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ABSTRACT

Transient receptor potential vanilloid 1 (TRPV1) is a nonselective cation channel that is
important for nociception and inflammatory pain, and is activated by a variety of nociceptive
stimuli—including lipids such as capsaicin (CAP) and endocannabinoids. TRPV1’s role in
physiological systems is often studied by activating it with externally perfused ligands; however,
this approach is plagued by poor spatiotemporal resolution. Lipid agonists are insoluble in
physiological buffers and can permeate membranes to accumulate non-selectively inside cells,
where they have off-target effects. To increase the spatiotemporal precision with which we can
activate lipids on cells and tissues, we previously developed Optically-Cleavable Targeted
(OCT)-ligands, which use protein tags (SNAP-tags) to localize a photocaged ligand on a target
cellular membrane. After enrichment, the active ligand is released on a flash of light to activate
nearby receptors. In this work, we expand the scope of OCT-ligand technology to target TRPV1.
We synthesize a probe, OCT-CAP, that tethers to membrane-bound SNAP-tags and releases a
TRPV1 agonist when triggered by UV-A irradiation. Using Ca?* imaging and electrophysiology in
HEK293T cells expressing TRPV1, we demonstrate that OCT-CAP uncaging activates TRPV1
with superior spatiotemporal precision when compared to standard diffusible ligands or
photocages. This study demonstrates the versatility of OCT-ligands to manipulate ion-channel
targets, and we anticipate that these tools will find many applications in controlling lipid signaling
pathways in various cells and tissues.
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INTRODUCTION

The transient receptor potential vanilloid 1 (TRPV1) ion channel is a nonselective cation channel
that is important for nociception, and has received considerable attention as a drug target for
pain and inflammation'?. TRPV1 is expressed in sub-populations of sensory neurons within the
trigeminal and dorsal root ganglia, brain regions like the hippocampus®“, and in non-neuronal
cells, such as pancreatic B-cells®. TRPV1 responds to a variety of chemical and physical stimuli:
including noxious heat (<43 °C), peptide toxins/poisons®’, and acidic extracellular pH8. Notably,
TRPV1 is also activated by a set of amide lipids—including capsaicin (CAP) and the
endocannabinoid anandamide®—which are often externally applied by perfusion to activate
TRPV1 in physiological studies. However, TRPV1 pharmacology is plagued by poor
spatiotemporal resolution due to the hydrophobic nature of TRPV1’s lipid agonists, which clouds
our understanding of TRPV1 physiology in heterogeneous tissues. Lipids can cross membranes
and accumulate non-selectively in intracellular compartments, where they can have off-target
effects. Additionally, their insolubility in physiological solutions complicates drug handling
procedures, and makes drug activation kinetics inconsistent due to competing TRPV1
desensitization. To better understand the function of TRPV1 and its ligands in complex
biological systems, new tools are needed to activate TRPV1 with enhanced spatiotemporal

control.

Small molecules whose biological activity (efficacy) can be fine-tuned with light offer a
solution to the limited precision of standard pharmacology. Coined photopharmacology, this
approach allows ligands, and consequently their endogenous receptors and downstream
pathways, to be activated on-demand using light as the trigger'®. Photopharmacology probes
can incorporate either photoswitches or light sensitive protecting groups, called photocages.
Our group and others have developed photoswitchable ligands for TRPV1 that contain an
azobenzene photoswitch. These enable reversible, optical control over membrane potential and
Ca?" influx in TRPV1-expressing cells'-'3, and have even been applied in vivo'*. However, the
photoswitchable ligand approach is unable to truly represent endogenous or natural TRPV1
ligands, because the photoswitch always remains attached to the molecule. To this end,
photocaged probes, which contain a photo-labile protecting group that blocks the ligand’s
activity', have been developed'®2°. Photocages are inactive until exposed to light, when they
irreversibly release the unmodified ligand to bind nearby receptors. Advantageously,
photocages allow for endogenous molecules to be released on-demand?'. However, a

disadvantage to both conventional photoswitches and photocages is that they are still free to
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diffuse throughout the cells or tissue. These probes cannot be genetically targeted to specific
cells or membranes, which is a key property driving the utility of chemogenetic and optogenetic
technologies that remain the gold standard for manipulating cell signaling in complex living

systems?2-24,

To increase the spatial precision of photopharmacology, light-sensitive ligands can be
targeted to cellular membranes or proteins of interest using a biorthogonal self-labeling protein-
tags—such as SNAP-?°, Halo-2%", or CLIP-tags?. Our group recently developed the Optically-
Cleavable Targeted (OCT)-ligand approach?®, where a photocaged ligand is enriched through
SNAP-tag bioconjugation, and then released with a flash of light to activate nearby receptors.
Our proof-of-concept work presented an OCT-ligand to release the endocannabinoid
palmitoylethanolamide, which was uncaged on the surface of a pancreatic p-cell line to
modulate intracellular Ca?* levels through an endocannabinoid-sensitive GPCR. While OCT-
ligand technology promises the ability to target endogenous signaling pathways at genetically-
defined locations in cells and tissue, it remained limited in scope and had yet to be applied to

control other ligands or biological targets, such as ion channels.

Herein, we report the expansion of OCT-ligand technology to target TRPV1. We
synthesized a probe, OCT-CAP, which contains a photocaged TRPV1 agonist that can be
enriched on genetically-defined cellular membranes by SNAP-tag tethering, then UV-A
illumination releases the ligand to activate nearby TRPV1 channels. Using Ca?* imaging and
electrophysiology in HEK293T cells expressing TRPV1, we demonstrate that OCT-CAP
uncaging on the cell surface activates TRPV1 with superior spatiotemporal precision when
compared to standard bath application of diffusible ligands or photocages. More broadly, this
work presents the first example of OCT-ligands targeting ion channels, and sets the stage for

their wider application to manipulate diverse biological targets.
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RESULTS

Design and synthesis of an OCT-ligand targeting TRPV1

We designed an OCT-ligand to target TRPV1—coined OCT-CAP (Figure 1A)—which contains
the TRPV1 agonist (orange), a photocage (purple), linker (black), and bioconjugation motif
(blue) (Figure 1B). Dihydrocapsaicin, which lacks the trans-double bond on the CAP acyl chain,
was selected as the TRPV1 agonist due to its synthetic accessibility and comparable TRPV1
potency to CAP3°3', Dihydrocapsaicin’s potency was blocked through the formation of a tertiary
amide bond, which connects to the benzylic position of an ortho-nitrobenzyl (0NB) photocage.
The use of an oNB cage was necessary due to the amide bond being a poor leaving group. The
distal end of the photocage is connected via triazole to a short polyethylene glycol chain, that
links to an O8-(4-aminomethyl-benzyl)guanine (BG) motif. The BG allows the probe to be
covalently tethered to SNAP-tags at cysteine residue C145.
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Figure 1. Design of an OCT-ligand to target endogenous TRPV1 channels. (A) Schematic
depiction of the OCT-ligand approach. A photocaged TRPV1 agonist is localized to cell
membranes at the site of SNAP-tag expression. UV-A illumination releases an agonist to open
nearby TRPV1 ion channels. (B) Molecular structure of OCT-CAP, which consists of the TRPV1
agonist, dihydrocapsaicin (orange), masked as a tertiary amide with a nitrobenzyl photocage
(purple). The distal end of the photocage is linked to a BG motif for SNAP-tag tethering (blue).

Photolysis using 365 nm light releases dihydrocapsaicin to activate nearby TRPV1 channels.
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OCT-CAP was synthesized from commercially available 5-Hydroxy-2-nitrobenzaldehyde
in six steps and 27% overall yield (Figure 2). The phenol was treated with propargyl bromide in
the presence of KoCOs to yield alkyne (1). Reductive amination of (1) with vanillylamine under
basic conditions, followed by acidification, generated amine (2) as the hydrochloride salt. To
minimize undesired side reactions in the subsequent alkylation step, the phenolic alcohol of (2)
was protected as a tert-butyl-dimethyl-silyl ether to yield (3). Next, (3) was reacted with
8-methylnonanoic acid chloride to form a tertiary amide (4). This was then coupled to PEG3-BG
(5) via Cul-catalyzed click reaction to afford silyl-protected probe (6). Finally, a fluoride-mediated
deprotection generated OCT-CAP.
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Figure 2. Chemical synthesis of OCT-CAP, which prepared from 5-hydroxy-2-
nitrobenzaldehyde in six steps and 27% overall yield.
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Photophysical characterization of OCT-CAP by UV-Vis spectroscopy

We used UV-Vis absorbance spectroscopy to characterize the photophysical properties of
OCT-CAP. The absorbance spectra of OCT-CAP (20 uM, in DMSO) showed a maximum (Amax)
at 287 nm (Figure 3A, black). Upon irradiation with 365 nm (~35 mW-cm™2) there was a
bathochromic shift of the absorbance spectra and the emergence of a second absorbance peak
at 360 nm (Figure 3A, red). This result is consistent with the formation of the nitroso-aldehyde
photocage byproduct (Fig. 1B, bottom right), which has an expanded electronic n-system. We
measured OCT-CAP’s uncaging kinetics by plotting the absorbance at 360 nm over time
(Figure 3B). 365 nm illumination triggered uncaging with a T of 0.6 s. Longer wavelengths—
such as 415 nm (purple, ~31 mW-cm™), 470 nm (blue, ~35 mW-cm™2), and 565 nm (green,
~31 mW-cm™2) did not uncage OCT-CAP, demonstrating that OCT-CAP is only uncaged with
UV-A light. This property is advantageous for live-cell microscopy applications, because it
allows the probe to be orthogonally uncaged while simultaneously imaging green or red

fluorescent biosensors.
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Figure 3. Photophysical characterization of OCT-CAP by UV-Vis spectroscopy. (A) The
UV-VIS spectra of OCT-CAP (20 uM in DMSO) is plotted over time when illuminated with

365 nm light. A bathochromic shift in the absorbance spectrum was observed as the illumination
releases the uncaged product. (B) Normalized absorbance of OCT-CAP at 360 nm during
irradiation with 365 nm (gray), 415 nm (purple), 470 nm (blue), and 565 nm (green) LEDs. N=3

samples for each condition. Shaded error bars = mean + SEM.
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Tethering OCT-CAP to the surface of TRPV1-expressing HEK293T Cells

Next, we assessed the tethering of OCT-CAP to the surface living cells expressing TRPV1. We
transfected HEK293T cells with cDNA encoding TRPV1 with an N-terminal YFP (TRPV1-YFP)
and SNAP-tags fused to the pDisplay sequence (pDisplay-SNAP), which traffics and anchors
the SNAP-tag on the outer cell surface®. To confirm that OCT-CAP could covalently attach to
the SNAP-tags, we performed a pulse-chase labeling assay between OCT-CAP and a non-
permeable JF549i-SNAP dye33. HEK293T cells expressing TRPV1-YFP and pDisplay-SNAP
were incubated with either a vehicle control (0.1 vol% DMSO) or increasing concentrations of
OCT-CAP for 30 or 90 min. The cells were washed with aqueous buffer, then JF549i-SNAP dye
was applied to fluorescently label any remaining free SNAP-tags. When pre-incubated with
vehicle, JF549i-SNAP dye fluorescence was observed on the perimeters of transfected cells
(Figure 4A, left), confirming that pDisplay-SNAP is expressed on the outer plasma membrane.
Pre-incubation with OCT-CAP blocked JF549i-SNAP labeling in a dose and time-dependent
manner, demonstrating that OCT-CAP was indeed tethered to the SNAP-tags (Figure 4A, right,
Figure S1). We found that applying OCT-CAP at 5 yM for 90 min provided complete SNAP-tag
labeling on our cell monolayer, which was used as the incubation conditions for the following

experiments.

OCT-CAP stimulates Ca?* in TRPV1-expressing HEK293T cells
With OCT-CAP successfully tethered to the surface of TRPV1-expressing HEK293T-cells, we

investigated whether uncaging could activate TRPV1 and cause a cellular Ca?* influx. To this
end, we performed fluorescent Ca?* imaging using JRGECO1a%, a Ca?*-sensitive biosensor
who's fluorescence increases when cytoplasmic Ca?* levels are elevated. HEK293T cells were
transfected with TRPV1-YFP, JRGECO1a, and pDisplay-SNAP, then loaded with OCT-CAP. By
confocal microscopy, we observed co-localization between TRPV1, JRGECO1a, and SNAP-tags
labeled with JF649 (Figure 4B). When irradiated with 375 nm light, there was an increase in
JRGECO1a fluorescence, indicating that the intracellular Ca** concentration in the cells had
increased (Figure 4C, red; Figure 4D). lonomycin was added at the end of the experiment as a
positive control to saturate the JRGECO1a response. Next, we performed several control
experiments to verify the biological activity of OCT-CAP and the influence of tethering. First, a
vehicle control—i.e., where TRPV1-YFP and pDisplay-SNAP-expressing cells were incubated
with DMSO only—resulted in no Ca?* change during 375 nm illumination (Figure 4C, black;
Figure 4D, p=0.001 compared to tethered OCT-CAP). This indicates that exposure to 375 nm
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light was not responsible for the Ca?* increase. Next, we repeated tethered OCT-CAP uncaging
in cells lacking TRPV1-YFP. Here, probe uncaging did not significantly affect Ca?* levels
compared to vehicle control (Figure 4C, blue; Figure 4D, p=0.2), which confirms that this Ca?*
influx was indeed through the overexpressed TRPV1 channels, and not via other ion channels
native to HEK293T cells. Finally, we transfected the HEK293T cells an inactive SNAP-tag
mutant (SNAPC'454) that is unable to tether OCT-CAP?°. After incubation with OCT-CAP and
375 nm irradiation, the Ca?* increase was comparable to our vehicle control (Figure 4C,
magenta; Figure 4D, p=0.06). This result confirms that OCT-CAP’s efficacy is coming from
dihydrocapsaicin molecules that are released from the expressed SNAP-tags, as opposed to
un-tethered OCT-CAP ligands that had accumulated non-selectively inside or on the cell

membrane.
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Figure 4. Targeted uncaging of OCT-CAP on HEK293T cells. (A) Fluorescence micrographs
of live HEK293T cells transfected with pDisplay-SNAP and TRPV1-YFP. In cells labeled with
vehicle (0.1 vol% DMSO, 90 min) followed by JF549i-SNAP dye (500 nM, 20 min), JF549i
fluorescence was observed on the plasma membrane. In cells labeled with OCT-CAP (5 uM,

90 min) followed by JF549i-SNAP dye, the JF549i fluorescence was abolished. Nuclei were
labeled with hoechst-33342 (1 uM, blue). Scale bars are 50 um. (B) Fluorescence colocalization
of HEK293T cells expressing TRPV1-YFP (yellow), JRGECO1a (cyan), and pDisplay-SNAP
labeled with JF649-SNAP dye (purple). Scale bars are 100 um. An intensity profile (right) is
shown across the white arrow shown in the merged image. (C) Fluorescent Ca?* imaging in
HEK293T cells transfected with pDisplay-SNAP, TRPV1-YFP, and jRGECO. Average Ca?*
traces normalized to baseline pre-irradiation. When tethered OCT-CAP (5 uM, 90 min) was
released with 375 nm light, a Ca?* increase was observed (red, N=37, T=4). When the cells
were pre-incubated with a vehicle (0.1 vol% DMSO, 90 min) there was no Ca?*increase on
irradiation (black, N=137, T=3). When TRPV1 channels were not expressed, there was no effect
of irradiation (blue, N=96, T=3). Finally, when transfected with an inactive SNAP-tag mutant
(pDisplay-SNAPC1454) the Ca?* response induced by OCT-CAP uncaging was greatly attenuated
(pink, N=29, T=3). 375 nm irradiation is shown as purple bar. lonomycin (10 yuM) was added at
the end of each experiment to saturate jJRGECO1a. (D) Summary box plot showing the of AF/Fo
data from Ca?" imaging trials displayed in C. P-values were calculated using the Student’s t-test

between biological repeats (T).
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OCT-CAP stimulates inward currents in TRPV1-Expressing HEK293T Cells

Next, we characterized OCT-CAP’s activity in TRPV1-expressing cells using electrophysiology.
HEK293T cells were transfected with pDisplay-SNAP and TRPV1-YFP. We charged the cells
with OCT-CAP, washed with extracellular buffer, then recorded whole-cell currents in voltage
clamp mode. During the irradiation, we observed a large inward current, indicating that TRPV1
had been activated (Figure 5A,B). Subsequent wash-on of CAP after photoactivation did not
increase the current, and the OCT-CAP inward current was similar in magnitude to when CAP
was washed-on to the cells alone (Figure S2A). These results indicate that TRPV1 was fully
activated by OCT-CAP uncaging. The current response from incubated OCT-CAP was dose-
dependent, and first observable with a 5 yM concentration (Figure S2B). Incubation with OCT-
CAP at lower concentrations exhibit no inward current, which is in line with our previously-
described fluorescence labeling results (Figure S1). HEK293T cells that lacked TRPV1-YFP
(i.e., pDisplay-SNAP only) did not respond to OCT-CAP, confirming that OCT-CAP is selective
for the heterologously expressed TRPV1 channels, and did not arise from other channels native
to the HEK293T cells (Figure 5B, Figure S2C). Additionally, we added the TRPV1 antagonist
capsazepine (CPZ) to our external buffer. In the presence of CPZ, the inward current caused by
tethered OCT-CAP uncaging was significantly decreased (Figure 5B, Figure S2D); again,
confirming that OCT-CAP was selective for the expressed TRPV1 ion channels. We did not
observe UV-A-triggered currents in TRPV1-YFP and pDisplay-SNAP-expressing cells exposed
only to a vehicle (Figure 5B, Figure S2E), confirming that the observed TRPV1 currents were
not caused by the UV-A irradiation. In HEK293T cells expressing the inactive SNAPC'%%A mutant,
there was no change in current upon UV-A (Figure 5B,C); again, confirming that the current

response was driven by OCT-CAP molecules tethered to the cell surface.

Finally, we aimed to demonstrate the utility of tethered OCT-CAP in comparison to the
freely-diffusible photocage. We applied OCT-CAP to the external buffer, then recorded and
uncaged immediately, without giving the probe time to be enriched by the SNAP-tags. In this
case, UV-A irradiation produced only a small inward current (Figure 5B,D). This was
significantly smaller when compared to tethered OCT-CAP uncaging (p=0.03), and not
significantly different compared to our vehicle control (p=0.2). CAP wash-on at the end of the
experiment resulted in a large inward current, demonstrating that untethered OCT-CAP
uncaging did not fully activate all the TRPV1 channel expressed on the patched cell. This result
highlights that that enrichment of OCT-CAP at the cell surface increases our photocage’s

efficacy compared to having the freely diffusing photocaged CAP present in the bath.
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Figure 5. Targeted uncaging of OCT-CAP on HEK293T cells measured by
electrophysiology. Whole-cell voltage-clamp electrophysiology on HEK293T cells expressing
TRPV1-YFP and pDisplay-SNAP, then loaded with OCT-CAP (5 uM) or vehicle (0.1 vol%
DMSO) for 90 min. (A) Representative time series trace of current induced by OCT-CAP upon
365 nm UV-A irradiation. CAP (5 yM) addition at the end of the experiment did not increase the
current further. (B) Box plot summary of current changes induced by UV-A irradiation under
various ligand incubation and transfection conditions. The number of cells (N) is included in
brackets under each box. P-values were calculated using the Student's t-test. (C)
Representative time series trace of current induced by OCT-CAP upon UV-A irradiation when
expressing the inactive SNAPC'%%A mutant. No response is observed for OCT-CAP uncaging,
but CAP causes a large inward current. (D) When OCT-CAP (5 uM) was added to the external
buffer but not given time to tether to the SNAP-tags, UV-A irradiation produced only a small

inward current, which could be greatly potentiated by perfusion of CAP.

https://doi.org/10.26434/chemrxiv-2024-bmvkz ORCID: https://orcid.org/0000-0001-6705-2540 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-bmvkz
https://orcid.org/0000-0001-6705-2540
https://creativecommons.org/licenses/by-nc-nd/4.0/

DISCUSSION

This study presents the expansion of OCT-ligand technology to target TRPV1 ion channels on
genetically defined cellular membranes. Our new probe, OCT-CAP, is a photocaged capsaicin
analog that can be tethered to membrane-anchored SNAP-tags. We showed that enriching and
uncaging OCT-CAP on the plasma membrane enables rapid TRPV1 activation after agonist
uncaging with UV-light, and provides superior TRPV1 activation potency when compared to a
freely diffusible photocage applied in the external buffer. OCT-CAP responds to UV-A light, so it
can be combined with other green/red fluorescent biosensors (e.g., for Ca?* or cAMP) in live-cell
imaging applications. Another practical advantage of this tool is that it eliminates the need for an
external perfusion system. Gravity-based perfusion systems provide slow kinetics as the ligand
solution must replace the external bath solution surrounding the cells. This effect is especially
detrimental when working with hydrophobic ligands, such as CAP, which stick to tubing and
precipitate out of physiological solutions. When using OCT-CAP, the ligand can simply be pre-
loaded onto the cells, and the probe is activated on-demand without the use of any perfusion

system; this greatly eases the experimental setup when working with these lipid agonists.

While other approaches have used membrane-bound SNAP tags to tether receptor
ligands and photoswitches to cells or membranes of interest®>6, these are limited by the fact
that the ligand always remains attached to the linker. The OCT-ligand approach avoids this
disadvantage by releasing the unmodified ligand; and as such, can be used to study the
downstream physiology of endogenous signaling molecules and their receptors. The scope of
potential targets extends beyond fatty acid amides like CAP or endocannabinoids. OCT-ligands
for the targeted photo-release of other lipids such as fatty acids, diacylglycerols, or even
neurotransmitters like serotonin and dopamine will allow a variety of endogenous signaling

pathways to be interrogated with optogenetic precision.

The current set of OCT-ligands have only been applied at the cell surface. In part, this is
due to the surface-expression of our receptor targets so far (TRPV1 and GPR55%°), alongside
the PEG-moiety embedded within OCT-CAP’s linker, which prevents it from readily crossing
membranes. As such, a future area of OCT-ligand development will be their targeting to
intracellular compartments. Several studies have suggested that TRPV1 can be expressed on
internal membranes such as the endoplasmic reticulum3’®8; and so far, no tools exist to
selectively activate these internal receptor pools. Future-studies using cell-permeable OCT-CAP
derivatives, alongside SNAP-tags directed to intracellular membranes, will help us understand

the roles of these understudied intracellular pathways. Another area of future development will
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be towards multiplexed stimulation. As our repertoire of OCT-ligands expands in terms of
ligands and biological targets, multiple probes can be used in combination by applying
orthogonal bio-conjugation tags—e.g., Halo?® or CLIP?¢-tags. This could allow us to deliver
complex stimulation patterns sets of receptor agonist/antagonist pairs, and will allow us to

dissect signaling pathways in a more sophisticated manner than is currently possible.

In summary, this work describes the expansion of OCT-ligand tethered
photopharmacology to control ion channel activity, and sets the stage for optical control over a
diverse set of biological targets. We envision that the next generation of OCT-ligands will be
broadly applicable tools for studying the function of lipids in a variety of experimental
applications, and will help us unravel the intricate signaling networks that exist within distinct

organelles, cell types and tissues.
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