 - ..

Figure 4.4. FAAH characterization in model p-cells lines INS-1 and MING.
(A) Western blot analysis of INS-1 and MIN6 cells. The ponceau stain (left) shows total protein

20 —
15 4

INS-1

content, while the chemiluminescent signal (right) shows a robust band at the molecular weight
for FAAH ( ~63 kDa) in INS-1 cells, but not MING6 cells. 15 ug of cell lysate was loaded in each
well. Chemiluminescent exposure was 30 s. (B) Immunofluorescent staining showing the
merged image of the 2° donkey anti-rabbit Alexa488 (green) and DAPI (1:200k) to mark nuclei.
FAAH was detected in INS-1 cells (left), but not MING cells (right). (C) Immunofluorescent
staining controls in INS-1 cells included co-incubation of FAAH 1° with the blocking peptide (BP,
left) or staining with the 2° antibody without primary FAAH antibody (right). Scale bar 20 um.

4.2.3. Labeling of cell surface HaloTags in INS-1 cells

To verify that hOCT-AEA could label Halo-tags expressed on the surface of INS-1 cells, | used
the pDisplayHalo-EGFP, which was described in Chapter 3. This plasmid co-express a cytosolic
EGFP and a surface expressing HaloTag, which allows for data normalization against the EGFP
channel. INS-1 cells were transfected with pDisplayHalo-EGFP, labelled with increasing doses

of hOCT-AEA for 1 h, washed, and then labelled with jFHalo549i dye (Figure 4.5 A). hOCT-
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AEA completely labelled the HaloTags at a concentration of 2 uM (Figure 4.5 B). Interestingly,
this was the same optimal labeling conditions for hROCT-PEA4, which has the same linker as
hOCT-AEA. This data suggests that while the linker influences the labeling kinetics, the acyl

chain of the ligand has minimal impact on labeling efficiency.

A B
Hoechst/ EGFP  Hoechst/ Halo Merge all 25-
2.0
o
Q
L
G 15 il
+
1.0
m
< 0.5
5
Q 0 L 1] 1 D
+
0\!\5(200 AAIEPRCUPR

Figure 4.5. hOCT-AEA labels surface expressing HaloTags in INS-1 cells.

(A) Representative images of INS-1 cells expressing pDisplayHalo-EGFP, preincubated with
vehicle (DMSO, 0.1% v/v, top) or hOCT-AEA (2 uM, bottom) for 1 h, washed, and then co-
labelled with jfHalo549i dye (600 nM, 15 min) and Hoechst-33342 (10 uM, 15 min). In the
vehicle treated well, the Halo fluorescence overlaps with the EGFP channel as expected. In
contrast, in the hOCT-AEA treated wells, jfHalo549i fluorescence is abolished, indicated that
hOCT-AEA occupies most of the HaloTags. Scale bar 15 um. (B) Quantification of competition
labeling. Bar graph shows the ratio of the jFHalo549i fluorescence intensity normalized against
the EGFP fluorescence.

4.2.4. Plasma membrane uncaging of hOCT-AEA affects Ca?* but not cAMP in INS-1 cells
Since AEA targets CB1, which is Gaui, coupled, | expected that uncaging hOCT-AEA would
cause a decrease in cAMP. Thus, | performed preliminary experiments using ePACs"'8, a cAMP

FRET sensor®. This biosensor uses CFP and YFP fluorescent proteins, which have overlapping
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emission spectra with the pDisplayHalo-EGFP plasmid. Consequently, | used pDisplayHalo

which lacks the EGFP transfection marker. | transfected INS-1 cells with a 3:1 cDNA ratio of

pDisplayHalo:ePAC s to promote the chances that the ePAC s positive cells would also

express pDisplayHalo. Uncaging hOCT-AEA in INS-1 cells in 20 mM glucose buffer had no

effect on cAMP (Figure 4.6 A, B). Notably, cAMP oscillations were not observed at baseline. |

also tried stimulating the INS-1 cells with forskolin first, followed by uncaging hOCT-AEA.

However, uncaging hOCT-AEA after forskolin addition did not have a noticeable effect on cAMP

(Figure 4.6 C, D). Further experiments are needed, including vehicle control and rimonabant

treatment (CB1 inverse agonist), to draw conclusions on hOCT-AEA impact on cAMP in INS-1

cells.
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Figure 4.6. Surface targeted uncaging of hOCT-AEA does not affect cAMP in INS-1 cells.
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(A) Average trace and (B) heat map showing live fluorescent cAMP imaging using ePAC S8
INS-1 cells were preincubated with hOCT-AEA (2 uM, 1 h, N =27, T = 1) and uncaged with 375
nm stimulation (1 min), which did not affect the [CAMP]; in INS-1 cells. A mixture of forskolin (fsk,
25 uM) / IBMX (50 uM) was added as a positive control. (C) Average trace and (D) heat map
showing live fluorescent cAMP imaging using ePAC S8 INS-1 cells were preincubated with
hOCT-AEA (2 uM, 1 h, N = 94, T = 3), stimulated with fsk (1 uM), flashed with UV, then a
mixture of fsk (25 uM) / IBMX (60 uM) was added as a positive control. Uncaging hOCT-AEA

did not seem to have a strong effect on [CAMP],, but more data is needed to be conclusive.

Next, | wanted to evaluate how uncaging hOCT-AEA affected [Ca?'].. | performed live
confocal imaging on INS-1 cells co-transfected with cDNA encoding pDisplayHalo-EGFP and
RGECO. The EGFP serves as a transfection marker that allows for cell picking of regions of
interest (ROIs) that are both RGECO and EGFP positive. INS-1 cells were preincubated with
hOCT-AEA, washed, and then left to equilibrate in the microscope environment box before
imaging (~15 min). Unexpectedly, uncaging hOCT-AEA increased Ca?* oscillations relative to
vehicle (Figure 4.7 A). While this increase in Ca?* oscillations was modest, it was significant (p

value = 0.021, Figure 4.7 B).

A 375 nm KCl B - i O
’ £ 1.8 —,
T{l-1.6 8
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~ “Mllos X §o4
L) et f ': o §
B ez 592
B it o g
‘ ALr DMSO hOCT-AEA
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Figure 4.7. Surface targeted uncaging of hOCT-AEA stimulates Ca?* in INS-1 cells.
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(A) Heat map showing RGECO Ca?* traces from INS-1 cells that were preincubated with hOCT-
AEA (2 uM, 1 h, N = 75, T = 4). Each row represents the normalized Ca** trace of an individual
cell. Data is normalized to the KCI response. (B) Bar graph showing the fold change in
oscillation frequency in response to vehicle (N = 114, T = 4) or hOCT-AEA uncaging (N=75, T
= 4). hOCT-AEA significantly increased Ca?* oscillation frequency compared to vehicle, p =
0.021.

4.2.5. AEA stimulates Ca?* and insulin in human islets, preliminary data

Finally, we evaluated how AEA affected intact human islets. Using the AAV-Halo virus described
in Chapter 3.2.5, we targeted HaloTags to the B-cell surface of human islets and observed Ca?*
events using a pB-cell specific JRGECO1a (AdV-RIP-jJRGECO1a). We preincubated islets with
either vehicle (0.1% v/iv DMSO) or hOCT-AEA, and measured JREGECO1a fluorescence at 11
mM glucose conditions (Figure 4.8 A). Similar to the INS-1 data, human islets treated with
hOCT-AEA had an increased trend in Ca?* oscillations relative to vehicle after UV stimulation,
although it was not significant. Of note, data was collected from one islet donor. Further, |
wanted to evaluate how AEA treatment affected insulin release. Untransduced islets were
treated with vehicle (0.1% v/iv DMSO), AEA (10 uM), or Exendin-4 (100 nM) under high glucose
(11 mM), and the supernatant was evaluated using a human insulin ELISA. Relative to vehicle,
AEA and Exendin-4 increased insulin release trending towards significance in two donors
(Figure 4.8 B). Insulin release was evaluated in two islet donors. Together, these data suggest
that AEA can potentially stimulate Ca2?* and insulin release from p-cells in human islets. Further

data collection is needed in more islet donors to verify these results.
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Figure 4.8. AEA stimulates Ca** and insulin in human islets.

(A) Comparison bar graph showing fold change in Ca®* oscillation counts after 375 nm
stimulation relative to baseline. Uncaging hOCT-AEA (5 uM, 90 min, N = 17) on cells lead to a
higher fold change in Ca** events relative to vehicle (0.1% v/v DMSO, N = 22) across one
donor. (B) Comparison bar graph showing the normalized secreted insulin (mU/L) from human
islets in response to vehicle (0.1% v/v DMSO), AEA (10 uM), Exendin-4 (100 nM). Data

collected from 2 donors.
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4.3. Discussion

This chapter presents a novel tool to place cannabinoid signaling under optical control.
Expanding on our OCT-ligand technology, | synthesized hOCT-AEA that labels HaloTags and
releases the classic endocannabinoid, AEA. Interestingly, hOCT-AEA had similar labeling
efficiency as hOCT-PEA4, which has the same linker but differs in the composition of the lipid
chain. This finding demonstrates how our synthetic scheme can be applied to different NAE
ligands, while maintaining favorable properties such as labeling efficiency and uncaging . |
demonstrated that INS-1 cells were a better model p-cell system to test hOCT-AEA over MING
cells due to the presence of FAAH. However, due to the species difference between INS-1 (rat)
and MING6 (mouse) cells, FAAH expression should be evaluated via another antibody or another
method, such as PCR, to confirm that MING cells do not express FAAH. Uncaging hOCT-AEA
on the surface did not seem to affect cAMP in INS-1 cells, suggesting that AEA did not activate
CB1 in a Gai-coupled pathway. The forskolin addition could have oversaturated the sensor,
demonstrating that the assay requires further optimization to test this probe in this cell line.
However, characteristic CAMP oscillations in INS1 cells were also not observed, suggesting that
the dynamic range of the sensor may not be suitable for INS-1 cells. In contrast, uncaging
hOCT-AEA modestly stimulated Ca?* in INS-1 cells and islets. Further, AEA treatment led to
enhanced insulin secretion in islets. Together, this data suggests that AEA could have a
stimulatory role in B-cells and intact islets but requires further characterization to deduce the
mechanism of action.

Future efforts for this project include completing necessary control experiments. For
example, performing live imaging in the presence of rimonabant will help determine if the Ca?*
stimulation observed from uncaging hOCT-AEA is CB1-mediated. Notably, -cells also express
TRPV1 which is activated by AEA. Given that the observed Ca?* stimulation is subtle and does

not match a large Ca?* burst expected from a channel, TRPV1 is not the expected target.
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However, treatment with capsazepine®®*—a TRPV1 antagonist—could deduce if TRPV1 is
partially mediating the observed effect and should be considered in future studies. Live imaging
in cells transfected with the pDisplayHaloP'’A-EGFP, the mutant plasmid which cannot label the
probe, is necessary to deduce contributions of uncaging untethered probe. A current limitation of
the presented tool is the dependence on UV-A for uncaging. Red-shifting the photocage will
allow hOCT-AEA to be uncaged with longer wavelengths of light, and consequently more
compatible with in vivo work. Red light penetrates deeper into tissue and is less phototoxic, and
could be used with a cranial window for long-term imaging in the brain®’.

While | used hOCT-AEA to investigate AEA’s role in pancreatic p-cells, this technology can
be applied to other systems. Most neurological disorders have disrupted endocannabinoid
signaling*. CB1 is the most highly expressed GPCR in the brain and tends to be located
presynaptically in neurons*. Targeting hOCT-AEA to specific cell populations, or comparing
presynaptic vs postsynpatic uncaging in the brain, could be a promising application of this
approach. Further, a current collaboration with Tania Miramontes in Kelly Monk’s lab (OHSU)
showed that hOCT-AEA can label HaloTags expressed under the sox10 promoter in zebrafish,
demonstrating the first application of OCT-ligand technology in a whole animal (data not shown).
Overall, hHOCT-AEA expands the toolset available to study AEA signaling and offers additional
spatiotemporal control which is not possible with current technology. Moving forward, hOCT-
AEA offers improved cell-targeted photopharmacology that will enable investigation of AEA’s

role in complex tissue.
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4.4. Methods

4.4.1. General synthetic methods
Unless otherwise noted, all chemicals were purchased from TCI Chemicals, Fisher Scientific,
Sigma-Aldrich, or Acros Organics, and were used without further purification. Dry solvents were
purchased as “extra dry” or “anhydrous” and used without further purification. Reactions and
chromatography were monitored by analytical thin layer chromatography (TLC) on Merck silica
gel 60 Fas4 glass plates. The plates were first visualized under 254 nm UV light, followed by
staining with KMnQa solution or cerium (IV) molybdate solution (Hanessian’s stain) and gentle
heating with a heat gun. Flash column chromatography was performed using silica gel (ACROS
Organics™ 240360300, 0.035-0.070 mm, 60 A) or a Buchi Pure chromatography system.
Nuclear magnetic resonance (NMR) spectra were acquired on a BRUKER 400 MHz
instrument. Chemical shifts (8) are reported in ppm and referenced to residual non-deuterated
solvent peaks ('H/'3C): MeODs (3.31/49.00), and CDCl; (7.26/77.16). Multiplicities are
abbreviated as: s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet. Data in
3C is reported as E/Z isomer, where assignment of isomers are separated by a slash ( /), and
each peak assignment is separated by a semicolon. Separate atom peaks that are merged
under one large peak (i.e., acyl PEA chain, PEG linker) are separated by a comma.
High-resolution (35,000) mass spectrometry data were acquired at Portland State
University’s BioAnalytical Mass Spectra Facility. Data were acquired on a vanquish
UHPLC/HPLC system coupled to a Q-Exactive MS equipped with an electrospray ionization

source operating in the positive mode.

4.4.2. UV-Vis spectroscopy
Compounds were diluted to 40 uM in DMSO and placed in a 1 ml Quartz cuvette (10 mm

light path). A deuterium-halogen light source (Ocean Optics, DH-2000) transmitted light through
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the sample, which was collected by a Flame UV-Vis-ES spectrophotometer (FLMT05021,
Ocean Insight) using OceanView (Version 2.0.7) Software. Uncaging was achieved using 365
nm (Thorlabs M365FP1), 415 nm (Thorlabs M415F3), 470 nm (Thorlabs M470F4) and 565 nm
(M565F 3) fiber-coupled LEDs guided through a fiber-optic cable (Thorlabs #FP400URT, 400 um
diameter, 0.50 numerical aperture) and optical cannula (400 um, Thorlabs). LED power was
quantified by a power meter (Thorlabs, PM100D) with its photodiode power sensor (Thorlabs,
S120VC) positioned directly at the fiber tip. The cannula tip was pointed directly into the top of

the sample.

4.4.3. Cell Culture media and solutions

INS-1 media contains: RPMI 1640 with L-glutamine (Gibco, #11875-093) with 10% FBS,
Penicillin-strep (1:100) and (in mm) 10 HEPES (Fisher, #8P310-500), 1 sodium pyruvate (Alfa
Aesar, #A11148). INS-1 media was filtered and distributed into 50 ml aliquots. 50 uM
2-mercaptoethanol (BME, Sigma, #M3148) was added fresh to each 50 ml aliquot prior to use.
INS-1 imaging buffer contains (in mm): 185 NaCl, 1.2 CaCl,, 1.2 MgCl,, 1.2 KzHPO4, 20
HEPES. Adjusted to pH 7.4 with NaOH. D-glucose was supplemented at 5, 11 or 20 mm.
INS-1 permeabilization buffer contains: Phosphate buffered saline (PBS, Gibco, #70013-032)
with 5 vol% donkey serum, and 0.3 vol% triton X-100 (Fisher, #8P151-100).

INS-1 blocking buffer contains: Phosphate buffered saline (PBS, Gibco, #70013-032) with 5
vol% donkey serum, and 0.1 vol% triton X-100 (Fisher, #BP151-100).

Islet culture media contains: RPMI 1640 with L-glutamine (Gibco, #11875-093) with 15 vol%
FBS, Penicillin-strep (1:100)

Islet imaging buffer contains (in mm): 119 NaCl, 4.7 KCl, 1.0 CaCl,, 1.5 MgSO0s, 1.2 KoHPOs,,

10 HEPES. Adjusted to pH 7.35 with NaOH. Glucose was supplemented at 2, 11 or 20 mm.
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Islet blocking buffer contains 0.3 vol% triton X-100 (Fisher, #BP151-100), 0.1 vol% BSA, 2
vol% donkey serum, phosphate buffer saline (PBS, Gibco, #70013-032)

MIN6 media contains: RPMI 1640 with L-glutamine (Gibco, #11875-093) with 15 vol% FBS,
Penicillin-strep (1:100) and (in mm) 10 HEPES (Fisher, #BP310-500), 1 sodium pyruvate (Alfa
Aesar, #A11148). MING6 media was filtered and distributed into 50 ml aliquots. 70 uM BME was
added fresh to each 50 ml aliquot prior to use.

HEK culture (D10) media contains high glucose DMEM (Gibco, #11965-092), 10 vol% FBS
(HyClone’s USDA tested, #SH30910), 0.5 vol% Penicillin-strep (Gibco, #15070). Sterile filtered
and aliquoted.

Phosphate buffer contains (in mm): 320 Na;HPO4 (Fisher, #8P332-500), 80 Na(PO4H)*H.0
(Fisher, #S369-1). Adjusted pH to 7.4 with NaOH.

Ponceau stain: 5% glacid acetic acid, 0.2% ponceau stain in dH-0

TBST: 0.1% Tween-20, in TBS (10 mM Tris-HCI, pH 7.5, 150 mM NaCl)

4% PFA: paraformaldehyde (2 g, Sigma-Aldrich, #158127), 0.2 M phosphate buffer (25 ml),

deionized H20O (25 ml). Adjusted pH to 7.4. Kept on ice until use.

4.4.4. Cell Culture

INS-1 832/13 cells® were grown in INS-1 media and incubated at 37 °C and 5% CO.. Cells
were used between passages 65-80. For live-cell Ca?* imaging, INS-1 cells were plated at a
density of 150,000 cells per well on 8-well glass bottom chambered coverslips (Ibidi, #0827-90).
18-24 h later, cells were starved in Opti-MEM™ (250 pl) for 2 h before adding the transfection
mixture containing (20 pl per well): 1 ul Lipofectamine-2000 (Fisher Scientific, #11668019), 75
ng R-GECO + 225 ng pDisplayHalo-EGFP, or 75 ng ePAC s"'87 + 225 ng pDisplayHalo-EGFP in

Opti-MEM™ The cells were then incubated at 37 °C and 5% CO; for 18-24 h before
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exchanging the transfection mixture with INS-1 media. Microscopy experiments were performed
60-72 h post-transfection.

MING®8 cells were grown in MIN6 media and incubated at 37 °C and 5% CO.. Cells were
used between passages 40-55.

Human pancreatic islets from nondiabetic donors were received from the Integrated Islet
Distribution Program (IIDP) funded by the National Institute of Diabetes and Digestive and
Kidney Disease (NIDDK). Islets were cultured in islet culture media in non-surface treated 24-
well suspension plates (VWR® #10861-558), or non-surface treated 10 cm culture dishes
(Falcon®#351029) at 37 °C and 5% CO; for up to two weeks after receiving the shipment.

Islets were transduced by mixing AAV-Halo only in 200 pl islet culture media in a 15 ml conical
centrifuge tube set at ~10° angle for 1 h at 4 °C on an orbital shaker. They were then transferred
to 24-well suspension plates or 10 cm culture dishes and cultured for 4 days at 37 °C and 5%
CO; before experiments. For JRGECO1a AdV transductions, the islets were placed in a 24-well
plate in 2 ml islet media, then 1 ul concentrated JRGECO1a solution was added directly to the

media of the wells and cultured for 4 days before experiments.

4.4.5. INS-1 Competition Labeling Assay

For the hOCT-AEA competition labeling assay, a transfection mixture containing (50 ul per well)
1 ul Lipofectamine-2000 and 150 ng pDisplay-Halo-EGFP in Optim-MEM™ was added to acid-
etched glass coverslips (12 mm, #1.5) in a 24-well plate. INS-1 cells were then plated at a
density of 150,000 cells per well on top of the transfection mixture, and Opti-MEM™ was added
to a final volume of 0.5 ml. The cells were then incubated at 37 °C and 5% CO. for 18-24 h
before exchanging the media with fresh INS-1 media. 60-72 h post transfection, the cells were
labeled with vehicle or hOCT-AEA (100 nM — 8 um) in INS-1 media (without BME) for 1 h. The

cells were washed once with INS-1 media (without BME), then labelled with a dye mixture
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containing jFHalo549i (500 nm) and Hoechst-33342 (10 um) for 10 min. The coverslips were
washed with cold PBS, fixed in 4% PFA for 5 min at RT, and washed 3x in PBS. The coverslips
were mounted on a microscope slide (VWR® Superfrost® Plus Micro Slide, 75x25x1 mm,
#48311-703) with mounting solution (Fluoromount™) and sealed with nail polish. Imaging
parameters are described below in the “Fixed cell microscopy” section.

Two images per coverslip were acquired with a 20x objective at 1024x1024 pixel
resolution for quantification, and one representative image was acquired with a 63x oil objective
at 2048%2048 pixel resolution. For quantification, intensity from regions-of-interest drawn using
the Fiji software’® around each EGFP+ cell across 4 images from two biological replicates, and
the intensities from the green and red channels were exported to be analyzed with MATLAB

scripts written in-house.

4.4.6. rAAV production and purification

We produced and purified the rAAV’s using the Easy AAV production as previously described®.
After cloning in our pDisplay-PT’s into their AAV vector and verifying insert size from restriction
digest and sequencing, we grew and maintained HEK293 cells for two passages before plating
them in 10-cm culture dishes in HEK culture media to achieve 90% confluency the following
day. For each plate, the media was replaced with 6.5 ml modified HEK culture media featuring
DMEM + L-glutamine, 2% FBS, and no antibiotics. 6 ug of each AAV plasmid (AAV-INSx2-
pDisplay-HaloTag-3MRE'’s, pAd5 Adeno Helper, and pAAV-KP1 Rep-Cap®®) were mixed in a 50
ml conical tube with 54 ul of 1mg/ml polyethylenemine (PEI, Polysciences MW 2500). 3.5 ml of
OptiMEM was added before vigorous mixing with a benchtop vortex mixer, followed by 20 min
incubation at RT and addition to the HEK cells. The plates were cultured for 7 days at 37° C and
5% CO. prior to AAV harvest and purification. The AAV-containing culture media was collected

from the plates and placed into a 250 ml conical tube, 2x centrifuged at 1800g for 30 min and
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then placed into a new conical tube. The filtrate was then passed through a 0.25 um PES filter
into a new 250 ml conical tube before 1 ul of benzonase was added. The tube was gently
inverted 10x to mix the solutions. The conical tube was then incubated at 37° C and 5% CO. for
30 min, followed by centrifugation at 1800g for 30 min. The solution was again filtered through a
0.25 um PES filter into a new 250 ml conical tube. The filtrate was then mixed with 5x PEG8000
/ NaCl to achieve 1x concentration and inverted 50 times. The mixture was stored at 4 °C
overnight to precipitate the viral particles. The mixture was again centrifuged at 5000g at 4° C
for 1 h before the supernatant was carefully removed. The viral pellet was resuspended in 500
ul PBS and placed on an orbital shaker overnight at 4° C. The virus / PBS mixture was collected
into 1.5 ml tubes and centrifuged at 5000 rpm for 4 min at RT. The viral lysate was then
collected and transferred into a new 1.5 ml tube, then aliquoted into 0.5 ml tubes. The viral

aliquots were quickly frozen on dry ice, and stored in -80° C for future use.

4.4.7. Immunofluorescence staining in cultured p-cells

INS-1 or MING cells were plated on acid-etched glass coverslips (12 mm, #1.5) at a density of
100,000 cells per well in a 24-well plate (Fisherbrand, #FB012929). The coverslips were
washed with cold PBS, fixed in ice-cold 4% PFA for 5 min at RT and washed 2x with PBS (5
min). The fixed cells were then incubated in the INS-1 permeabilization buffer for 1 h. The cells
were then incubated in 1° FAAH antibody (1:500, Cayman 10010183, Batch 0568775-1) with or
without rabbit FAAH blocking peptide (1:5 primary : blocking peptide, Cayman 301600, lot
#0500350-1) diluted in INS-1 blocking buffer and shook overnight (12-14 h, 4 °C) in the dark.
The coverslips were then washed 3x with PBS (5 min, RT), then incubated with 2° donkey anti-
rabbit Alexa Fluor™488 (1:2000) diluted in INS-1 blocking buffer for 1 h in the dark shaking at
RT. The coverslips were washed 3x with PBS (5 min), stained for DAPI (1:200k, Invitrogen

D1306, 5 min) and then washed 2x with deionized H>O (5 min). The coverslips were mounted
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on a microscope slide (VWR® Superfrost® Plus Micro Slide, 75x25x1 mm, #48311-703) with
mounting solution (Fluoromount™) and sealed using nail polish. The slides were kept in the

dark until imaging within one week.

4.4.8. Live-cell confocal microscopy

Live cell and islet imaging was performed on an Olympus Fluoview 1200 laser scanning
confocal microscope at 37 °C and 5% CO.. Videos were acquired with a 20x objective,
512x512-pixel resolution, and scan rate of 4 s per frame. R-GECO and jRGECO1a excitation
was performed with a 559 nm laser at low laser power (<6%) and emission was collected at
570-670 nm. EGFP excitation was performed with a 488 nm laser at low laser power (<5%) and
emission was collected at 500-545 nm. CFP / YFP excitation was performed with 405 nm laser
at low laser power (<5%) and emission was collected at 450-490 nm (CYP) and 500-550 nm
(YFP). Photo-activation was performed with a 375 nm laser (PicoQuant, PDL 800-D, 100% laser
power) triggered using the quench function in the Olympus software.

For Ca?* imaging experiments, regions-of-interest were manually drawn around
oscillating cells that were EGFP+ (INS-1) or entire islets using the Fiji software, and the
resulting data were analyzed with MATLAB scripts written in-house.

For Ca?* imaging experiments in human islets, AdV-RIP-jRGECO1a-expressing islets
were transferred to 8-well Ibidi glass bottom chambered coverslips (Ibidi, #0827-90) containing
300 pL of islet imaging buffer. 10-15 islets were added to each chamber, and the chamber was
gently swirled to cluster the islets in the center of the chamber. The islets were placed on the

microscope and allowed to equilibrate at 37 °C and 5% CO: for at least 25 min before imaging.
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4.4.9. Fixed cell microscopy

Fixed samples were imaged on a Zeiss LSM880 confocal laser scanning microscope
with Airyscan with a 40x oil objective or a 63x oil objective at 2048x2048 pixel resolution.
Hoechst-33342 and DAPI excitation were performed with a 405 nm laser at low laser power
(<1%). Green fluorophores were excited with a 488 nm laser at low laser power (<2%). Red

fluorophores were excited with a 550 nm laser at low laser power (<10%).

4.4.10. Western Blot

MING and INS-1 cells were seeded in a 6 cm dish and were grown until 80% confluent. Cells
were washed with cold PBS, then aspirated before freezing in -80 °C until ready to use. Cells
were scraped off of the plate in cold PBS, spun for 5 min at 1000 rpm, and the PBS was
aspirated. The pellet was resuspended in RIPA buffer spiked with protease inhibitor (Thermo
Scientific™ Pierce™ protease inhibitor tablets, EDTA-free, Fisher, PIA32965) and was spun
down for 10 min at 14,000 x g at 4 °C. Lysates were quantified using a BCA assay, and 15 ug of
lysate was diluted in sample buffer (Nu PAGE LDS sample buffer), boiled for 5 min at 95 °C, and
then loaded onto a 4-12% precast acrylamide gel. Lysates were separated by SDS-PAGE
(130V, 75 min), and transferred to a nitrocellulose membrane (100V, 1 h, RT). The membrane
was stained with Ponceau stain, washed, and then blocked in 5% BSA in TBST (30 min, RT).
The membrane was washed 3x, and then incubated at 4 °C overnight with primary rabbit FAAH
antibody (1:1000, Cayman 10010183, Batch 0568775-1). Membrane was washed 3x, probed
with donkey anti-rabbit HRP-conjugated secondary antibody (1:10,000) in 5% BSA in TBST (1 h,
RT), and washed 3x. The membrane was developed in Super Signal West Pico PLUS

chemiluminescent substrate and imaged on a Bio-Rad MP imager.
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4.4.11. Insulin ELISA assay

Each islet treatment was performed in triplicate or quadruplet per drug stimulation. For one
treatment, 20 islets were handpicked and transferred to a 1.5 ml tube. The islets were
centrifuged at 310 rcf for 4 min and the media was aspirated. The islets were preconditioned in
INS-1 imaging buffer spiked with 5 mM glucose for 1 h at 37 °C and 5% CO.. The islets were
again spun at 310 rcf for 4 min, and the buffer was aspirated. The islets were then treated with
INS-1 imaging buffer spiked with 11 mM glucose + drug (vehicle, 10 uM AEA, 100 nM Exendin-
4) for 30 min at 37 °C and 5% CO.. The stimulated islets were centrifuged at 310 rcf for 4 min,
then the supernatant was collect and evaluated via a human insulin ELISA assay (Mercodia 10-
1113-01) per manufacturer instructions. Absorbance values at 450 nm were recorded using a
CLARIOstarPLUS plate reader (BMG Labtech, 0430), and the data was processed using
myAssays.com and MATLAB. Data was normalized against the mean of the vehicle treatment

per trial.

4412, Data analysis and code availability

Unless otherwise described, all data are presented as mean * S.E.M, which was calculated as:

standard deviation

VN

For imaging experiments, N is the total number of cells (technical replicates), and T is

S.E.M.=

the number of independent experiments (biological replicates). Ca?* oscillations were calculated
in MATLAB using the ‘findpeaks’ function with and y threshold of 0.5 for RGECO (INS-1 data), a
y threshold of 0.2 for JRGECO1a (islet data). For RGECO and jJRGECO1a data, the total
number of oscillations across the field of view was counted from the beginning of the video to
UV-A irradiation. Separately, the total number of oscillations were counted over an equivalent

time post-stimulation. The sum of the peaks was normalized against the number of cells per
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video (to quantify “oscillations per cell” for each trial and condition), and then the mean fold
change for post/pre-stimulation was calculated alongside the S.E.M.

Statistical significance was assessed using MATLAB (Mathworks). For the comparison
between two groups in oscillation frequency or ELISA analysis, a Welch’s two-sample t-test was

used, with significance threshold placed at *P<0.05, **P<0.01, ns = P>0.05.
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4.5. Detailed synthetic methods

Figure 4.9. Numbering system utilized in the NMR assignments for hOCT-AEA.
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4.5.1. Synthesis of (5Z,82,11Z,14Z)-N-(2-(tert-butoxy)ethyl)-N-(2-nitro-5-(prop-2-yn-1-

yloxy)benzyl)icosa-5,8,11,14-tetraenamide (3).

NEt;3 le)
% 7z Cl
O\ O/\ |
HN\/© NN
NO, 93%

2-(tert-butoxy)-N-(2-nitro-5-(prop-2-yn-1-yloxy)benzyl)ethan-1-amine (2) was prepared as
described in section 3.5.7.

Arachidonic acid (75 mg, 0.25 mmol, 2.4 equiv.) was placed under an argon atmosphere
and dissolved in anhydrous DCE (2.5 ml), then oxalyl chloride (27 ul, 0.31 mmol) and a drop of
anhydrous DMF were added to initiate the reaction. The reaction was stirred for 1 h at room
temperature, then concentrated in vacuo. The crude reaction was re-dissolved and
concentrated in vacuo in DCM 2x and then in toluene 2x. The crude arachidonoyl chloride was
placed under an argon atmosphere and dissolved in anhydrous DCE (2 ml).

Separately, compound 2 (32 mg, 0.11 mmol, 1.0 equiv.) was placed under an argon
atmosphere, dissolved in anhydrous DCE (5 ml), and then the arachidonoyl chloride was
transferred to the amine reaction. NEts (30 ul, 0.22 mmol, 2.0 equiv.) was added dropwise. After
30 min the reaction was diluted in DCM (5 ml), transferred to a separatory funnel, and was
quenched with saturated NaHCO3 (10 mL). The organic layer was washed 2x with saturated
NaHCOs3; and wash once with brine. The organic phase was separated, dried over anhydrous
MgSOQs, and then filtered. The solvent was removed in vacuo, and the crude product was
purified by SiO- flash chromatography (EtOAc:Hexane 1:19 — EtOAc:Hexane 1:4).
(5Z,82,11Z,14Z)-N-(2-(tert-butoxy)ethyl)-N-(2-nitro-5-(prop-2-yn-1-yloxy)benzyl)icosa-

5,8,11,14-tetraenamide (3, 58 mg, 0.98 mmol, 93%) was isolated as a yellow oil.
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TLC (EtOAc:Hexane, 1:4 ): Rs = 0.22. 'H NMR (CDCls, 400 MHz, 25 °C): § 8.25 (d, 0.5 H, H3,
J=9.1Hz); 8.14 (d, 0.5 H, H3, J = 9.1 Hz); 6.99 (dd, 0.5 H, H2, J = 9.1, 2.8 Hz); 6.92 (dd, 0.5
H, H2, J = 9.1, 2.8 Hz); 6.87-6.82 (m, 1 H, H6); 5.48-5.22 (m, 8 H, H16, H17, H19, H20, H22,
H23, H25, H26); 5.14 (s, 1 H, H74); 5.03 (s, 1 H, H7s); 4.76 (d, 1 H, H8,, J = 2.4 Hz); 4.73 (d, 1
H, H8s, J = 2.4 Hz); 3.61-3.45 (m, 4 H, H10ag, 11a8); 2.91-2.70 (M, 6 H, H18 o5, H21 a5, H24
aB); 2.62-2.53 (m, 2 H, H13a, H9); 2.27-2.12 (m, 2 H, H13g, H15,); 2.12-1.96 (m, 3 H, H154,
H27a8); 1.85-1.64 (m, 2 H, H14ag); 1.42-1.22 (m, 6 H, H28-30); 1.15 (d, 9 H, C(CHa)s, J = 4.3
Hz); 0.95-0.80 (m, 3 H, H31as.c). 1*C NMR (CDCls, 101 MHz, 25 °C): § 177.71; 174.33 / 173.98
(C12); 162.16 / 161.69 (C1); 142.01 / 141.33 (C4); 137.56 / 137.27 (C5); 130.64; 130.62; 129.53
(C26); 129.24; 129.10 (C3); 128.96, 128.90, 128.79, 128.73, 128.70, 128.69, 128.39, 128.36,
128.33, 128.28, 128.26, 128.22, 128.08, 127.99, 127.97, 127.66 (C3, C16, C17, C19, C20, C22,
C23, C25, C26); 114.57 / 113.85 (C6); 113.44 / 112.92 (C2); 77.48; 77.43; 77.16; 77.11 (C9);
77.07; 76.84; 76.75; 73.60 / 73.31 (C(CHa)s); 60.75 / 59.77 (C11); 56.40 / 56.25 (C8); 51.49
(C7); 49.11 (C10); 47.59 (C7, C10); 33.28 / 32.67 / 32.55 (C13); 31.64 (C29); 29.45 (C28);
27.54 | 27.46 (C(CHs)s); 27.34 (C27); 27.07 / 26.79 (C15); 26.61; 25.77, 25.75, 25.73 (C18,
C21, C24); 25.31/ 25.17 (C14); 24.69; 22.70 (C30); 14.19 (C31). HRMS (ESI*): m/z calcd. for

[CasHs52N20s]*: 593.3954, found: 593.3923 ([M+H]*).
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4.5.2. Synthesis of 1-(4-((3-(((5Z,8Z,11Z,142)-N-(2-(tert-butoxy)ethyl)icosa-5,8,11,14-
tetraenamido)methyl)-4-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-N-(2-(2-((6-

chlorohexyl)oxy)ethoxy)ethyl)-3,6,9,12,15,18,21,24-octaoxaheptacosan-27-amide. (4)

N
(o} O *N
< H W o o o /\)ok
o O™\ cul OO g™ OO N~ O~ g~ Cl
H
e N N3-PEGg CA NO,
M 53% 4
0 NO,

3

Cul (5.8 mg, 0.023 mmol, 0.4 equiv.) and sodium ascorbate (12 mg, 0.059 mmol, 1.1 equiv.)
were added to (5Z,82,11Z,14Z)-N-(2-(tert-butoxy)ethyl)-N-(2-nitro-5-(prop-2-yn-1-
yloxy)benzyl)icosa-5,8,11,14-tetraenamide (3, 32 mg, 0.055 mmol, 1.0 equiv.) and placed
under an argon atmosphere. Separately, N3-PEGs-CA (25 mg, 0.058 mmol, 1.1 equiv.) was
dissolved in anhydrous DMF (2.0 ml), transferred to reaction mixture, and the combined reaction
was spun overnight at room temperature The crude product was purified via reverse phase flash
chromatography (MeOH:H,0 0:1 — MeOH:H20 1:0), dissolved MeOH:DCM (1:99), loaded onto
a SiOz column (5.1 g) and purified by flash chromatography (MeOH:DCM 1:99 — MeOH:DCM
1:19). 1-(4-((3-(((52,8Z,11Z,142)-N-(2-(tert-butoxy)ethyl)icosa-5,8,11,14-tetraenamido)
methyl)-4-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-N-(2-(2-((6-chlorohexyl)oxy)
ethoxy)ethyl)-3,6,9,12,15,18,21,24-octaoxaheptacosan-27-amide (4, 36 mg, 0.029 mmol,

53%) was isolated as a yellow oil.

TLC (MeOH:DCM 1:19): R = 0.15. "H NMR (CDCls, 400 MHz, 25 °C): § 8.29 (d, 0.3 H, H3, J =
9.1 Hz); 8.20 (d, 0.7 H, H3, J = 3.2 Hz); 8.18 (d, 1.0 H, H9, J = 3.0 Hz); 7.25 (dd, 0.3 H, H2, J =
9.1, 2.7 Hz); 7.14 (dd, 0.7 H, H2, J = 9.1, 2.8 Hz); 6.97 (d, 0.7 H, H6, J = 2.7 Hz); 6.87 (d, 0.3 H,
H6, J = 2.7 Hz); 5.51-5.21 (m, 10 H, H8ag, H16, H17, H19, H20, H22, H23, H25, H26); 5.17 (s,
0.7 H, H74); 5.00 (s, 1.3 H, H7ag); 4.67-4.57 (m, 2 H, H10ag); 3.95-3.87 (m, 2 H, H11ag); 3.74 (t,
2 H, H4545, J = 6.2 Hz); 3.69-3.53 (m, 20 H, H32-44, H49-52, H59-61); 3.51 (t, 2 H, H57ag, J =
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6.2 Hz); 3.39 (t, 2 H, H48ap, J = 5.6 Hz); 2.92-2.74 (m, 7 H, H18 ap, H21 A, H24A 5, H134); 2.47
(t, 2 H, H46a5, J = 6.2 Hz); 2.32-2.16 (M, 2 H, H13s, H154); 2.14-2.02 (m, 3 H, H158, H27a5s);
1.84-1.56 (M, 6 H, H14ap, H538, H568); 1.55-1.25 (m, 10 H, H548, H555 8, H28-30); 1.18 (s,
9 H, C(CHs)s); 0.98-0.85 (m, 3 H, H31agc). *C NMR (CDCls, 101 MHz, 25 °C): § 176.83 /
176.38 (C12); 173.97 (C47); 164.30 / 163.89 (C1); 143.76 (C58); 142.83 (C5); 137.98 (C4);
131.23; 130.46; 130.10; 129.98; 129.81; 129.75; 129.48; 129.43; 129.29; 129.12; 129.08;
129.04; 128.94; 128.90; 128.78; 126.67 (C9); 115.34 / 115.2 (C6); 114.29 / 114.21 (C2); 74.46 |
74.33 (C(CHa)s); 72.22 (C57); 71.56; 71.51; 71.47; 71.42; 71.36; 71.30; 71.21; 70.56; 70.32
(C11); 68.27 (C45); 63.12 / 63.00 (C8); 61.39; 60.98; 52.58 (C7); 51.52 (C10); 50.45; 49.63;
49.49; 49.42; 49.28; 49.21; 48.99; 48.78; 48.57; 48.36; 45.72; 40.39 (C48); 37.62 (C46); 33.75
(C53); 33.59 / 33.37 (C13); 32.66 (C29); 30.55 (C56); 30.47 (C28); 28.20 (C27); 27.94 (C15);
27.75 (C(CHa)s, C54); 27.58, 26.64, 26.60 (C18, C21, C24); 26.49 (C55); 26.31 / 26.26 (C14);
23.64 (C30); 14.47 (C31). HRMS (ESI*): m/z calcd. for [CesH10sNeO16CI]*: 1265.7667, found:

1265.7629 ([M+H]").
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4.5.3. Synthesis of N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-1-(4-((3-(((5Z,8Z,11Z,142)-N-
(2-hydroxyethyl)icosa-5,8,11,14-tetraenamido)methyl)-4-nitrophenoxy)methyl)-1H-1,2,3-
triazol-1-yl)-3,6,9,12,15,18,21,24-octaoxaheptacosan-27-amide (hOCT-AEA).

N
OH O N
[ N o)

N
O>< o N N \\,0\/\0/\/0\/\0/\/0\/\0/\/0\/\0/\)\,\‘/VO\/\O/\/\/\/CI
{
\ o) H
TFA NO
0L MC A 2
H31Cq9 N 0Tz o
sy 59% hOCT-AEA
o] NO,

1-(4-((3-(((5Z,8Z,11Z,142)-N-(2-(tert-butoxy)ethyl)icosa-5,8,11,14-tetraenamido)methyl)-4-
nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-
3,6,9,12,15,18,21,24-octaoxaheptacosan-27-amide (4, 82 mg, 0.065 mmol, 1.0 equiv.) was
put under an argon atmosphere, and neat TFA (2.6 ml, 35 mmol, excess) was added. The
reaction was stirred for 1 h at room temperature, before it was diluted with DCM (10 ml) and the
solvent was removed in vacuo. The crude product was re-dissolve 2x in DCM and concentrated
in vacuo to remove residual TFA. The crude product was purified via SiO; flash chromatography
(MeOH:DCM 0:1 — MeOH:DCM 1:9). N-(2-(2-((6-chlorohexyl)oxy)ethoxy) ethyl)-1-(4-((3-
(((52,82,11Z,142)-N-(2-hydroxyethyl)icosa-5,8,11,14-tetraenamido)methyl)-4-
nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12,15,18,21,24-octaoxaheptacosan-27-

amide (hOCT-AEA, 47 mg, 0.039 mmol, 59%) was isolated as a yellow oil.

TLC (MeOH:DCM 1:19): Ry = 0.20. 'H NMR (CDCls, 400 MHz, 25 °C): § 8.29 (d, 0.3 H, H3, J =
9.1 Hz); 8.24-8.14 (m, 1.7 H, H3, H9); 7.24 (dd, 0.4 H, H2, J = 9.1, 2.7 Hz); 7.12 (dd, 0.6 H, H2,
J=9.1,2.7 Hz); 7.00 (d, 0.6 H, H6, J = 2.7 Hz); 6.90 (d, 0.4 H, H6, J = 2.6 Hz); 5.51-5.20 (m, 10
H, H8ap, H16, H17, H19, H20, H22, H23, H25, H26); 5.14 (s, 0.8 H, H7A); 5.01 (s, 1.2 H, H7as);
4.67-4.57 (M, 2 H, H10a8); 3.96-3.86 (m, 2 H, H11ag); 3.78-3.48 (m, 44 H, H32-45, H49-52,
H57, H59-61); 3.42-3.36 (M, 2 H, H484g), 2.92-2.60 (M, 7 H, H18 ag, H21 a5, H24a5, H134),

2.47 (t, 2 H, H46ap, J = 6.2 Hz), 2.33-2.16 (m, 2 H, H13g, H154), 2.14-2.02 (m, 3 H, H15s,
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H27ag), 1.87-1.56 (M, 6 H, H14a8, H53a8, H56a5), 1.56-1.25 (M, 10 H, H548, H554 8, H28-30),
0.99-0.84 (m, 3 H, H31asc). *C NMR (CDCls, 101 MHz, 25 °C): 5 176.66 (C12); 173.98 (C47);
164.36 / 163.94 (C1); 143.81/ 143.58 (C58); 142.80 / 142.35 (C5); 137.99 / 137.96 (C4);
131.22, 130.42, 130.14,129.93, 129.83, 129.76, 129.48, 129.43, 129.30, 129.13, 129.09,
129.07, 129.04, 128.95, 128.90, 128.78 (C3, C16, C17, C19, C20, C22, C23, C25, C26); 126.65
(C9); 115.01/ 114.65 (C6); 114.80 / 114.56 (C2); 72.22 (C57); 71.57, 71.51, 71.47, 71.42, 71.36,
71.30, 71.21, 60.94, 60.68, 51.90, 50.68, 45.73 (C32-44, C49-52, C59-61); 70.57 / 70.31 (C11);
68.28 (C45); 63.13 / 63.03 (C8); 57.68; 52.44 (C7); 51.54 (C7); 40.40 (C48); 37.63 (C46); 33.75
(C53); 33.50 / 33.39 (C13); 32.66 (C29); 30.55 (C56); 30.47 (C28); 28.20 (C27); 27.89 / 27.58
(C15); 27.75 (C54); 26.62 (C55); 26.58, 26.54, 26.50 (C18, C21, C24); 26.39 / 26.09 (C14);
23.64 (C30); 14.47 (31). HRMS (ESI*): m/z calcd. for [CetH101NsO16CI]*: 1209.7041, found:

1209.7003 ([M+H]").
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Chapter 5. Outlook

As more states legalize marijuana, its use will also increase as it becomes more accessible.
While cannabis has been therapeutically beneficial in a variety of diseases, including epilepsy,
multiple sclerosis and Tourette syndrome?*, the basic biology underlying the endocannabinoid
system (ECS) is unclear. The ECS is ubiquitously expressed throughout the body and performs
a variety of functions, including metabolic regulation. Many cannabinoid-sensitive receptors are
GPCRs, which are a highly druggable class of proteins. The ECS has already been the target of
drugs in clinical trials?®73, but until we understand the basic biology, these drugs will continue to
fail. In order to make informed drug discovery efforts, it is necessary to build new tools that will
allow us to better understand the ECS signaling network.

This thesis presents the Optically-cleavable targeted (OCT)-ligand approach, a
chemigenetic method to help unravel the ECS signaling network activated by N-
acylethanolamines (NAE), a family of endocannabinoid ligands. OCT-ligands combine the
temporal advantage of photocaged ligands with the spatial targeting of genetically-encoded self-
labeling proteins, such as SNAP-tags and HaloTags. This toolset is necessary for dissecting
NAE biology because their lipophilicity affects their kinetics, while the expression of multiple
cannabinoid receptors across tissue complicates their role in a given cell type. Thus, having a
tool like OCT-ligands that can manipulate signaling activation in time and space is critical to
address this problem.

OCT-ligands have four key components: a ligand of interest, photocage, linker, and
bioorthogonal handle. However, moving forward each of these features can be modified to
adjust the pharmacology, photophysical properties, cell permeability and genetic targeting of
new derivatives, respectively. From a tool building perspective, NAEs are an attractive
pharmacore, because subtle changes in the lipid composition impacts the pharmacology of the

ligand. For example, by adjusting the acyl chain length or saturation, stimulatory or inhibitory
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coupled GPCRs can be targeted. Nevertheless, ligands beyond NAEs are amendable to this
approach, and future efforts should include developing OCT-ligands for other signaling
molecules, such as other lipid classes, small peptides and neurotransmitters.

A current limitation of the presented OCT-ligands is that they cannot be visualized in
cells. While our competition labeling and mutant SNAP-tag / HaloTag experiments confirms that
our tools are properly labeling the respective self-labeling protein, we cannot visualize whether
the probe is accumulating in cells. A related limitation is the dependence of the probe’s action on
the SLP expression. Chapters 2 and 3 describe an OCT-PEA that targets SNAP-tags or
HaloTags, respectively. In both cases, PEA is the ligand of interest that is released, however the
effect on Ca?* oscillations differs between the OCT-PEA (SNAP targeting) and hOCT-PEA4
(HaloTag targeting). While both probes stimulate Ca?* in INS-1 cells, OCT-PEA had a stronger
effect relative to hOCT-PEA4, which could be due to differences in SLP expression. When
evaluating hOCT-PEA4, | used a plasmid that coexpressed a surface targeting HaloTag and a
cytosolically expressed EGFP, separated by a T2A linker. This plasmid (pDisplayHalo-EGFP) is
a larger construct relative to the pDisplay™-SNAP that was used to evaluate OCT-PEA and
could account for difference in protein expression that impacted the effect observed from
uncaging. To test this hypothesis, flow cytometry could be used. INS-1 cells would be
transfected with an SLP-EGFP construct, treated with a vehicle or probe followed by a
fluorescent SLP dye, then fluorescence would be quantified via flow cytometry. The EGFP
fluorescence would be a readout for protein expression, whereas the SLP dye fluorescence
would quantify the probe labeling efficiency.

The OCT-ligands presented here have a nitrobenzyl photocage. However, new OCT-
ligands could include a coumarin photocage, which would allow for live visualization of the
probe using microscopy. Another strategy for probe visualization includes incorporating a silicon

rhodamine linker into the design. Rhodamine-based HaloTag fluorophores have been shown to
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have increased fluorescence upon HaloTag binding”®, and since silicon rhodamines have a red-
shifted excitation / emission spectrum, they would be compatible with the nitrobenzyl photocage.
More broadly, this thesis outlines the process for chemical biology tool development,
from proof-of-concept studies (Chapter 2), to evolution of technology to more complex systems
(Chapter 3), and finally to expansion of the technology to investigate other ligands (Chapter 4,
Appendix 6.2). OCT-ligands expand the chemigenetic toolset, and allow for cell-targeted,

photopharmacology in human tissue.
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Chapter 6. Appendix

6.1. Abbreviations

2-AG - 2-arachidonoylglycerol

AEA — anandamide

BG-NH, — 6-((4-(aminomethyl)benzyl)oxy)-9H-purin-2-amine
BG - benzylguanine

BME — 2-mercaptoethanol

BSA — bovine serum albumin

CA - 2-(2-((6-chlorohexyl)oxy)ethoxy)ethan-1-amine / chloroalkane
CB1 — cannabinoid receptor 1

CBD - cannabidiol

DART — drugs acutely restricted by tethering

DCE - 1,2-dichloroethane

DCM - dichloromethane

DIPEA - N,N-diisopropylethylamine

DMF — N,N-dimethylformamide

ECS — endocannabinoid system

EDC-HCI - 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
FAAH — fatty acid amide hydrolase

GPCR - G protein-coupled receptor

GSIS — glucose-stimulated insulin secretion

HOBt — 1-hydroxybenzotriazole

KD - kockdown

KO - knockout
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MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NAE — N-acylethanolamines

NMR - nuclear magnetic resonance

PBS — phosphate buffered saline

PEA — palmitoylethanolamide

PFA — paraformaldehyde

PLC — phospholipase C

PORTL — photoswitchable orthogonal remotely tethered ligand
RT — room temperature, ~ 25 °C

SLP - self-labeling protein

TFA — trifluoroacetic acid

THC — A®-tetrahydrocannabinol

TLC — thin layer chromatography

TRPV1 — transient receptor potential vanilloid-1
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6.2. Synthesis of OCT-stearoylethanolamine (SEA)

NaBH(OAc)s J<
on K2COs O/\H/Ov NaOAc o O/\rov
BFWOEt o A( _/—N H, \ )
0 o
H 97% H 67% HN
O NO, 0 NO, NO,
1 2

1) NaOH, MeOH
2) EDC-HCI, HOBT

C/\\/\é/\/\KCI o< o0 “@ ﬁ’% (BG-NH,)

(0]
NEt, © \ Q
H35C N >
58% % 17\l(]; 62% over 2 steps

NO,
3

H H 0
1) BBr3, DCM ﬁ
O>< O/\IvaBG 3 OH O/\", )IN

78 °C
\ O 2) MeOH, NEt; \ HZNJ\N N
H35017\",N 239, N H
0 NO, o} NO,
4 OCT-SEA

Figure 6.1. Chemical synthesis of OCT-SEA, which was prepared in 6 steps with 5% yield.

H 31
OH 30 32 )\)t )36
mlﬁ@
13

NO,

Figure 6.2. Numbering system utilized in the NMR assignments for OCT-SEA.
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6.2.1. Synthesis of ethyl 2-(3-((N-(2-(tert-butoxy)ethyl)stearamido)methyl)-4-

nitrophenoxy)acetate (3).
OJ< O/\H/OM <Z/\/\/\/\/\W /\rov
N © NEt, \
HN 58%

N02 NOZ
2

(2-tert-butoxyethyl)-(5-ethoxycarbonylmethoxy-2-nitrobenzyl)amine (2) was prepared as
decribed in section 2.5.2.

Stearic acid (0.3261 g, 1.15 mmol, 3.4 equiv.) was placed under an argon atmosphere
and dissolved in anhydrous DCM (13 ml), then oxalyl chloride (0.13 ml, 1.5 mmol) and a drop of
anhydrous DMF were added to initiate the reaction. The reaction was stirred for 1 h at RT, then
concentrated in vacuo. The crude reaction was re-dissolved and concentrated in vacuo in DCM
2x. The crude stearoyl chloride was placed under an argon atmosphere and dissolved in
anhydrous DCM (8 ml).

Separately, compound 2 (0.12 g, 0.34 mmol, 1.0 equiv.) was placed under an argon
atmosphere, dissolved in anhydrous DCM (11 ml), and then the stearoyl chloride was
transferred to the amine reaction. NEt3 (0.1 ml, 0.72 mmol, 2.1 equiv.) was added dropwise.
After 2 h the reaction was diluted in DCM (10 ml) and was quenched with saturated NaHCO:s.
The organic layer was washed 2x with saturated NaHCO3 and wash once with brine. The
organic phase was separated, dried over anhydrous MgSOs, and then filtered. The solvent was
removed in vacuo, redissolved in DCM and SiO- gel (2.07 g) was added to the crude mixture.
The solvent was removed in vacuo and the product-containing gel was loaded onto a SiO;
column (40.09 g) and purified by SiO flash chromatography (EtOAc:Hexane 1:19 —
EtOAc:Hexane 1:4). Ethyl 2-(3-((N-(2-(tert-butoxy)ethyl)stearamido)methyl)-4-

nitrophenoxy)acetate (3, 0.1215 g, 0.196 mmol, 58%) was isolated as a yellow oil.
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TLC (EtOAc:Hexane 1:2): R¢= 0.59. 'H NMR (CDCls, 400 MHz, 25 °C): § 8.23 (d, 0.5 H, H3, J
= 8.8 Hz); 8.12 (d, 0.5 H, H3, J = 9.8 Hz); 6.86 (dd, 0.5 H, H2, J = 9.3, 2.6 Hz); 6.82-6.74 (m, 1.5
H, H2, H6); 5.14 (s, 1 H, H74); 5.01 (s, 1 H, H7s); 4.65 (d, 2 H, H8ag); 4.32-4.21 (m, 2 H,
OCH,CHs); 3.61-3.42 (m, 4 H, H10as, H11ag); 2.54 (t, 1 H, H134); 2.19 (t, 1 H, H13g); 1.76-1.53
(m, 2 H, H14ag); 1.43-1.19 (m, 31 H, H15-28, OCH,CHs); 1.15 (d, 9 H, C(CHa), J = 4.56 Hz);
0.87 (t, 3 H, H29ap.c, J = 6.8 Hz). *C NMR (CDCls, 101 MHz, 25 °C): 5 174.43 / 174.05 (C12);
167.75/ 167.47 (C9); 162.35 / 161.84 (C1); 142.05 / 141.32 (C4); 137.67 / 137.38 (C5); 128.61/
127.96 (C3); 114.42 / 113.53 (C6); 112.82 / 112.40 (C2); 73.45 / 73.15 (C(CHs)); 65.44 / 65.33
(C8); 61.87 / 61.73 (OCH2CHs); 60.62 / 59.71 (C11); 51.34 (C7); 48.96 (C10); 47.37, 47.33 (C7,
C10); 33.12/33.09 (C13); 31.91, 29.69, 29.65, 29.56, 29.52, 29.48, 29.43, 29.35, 22.68 (C15-

28); 27.39/27.31 (C(CH3)); 25.34 /1 25.24 (C14); 14.13, 14.11 (C29, OCH2CH3).
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6.2.2. Synthesis of N-(5-(2-((4-(((2-amino-9H-purin-6-yl)oxy)methyl)benzyl)amino)-2-
oxoethoxy)-2-nitrobenzyl)-N-(2-(tert-butoxy)ethyl)stearamide (4).

1) NaOH, MeOH
2) EDC-HCI, HOBT

o< o~y O “@ ﬁuse NH,) K O/\"/N\/Q/\ &/E

Ny ° W)’
H35017\"/N\/© 62% over 2 steps m
(e}

NO, No2
3

6-((4-(aminomethyl)benzyl)oxy)-9H-purin-2-amine (BG-NH.) was prepared using a procedure
described in Keppler et al.>®

Ethyl 2-(3-((N-(2-(tert-butoxy)ethyl)stearamido)methyl)-4-nitrophenoxy)acetate (3,
0.1096 g, 0.177 mmol, 1.0 equiv.) was dissolved in MeOH (1.5 ml), and then aqueous NaOH (1
M, 0.35 ml, 0.35 mmol, 2.0 equiv.) was added dropwise. The reaction continued for 2.5 h before
the reaction was diluted in MeOH (1.5 ml), put on an ice bath and then aqueous HCI (1 M, 0.25
ml, 0.25 mmol, 1.4 equiv.) was added until the mixture was at pH = 7.0. The reaction was diluted
in EtOAc (5 ml), and the organic layer was 2x extracted with H.O and 2x with ether. The organic
layer was washed once with saturated brine and dried over anhydrous MgSQO.. The crude
mixture was filtered, and the solvent was removed in vacuo. The crude 2-(3-((N-(2-(tert-
butoxy)ethyl)stearamido)methyl)-4-nitrophenoxy)acetic acid (0.0834 g, 0.141 mmol) was
used directly in the next reaction without further purification.

1-Hydroxybenzotriazole monohydrate (HOBt, 25 mg, 0.19 mmol, 1.3 equiv.) was added
to the crude 2-(3-((N-(2-(tert-butoxy)ethyl)stearamido)methyl)-4-nitrophenoxy)acetic acid
(0.0834 g, 0.141 mmol, 1.0 equiv). The mixture was placed under an argon atmosphere and
dissolved in anhydrous DMF (7 ml). 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC-HCI, 32 mg, 0.17 mmol, 1.2 equiv.) was added to the reaction in one
portion. Separately, BG-amine (46 mg, 0.17 mmol, 1.2 equiv) was placed under an argon
atmosphere and dissolved in anhydrous DMF (2 ml). The BG-amine was transferred via cannula
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to the reaction mixture, and the reaction stirred overnight. The reaction was diluted in EtOAc
(20 ml), and the organic phase was washed with saturated NaHCO3; (2x 20 ml), HCI (0.1 M, 3x
15 ml), H20 (2x 20 ml), and once with brine (20 ml). SiO; gel was added to the crude product
and the solvent removed in vacuo, then the product-containing SiO2 gel was loaded onto a SiO-
column and purified by flash column chromatography (MeOH:DCM 1:99 — MeOH:DCM 7:93).
N-(5-(2-((4-(((2-amino-9H-purin-6-yl)oxy)methyl)benzyl)amino)-2-oxoethoxy)-2-
nitrobenzyl)-N-(2-(tert-butoxy)ethyl)stearamide (4, 92 mg, 0.11 mol, 62%) was isolated as a

yellow oil.

TLC (MeOH:DCM 7:93): R; = 0.35. 'H NMR (CDCls, 400 MHz, 25 °C): 5 8.18 (d, 0.3 H, H3, J =
9.2 Hz); 8.08 (d, 0.7 H, H3, J = 7.9 Hz); 7.78 (s, 1 H, H36); 7.40 (d, 2 H, H31, H32, J = 7.2 Hz);
7.21(d, 2 H, H33, H34, J = 8.6 Hz); 7.02 (d, 0.3 H, H2, J = 8.6 Hz); 6.96 (d, 0.7 H, H2, J = 8.6
Hz); 6.81 (s, 0.3 H, H6); 6.77 (s, 0.7 H, HB); 5.47 (s, 2 H, H35az); 5.10 (s, 0.6 H, H74); 4.91 (s,
1.3 H, H7ag); 4.64 (s, 0.7 H, H84); 4.61 (s, 1.4 H, H8ag); 4.40 (s, 2 H, H30ag); 2.56 (t, 1 H,
H13, J = 7.5 Hz); 2.20 (t, 1 H, H13s, J = 7.5 Hz); 1.67-1.44 (m, 2 H, H14ag); 1.37-1.12 (m, 28

H, H15-28); 1.10 (s, 9 H, C(CHa)); 0.84 (t, 3 H, H29ag.c, J = 6.4 Hz).
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6.2.3. Synthesis of N-(5-(2-((4-(((2-amino-9H-purin-6-yl)oxy)methyl)benzyl)amino)-2-

oxoethoxy)-2-nitrobenzyl)-N-(2-hydroxyethyl)stearamide (OCT-SEA).

H o)
1) BBrs, DCM ﬁ
o>< o~ NBG 3 on o/\"/N )IN

-78 °C Y
\ O 2) MeOH, NEt; \ H,N" SN~ N
HasCar N 23% Ci:i\/\//\( VQ "
o) NO, NO,
4 OCT-SEA

N-(5-(2-((4-(((2-amino-9H-purin-6-yl)oxy)methyl)benzyl)amino)-2-oxoethoxy)-2-
nitrobenzyl)-N-(2-(tert-butoxy)ethyl)stearamide (4, 8.1 mg, 9.6 umol, 1.0 equiv.) was placed
under an Ar atmosphere, dissolved in anhydrous CH-Cl. (0.5 ml), and then cooled in a dry ice /
acetone bath. BBrs; (1.0 M in CHxCl,, 0.38 ml, 38 umol, 4.0 equiv.) was added and the reaction
continued for 1 h before an additional portion of BBr3 (9 ul, 9 umol, 0.9 equiv.) was added. The
reaction continued for an additional 1 h, was then quenched with 4:1 MeOH:Et,O (0.25 ml), and
stirred vigorously for 5 min. The reaction mixture was neutralized with NEtz (0.020 ml, 0.14
mmol) and diluted in DCM (3 ml). The reaction mixture was washed 2x with H>O (5 ml) and
once with saturated brine (5 ml). The organic phase was concentrated in vacuo and purified via
flash column chromatography (5.02 g silica, MeOH:DCM 3:97 — MeOH:DCM 3:47). N-(5-(2-((4-
(((2-amino-9H-purin-6-yl)oxy)methyl)benzyl)amino)-2-oxoethoxy)-2-nitrobenzyl)-N-(2-

hydroxyethyl)stearamide (OCT-SEA, 1.7 mg, 2.2 umol, 23%) was isolated as a yellow oil.

H NMR (CDCls, 400 MHz, 25 °C): § 8.20 (d, 0.3 H, H3, J = 9.6 Hz); 8.10 (d, 0.6 H, H3, J = 8.0
Hz):; 7.77 (s, 1 H, H36); 7.45-7.34 (m, 2 H, H31, H32); 7.28-7.16 (m, 2 H, H33, H34); 7.08-7.02
(m, 0.3 H, H2); 7.02-6.96 (m, 0.6 H, H2); 6.83 (dd, 1 H, H6, J = 13.3, 2.6 Hz); 5.49 (s, 2 H,
H35a5); 5.07 (s, 0.5 H, H7); 4.90 (s, 1.2 H, H7ag); 4.67 (s, 1 H, H8a); 4.63 (s, 1 H, H8s); 4.40
(s, 2 H, H30ag); 2.55 (t, H13, J = 7.4 Hz); 2.21 (t, H13g, J = 7.4 Hz); 1.67-1.47 (m, H14g);

1.35-1.08 (m, H15-28); 0.85 (t, 3 H, H29aBc, J = 6.4 Hz).
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