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1. Abbreviations and Definitions

1,2-DOG/DiCS8 — 1,2-dioctanoyl-sn-glycerol

Bhcmoc-1,2-DOG — 6-bromo-7-hydroxycoumarin-4- ylmethoxycarbonyl
phototriggered 1,2-di-O-octanoyl glycerol

BI — 1,3-dihydro-2H-benzo[d]imidazol-2-one

Cryo-EM — electron cryomicroscopy

GFP — green fluorescent protein

GSK — GSK1702934A

HEK293 — human embryonic kidney cells

I-V relation — current to voltage relation

IP; — inositol 1,4,5-trisphosphate

NMDG — N-Methyl-D-glucamin

OAG — 1-oleoyl-2-acetyl-sn-glycerol

OptoGArG — 3-((2-nitrobenzyl)oxy)propane-1,2-diyl-bis(4-(4-((E)-(4-
butylphenyl)diazenyl)phenyl)butanoate

PhoDAG-1 — [(2S)-2-[4-[4-[(4-butylphenyl)diazenyl]phenyl]butanoyloxy]-3-
hydroxypropyl] octadecanoate

PI — 1,3-dihydro-2H-imidazo[4,5-b]pyridin-2-one derivative

PKC — protein kinase C

PLC — phospholipase C

Pyr3 — pyrazole 3

R-GECO - genetically encoded Ca** sensor

SAG — 1-stearoyl-2-arachidonoyl-sn-glycerol

TM — transmembrane helix

TRPC — transient receptor potential

UV — ultraviolet

YFP — yellow fluorescent protein

PIP, — phosphatidylinositol 4,5-biphosphate



2. Abstract in German

Einleitung: TRPC3 Kanale haben durch ihre Bedeutung in erregbaren und
nicht erregbaren Zellen und ihrem einzigartigen Aktivierungsmechanismus, viel
Aufmerksamkeit auf sich gezogen. Die Entschlisselung des Prinzips der
Lipiderkennung durch TRPC-Kanale und die Klarung ihrer exakten Rolle in nativen
Zellen erfordert die Entwicklung spezifischer Strategien. Die Photopharmakologie als
neuartige und hochprazise Methode zur Manipulation von Signalmolekulen eroffnet
die Moglichkeit zu einer solch spezifischen Kontrolle von TRPC Kanalen. Diese
Technik bietet zwei prinzipielle Ansatze die zur optische Kontrolle von TRPC3-
Kanalen geeignet sind: “caged” und “photochrome” second messenger. Die
Lichtgesteuerte Aktivierung von Liganden kann mechanistische Einblicke in die
Signalfunktion von TRPC3 liefern und ihre Nutzung als therapeutische Zielstruktur
vorantreiben.

Ziel: Die Entwicklung spezifischer photopharmakologischer Werkzeuge zur
Manipulation der TRPC3-Kanalaktivitat in vitro und in vivo.

Materialien und Methoden: In dieser Arbeit haben wir photoschaltbare

Liganden auf ihre Eignung zur Kontrolle von TRPC3-Kanalen durch Licht untersucht.
Wir kombinierten elektrophysiologische Methoden mit Ca?*
die Aktivitat von TRPC3 wahrend der Photoaktivierung mittels Lipid- und Nicht-Lipid-

Aktivatoren, nachzuweisen. Neben einem Standard Expressionssystem (HEK293)

Imaging”-Techniken, um

wurden zwei weitere Zellmodelle (Endothelzellen und Neuronen) mit endogen
exprimierten TRPC-Kanalen zur Charakterisierung dieser photopharmakologischen
Werkzeuge verwendet.

Ergebnisse und Schlussfolgerung: “Lipid-uncaging” bewirkte Ca** -Transienten

in TRPC3-transfizierten Zellen. Allerdings wurde dabei eine “uncaging’-induzierte
Leitfahigkeit als ein unerwartetes

UV-beleuchtungsabhangiges Artefakt identifiziert. Dieser Nebeneffekt war
durch die Kafigstruktur (Coumarin) erzeugt und berut vermutlich auf einer direkten
Wirkung auf die Llpidmembran. Alternativ haben wir zu umgeheung dieser Probleme
photochrome Liganden entwicklet. Photochrome Gruppen wie Azobenzol



ermoglichen die Kontrolle des Konformationszustands durch lichtabhangige cis-trans-
Isomerisierung und damit der biologischen Aktivitat eines Liganden. Der Einbau von
Azobenzol in Lipide wurde als eine Alternative zur “uncaging”-Strategie eingesetzt.
Ein Mutagenesescreening, das durch Homologie-Modellierung von TRPC3 in
Kombination mit photosensitiven Lipiden durchgefuhrt wurde, ermdglichte die
Identifizierung einer essentiellen Lipid-Protein-Interaktionsstelle innerhalb des
Porenkomplexes von TRPC3. Um eine noch spezifischere Kontrolle Uber endogene
Kanale zu erreichen, synthetisierten wir ein photochromes Benzimidazol OptoBI-1,
ein Derivat des TRPC3/6-Agonisten (GSK1702934A) Die Lichtstimulation von
OptoBI-1 ermdglichte eine prazise Kontrolle iber TRPC-Kanale in Endothelzellen und
Neuronen. Zusammenfassend liefert diese Arbeit eine Grundlage fur die Entwicklung
zukunftiger Strategien zur Erforschung von TRPC-Kanalen in vitro und in vivo.



3. Abstract in English

Introduction: TRPC3 channels have been attracting much attention through the
years with its unique mechanism of activation, which results in Ca?* influx in excitable
and non-excitable cells. Deciphering the principle of ligand recognition by TRPC
channels and clarifying their exact role in native cells demands specific tools.
Photopharmacology as a novel and highly precise technique for manipulation of
signaling molecules opens a venue for targeting TRPC3 with high temporal and
spacious precision. The technique offers two strategies, which are suitable for optical
control of TRPC3 channels: caged and photochromic second messengers. Light-
controlled activation of channel activating ligands may provide mechanistic insights
into the signaling function of TRPC3 and advance their therapeutic targeting.

Aim: we set out to develop specific photopharmacological tools for
manipulation of TRPC3 channel activity and function in vitro and in vivo.

Materials and methods: In this work we characterized photoswitchable ligands

for suitability to control TRPC3 channels by light. We combined electrophysiological
and Ca®" imagine techniques to detect activity of TRPC3 overexpressed in HEK293
cells during photoactivation of lipid- and non-lipid activators. Additionally, two cell
models (endothelial cells and neurons) with endogenously expressed TRPC channels
were used to characterize the selectivity of these photopharmacological tools.

Results and conclusion: Lipid uncaging induced Ca*" transients in TRPC3

transfected cells. However, the uncaging-induced conductance was identified as an
unexpected UV illumination-dependent artifact, which was produced by the cage
structure. Therefore, caging structures in photopharmacological experiments have to
be used with caution. Photochromic moieties like azobenzene allows for control of the
conformational state by light dependent cis-trans isomerization and, thereby of the
biological activity of a ligand. Azobenzene incorporation into lipids was employed as
an alternative to the uncaging strategy. A mutagenesis screen, guided by homology
modeling of TRPC3 in combination with utilization of photosensitive lipids revealed an
essential lipid-protein interaction site within the pore complex of TRPC3. To exert a
more specific control over endogenous channels, we synthetized a photochromic
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derivative of the TRPC3/6 agonist GSK1702934A and assigned this benzimidazole
derivative as OptoBI-1. Light-stimulation of OptoBI-1 enabled precise control over
TRPC channels in endothelial cells and neurons. In summary, this work provides a

basis for a development of future strategies to explore TRPC channels in vitro and in
Vivo.
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4. Introduction to TRPC3

TRPC family exhibits the the closest structural relation to trp channels, which
were first discovered in the Drosophila compound eye. TRPCs are plasma
membrane-resident, non-selective cation channels with partial selectivity for Ca* over
other cations. This family is highly expressed all over the body and plays a crucial role
in many cellular processes (1-3) (4).

TRPC channel consists of 6 transmembrane helixes (TM1-6) with a pore-
forming region localized between TMS and TM6. Four subunits form a tetramer as a
functional channel. The cytosolic part of each of the subunits contains 3-4 ankyrin
repeats, a coil-coiled region and a putative caveolin-binding region in the N-terminus.
T-terminus has of a TRP-box, a highly conserved prolin-rich motif, a calmodulin/IP3
receptor binding (CIRB) and coil-coiled regions in the C-terminus (5,6) (4).

TRPCs share =230% homology among each other. Based on sequence
comparison, TRPCs can be divided into two subgroups: TRPC1/4/5 and
TRPC2/3/6/7. Trpc2 is responsible for pheromone sensing in rodents but represents a
pseudogene in humans. Members of the TRPC family are widely expressed within the
whole body and play significant role in multiple cellular processes. Homotetramers of
TRPC1/4/5 were initially suggested as store-operated channels and just recently
demonstrated as lipid-sensitive (7), while TRPC3/6/7 were already early on
recognized as lipid-gated channels (5,8). All TRPCs can form functional
heterotetramers with distinct activation pattern, current-to-voltage relation and
conductance (9) (4).

Transient receptor potential canonical 3 (TRPC3) channels displays a few
outstanding features among other TRPCs. It is constitutively active and appears pre-
opened to allow a background cation influx into the cells. These pores formed by
TRPC3 are slightly more selective to Ca?* over other cations with a permeability
ration Pca/Pna = 1.6 £ 0.27 and a single channel conductance 23 pS (10). TRPC3
channels display a distinct |-V relation with prominent inward current and a reversal

potential at around 0 mV (11). Interestingly, TRPC3 channels show remarkable Ca**-
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sensitivity therefore removal of extracellular Ca®* results in elevation of basal activity

and ligand-induced response (10) (4).

b)

* Modulator C

R Lipid <~ Glycosylation site

* BTDM < Structural interactions

Figure 1. Ligand-channel interactions and potential drug binding sites in TRPC3. (a)
Schematic illustration of the domain structure of one TRPC3 channel subunit according to the
information provided in from Fan et al. (12). Lipid binding sites (green stars) are indicated with L1
(formed by LD9, pre-S1, S1, S4, and S4-S5 linker) and L2 (between p-loop and S6 helix); potential
modulator binding site (M) represented by a cavity (extracellular domain) formed by the extended S3
helix, S1-S2 and S3-S4 linkers as previously identified (12). Proposed BTDM binding site formed by
S3, S4-85 linker, S4, S5, and S6 identified by Tang et al. (13). (b) Detailed view on postulated 2-
(benzo[d][1,3]dioxol-5-ylamino)thiazol-4-yl)  ((3S,5R)-3,5-dimethylpiperidin-1-yl)methanone (BTDM)
binding site in TRPC3: amino acids in the TRPC3 sequence, corresponding to the TRPC6 BTDM
binding site are marked in red. The glycine residue G652 (here G640, isoform 1/Q13507-1 in UniProt)
identified as crucial for recognition and accommodation of lipid activators is highlighted in blue (14).
The BTDM molecule is schematically placed into the proposed binding site (“Reproduced from (4) with

permission of publisher Cells, 2018” (https:// creativecommons.org/licenses/by/4.0/)).

4.1 Potential role of TRPC3 in human disease

As a protein ubiquitously expressed in the body and involved in maintenance
of Ca*" concentration in cytoplasm, TRPC3 activity affects function of excitable and
non-excitable cells. For example, TRPC3 expression was detected in the Purkinje
cells of cerebellum (15) and in hippocampal neurons (16). Becker et al. found that a
gain-of-function mutation (T635A; designated as Mwk mutation) in TRPC3, which is
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associated with enhanced currents through TRPC3 channels in cerebellum. This
leads to degradation of Purkinje cells with consequent impaired coordination control
in mice (17). Later, Fogel et al. found a similar mutation in adult-onset spinocerebellar
ataxia in human caused by mutation in TRPC3 channels (A762H) resulting in Purkinje
cells death (18). Importance of TRPC3 function in hippocampal neurons was shown
by Neuner et al. Inhibition of the basal activity of these channels was found to
increase neuronal firing, which resulted in better space orientation and improved
contextual fear memory in mice (16). However, the signaling of TRPC3 channels in
hippocampal neurons was not analyzed in detail (4).

In non-excitable cells such as endothelial cells, TRPC3 channels contribute to
a Ca?" influx through the plasma membrane, which was initially considered as store-
dependent or store-operated, but later on identified as receptor-operated. TRPC3
induced Ca®* changes in the cytoplasm facilitate the activity of a constitutively
expressed, Ca** regulated nitric oxide synthase NOS Il (19) and production of nitric
oxide (NO) which leads to vasodilatation (20). Therefore, development of a specific
strategy to target TRPC3 channels in this tissue appears attractive in terms of
therapeutic interventions (4).

4.2 Endogenous and synthetic channel activators

TRPC3 channels were found overexpressed in many pathophysiological
processes but their primary function in cell is not well-defined yet. Many efforts were
undertaken to specifically manipulate TRPC3 channels in their natural environment. A
distinct feature of TRPC family is the interaction of these channels with plasma
membrane lipids like PIP2 (21) and PLC-produced or synthetic (SAG, OAG, DOG)
diacylglycerols (8). Both lipid species were found to promote TRPC activity.
Therefore, understanding of the lipid-sensing machinery would advance novel drug
development for TRPC3 determined targeting (4).

Importantly, the manipulation of endogenous TRPC3 channels by lipids has
certain limitations including the lack of control over time dependent changes in the
level of lipid activators at the channel. As an alternative to lipid-mediated control, two
synthetic non-lipid activators were introduced: GSK1702934A (GSK) and
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pyrazolepyrimidine-based agonists (22,23). Both of these actuators activate lipid-
sensitive TRPC channels bypassing PLC pathway. GSK exerts its action in vitro and
in vivo by eliciting TRPC3- and TRPCG6-like currents as demonstrated in in TRPC
overexpressing HEK293 cells. In addition, GSK (1 uM) transiently increased blood
pressure in conscious Sprague Dawley rats (22). Later, Doleschal et al. confirmed the
selectivity of GSK by applying it to freshly isolated cardiomyocytes. GSK was unable
to induce currents in cardiomyocytes at a low level of endogenous TRPC3
expression, while TRPC3-transfected cardiomyocytes perfused with GSK showed a
TRPC3-like conductance. TRPC3 overexpressing cardiomyocytes displayed a
prolonged, late repolarization phase during the action potential when perfused with
GSK (24). Lately, Qu et al. introduced pyrazolepyrimidine-based agonists which
exhibited a high potency (EC50 in the nanamolar range). New small molecule
agonists were apparently selective towards ligand-gated TRPC channels and not
affecting other TRP family members (23). However, their action in vivo was not
confirmed yet (4).

TRPC3 has been identified to promote proliferative cell phenotypes (25-27),
dendrite growth, nitric oxide production and motor coordination. Both natural and
synthetic activators, efficiently promote the activity of overexpressed TRPC3s in cell
lines and isolated cells. However, classical ligand application lacks tissue specificity
and the spatiotemporal precision to efficiently target TRPC3s in a particular type of
cells. Therefore, a nove and unconventional approach that provides high spatial and
temporal intervention such as photopharmacology may open the perspective of
therapeutic targeting of these ligand-gated TRPCs (4).

4.3 Photopharmacology as a therapeutic perspective

Photopharmacology is a noninvasive and remote way to control biological
processes within cells in vitro and in vivo. It was developing fast in the last decades
and already gained importance due to its advantages over traditional ways of govern
cell activity. There are two main ways to control drugs by light and without genetic
innervation into protein expression. First the photopharmacological approach uses a

light-sensitive caging agent to block the activity of the bioactive molecule. The cage is
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an inert moiety, which is fused via covalent bond to the molecule. A particular
wavelength (usually UV) releases the ligand from the caging moiety to allow
interaction with its biological target. The very first attempt to employ
photopharmacology in TRPC studies was reported by Nadler et al. The group used
caged DAGs to monitor TRPC3/6 activity in HelLa cells (28). Coumarin and
nitroveratroyl were used as caging agents to prevent the interaction of DAGs (SAG
and DOG) with the channels (28). Short UV light illumination released DAG species
leading to Ca®* concentration increase in cytoplasm of HelLa cells. NiCl, and other
non-selective blockers of TRPCs such as SKF-96365 effectively inhibited the
response in Hela cells after DAGs photouncaging, suggesting TRPC-dependent Ca**
influx in these cells (28) (4).

A second photopharmacological approach is to use photochromic ligands for
reversible light-induced intervention and manipulation of proteins. Azobenzene as a
light-sensing moiety with a cis-trans flexible conformation is the most frequently used
photopharmacological tool. Azobenzene incorporation into side chains of the DAGs
was successfully used to control lipid-dependent proteins. Frank et al. introduced
azobenzene fused SAG and two 1,2-DOG photoswitches (PhoDAG-1 and PhoDAG-2
and PhoDAG-3 respectively). PhoDAGs in the trans-state caused little or no effect on
PKC alpha activation and translocation as demonstrated by overexpression in HelLa
cells. In addition, photoswitchable lipids in trans-state had no impact on proteins
(Munc 13) involved into neurotransmitter release and activity of pancreatic f cells. On
the contrary, UV-induced cis-isomerization of PhoDAGs was very efficient in
triggering lipid-dependent processes in the cells (4).

Leinders-Zufall et al. continued this approach to explore the advantages of
photoswitchable DAGs, by using PhoDAG-1 and PhoDAG-3 as tools to study mTrpc2
and hTRPCG6 channels. mTrpc2 channels are mostly found in sensory neurons of
vomeronasal and main olfactory organ. Photopharmacological control of TRPC2 with
exceptionally high spatial precision by PhoDAGs allowed to localize and specify role
of mTrpc2 channels in VNO and main olfactory organ. In addition, they showed a
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light-dependent control with PhoDAGs over other lipid-sensitive TRPC members, like
TRPCBG, overexpressed in HEK cells (4).

Considering the advantages of photopharmacology, light-sensitive tools are

highly valuable to decipher essential molecular features of TRPC channels and to

uncover their specific role in cells and tissues.
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5. Aim

The central aim of the project was to develop tools to study TRPC3 channels
with high temporal, spatial and quantitative precision. Therefore, we developed three
different photopharmacological ligands to explore the lipid recognition of TRPC3
channels and specifically target them in native tissue:

1) Characterizing caged lipids for suitability to study TRPC3 channels

The main advantage of a caged ligand approach is that the released/uncaged
biomolecule has a non-modified structure. Photouncaging of diacylglycerols was
shown to trigger Ca** transients in HELa cells, which express TRPC3/6 channels.
Therefore, we explored the suitability of coumarin-caged lipids for spatiotemporal
control over TRPC3 channels (29).

2) Exploring the lipid-sensing machinery of TRPC3 with
photoconvertible lipids

Photochromic ligands allow for a fast and reversible light-dependent control
over bioactivity of a molecule in proximity to the protein of interest. We combined
photoswitchable DAG (OptoDArG) with structural mutagenesis to study the lipid-
protein interaction of TRPC3 channels (14).

3) Targeting of TRPC channels in native tissue with
photopharmacological synthetic ligands

Lipid-gated TRPC channels are highly expressed in neuronal- and
cardiovascular tissues. Precise pharmacological control over their activity in native
cells can provide important insights into organ function/dysfunction. Therefore, we
aimed to control endogenously expressed channels in endothelial cells and neurons
with a photoderivative of synthetic activator GSK1702934A.

18



6. Methods

6.1 Cell culture and transfection

Human embryonic kidney 293 (HEK293) and human umbilical vein
endothelium derived (EA.hy926) cells were cultured in Dulbeco’s Modified Eagle
Medium (DMEM, Invitrogen,) with 10%supplemente of fetal bovine serum (FBS),
streptomycin (100 pg/mL), penicillin (100 U/mL), L-glutamine (2 mM/L) and HEPES
(10 mMI/L) in constant at 37°C and 5% COz level.

HEK293 cells were seeded in 3,5 cm dishes and EA cells were seeded in flask
the day before the transfection and when reached approximately 80% confluency
grown were transiently transfected with 5 ug plasmid DNA using Lipofectamine2000
(Lifetechnologies) according to the manufacturer’s protocol. Cells were reseeded on
6x6 mm glass cover slips 24 h after transfection.

6.2 Mice handling

Mixed strain background mice (Balb/c — C57/BI6; WT) were used for
experiments of cultured hippocampal neurons. A TRPC1-7 (hepta) KO (Balb/c —

C57/BI6) mouse model was generated as described (30) and used as a control.

6.3 Dissociated hippocampal neurons

Both WT and KO mice (P0O) were used for preparation of dissociated
hippocampal neurons. Newborn mice were killed immediately after birth by
decapitation in full accordance with all rules of the Austrian animal protection law and
the Austrian animal experiment by-laws.

Hippocampi were isolated from the hemispheres in cold buffer containing (in
mM): 137 NaCl, 4.5 KCI, 1.1 Na;HPO4 x 2 H,O, 1.1 KH,POy4, 6.1 glucose, and 1
kynurenate, pH adjusted to 7.3 with NaOH. For chemical dissociation 20 min of
incubation with papain at 37°C following by mechanical dissociation. Neurons were
seeded into 3,5 cm dishes with antibiotic-containing DMEM high glucose with 2 mM
L-glutamine supplemented with 10% heat-inactivated inactivated fetal bovine serum
(Biochrom) and 12.5 mg/ml ITSS (Insulin-Transferrin-Sodium Selenite Supplement,
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Roche), 10 nM progesterone (Sigma Aldrich) and antibiotics (25,000 1U/I penicillin
and 25 mg/l streptomycin, Sigma Aldrich). After 24h the medium was changed to
antibiotic-free and neurons were kept at 37°C and 5% CO; level for 12-14 days
before the experiments.

6.4 mRNA isolation and gPCR

Total RNA was isolated using PEQLAB total RNA isolation kit (Peqglab) and
reverse transcription was performed in a thermal cycler (Peqglab) using a high-
capacity cDNA reverse transcription kit (Applied Biosystems). TRPC3 knock-down
efficiency was determined by quantitative RT-PCR using the GoTag® qPCR master
mix (Promega). RT-PCR was performed on a LightCycler 480 (Roche Diagnostics).
Relative expression of the target gene was normalized to human GAPDH, as a
reference gene. Primers for real-time PCR were purchased from Eurofins Genomics
(Ebersberg, Germany) and had the following sequences: hTRPC3 for: 5'-
ACGACTTCTACGCTTACGACGAG -3, hTRPC3 rev: 5’-
CTTAATGGCAAGTTTGACACGAC-3..

6.5 Ca®' imaging

For Ca®" imaging, HEK293 cells were co-transfected YFP-TRPC3 and red-
shifted genetically encoded Ca?* sensor R-GECO or R-GECO only (R-GECO1.2,
kindly provided by Dr. R. Mally) and seeded on cover slips the day prior to the
experiments. For detection of Ca?* changes in cytoplasm during the experiments,
cells were illuminated with 570 nm. Cells during the experiment were kept in Tyrode
buffer containing (mM): 140 NaCl, 5 KCI, 2 CaCl;,1 MgCl,, 10 HEPES and 10
glucose, pH 7.4 adjusted with NaOH). For control experiments, cells were exposed to
DMSO instead of the light-sensitive activators.

Non-transfected or transfected with CFP-TRPC3 EA.hy 926 were seeded on
glass cover slips the day before the experiments. For Ca®* imagine, cells were
preincubated for 20 min at room temperature in dark in Ca®* sensitive dye Fluo-4 AM
(ThermoFisher Scientific). After incubation, the cover slip was transferred to a cell

bath on an inverted microscope with 40x1.3 N.A. oil-immersion objective (Olympus
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IX71) with Tyrode buffer at room temperature. Cells were excited at 490 nm every
second and UV light for photoconversion was applied two times for 15 sec between
the Flou-4 AM excitation. Fluo-4 fluorescence bleaching was corrected by calculating
the bleaching function Fb for each individual cell using a one phase exponential
decay equation for curve fitting and [Ca*") is represented as F/Fb.

An Oligochrome light source (Till Photonics) was used and fluorescent images
were captured every second with an ORCA-03G digital CCD camera (Hamamatsu)
using Live Acquisition 2.6 software (FEI) for uncaging and EA.hy926 cells response
experiments. Monochromatic light source was a Polychrome IV (Till Photonics,

Germany) for photochromic ligand experiments.

6.6 Electrophysiology

All the experiments were conducted at room temperature. Transfected and
non-transfected HEK293 cells were seeded on glass cover slips the day before the
experiments. After 24h cover slips were transferred into a cell bath on an inverted
Axiovert 200 microscope (Zeiss). As an excitation source Oligochrome (Till
Photonics) was used. Transfected cells were identified by fluorescent after illuminated
with 430 or 500 nm wavelength. Whole cell voltage-clamp and current-clamp
experiment were performed using Axopatch 200B amplifier (Molecular Devices)
connected with a Digidata-1440A Digitizer (Axon Instruments). Signals were low-pass
filtered at 2 kHz and digitized with 8 kHz. Application of linear voltage-ramp protocols
ranging from -130 to +80 mV (holding potential 0 mV) was controlled by Clampex
10.4 (Axon Instruments) software. Current densities at -90 and +70 mV were plotted
against time and normalized by capacitance. Current-voltage relationships from -130
to +80 mV were normalized by capacitance. For neural activity, neurons with -50 to -
70 mV resting membrane potential were selected. During the measurement cells
were kept in 20 uM CNQX (Tocris) and 50 uM picrotoxin (Sigma Aldrich). For
photopharmacological measurements in HEK293 cells illumination was switched
every 10 s between UV (365 nm) and blue (430 nm) light for neurons light was being
changed every 30 seconds.
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For voltage-clamp extracellular solutions contained: 140 mM NaCl, 10 mM
HEPES, 5 mM EGTA, 10 mM Glucose, 2 mM MgClz, 2 mM CaCl,, pH adjusted to 7.4
with NMDG. Pipette solution contained: 120 mM cesium methanesulfonate, 20 mM
CsClI, 15 mM HEPES, 5 mM MgCl,, 3 EGTA, titrated to pH 7.3 with CsOH.

For current-clamp pipette solution contained: 120 mM D-Gluconic acid
potassium salt, 10 mM HEPES, 5 mM EGTA, 3.5 mM NacCl, 1.5 mM CaCl,, 1.5 mM
D-Gluconic acid sodium salt, 0.25 mM MgCl,, titrated to pH 7.3 with KOH.
Extracellular solutions contained: 140 mM NaCl, 20 mM Glucose, 10 mM HEPES, 3
mM KOH, 2 mM CaCl,, 2 mM MgCl,, 2 mM NaOH, pH adjusted to 7.4 with NaOH or
KOH. Thick-wall patch pipettes from borosilicate glass with filament (Harvard
Apparatus) were pulled to a resistance of 10-20 MQ.

6.7 Statistics

Data analysis and graphical display were performed using Clampfit 10.4 (Axon
Instruments), OriginPro 9.1 (OriginLab) and SigmaPlot 13.0 (Systat Software Inc.).
Data are presented as mean values + S.E.M. Primarily, a Shapiro-Wilk test was
conducted to test for normality of the value distribution. Whenever normal distribution
criterion was met, we used Student’s two-sample t-test or paired t-test to analyse the
statistical significance. Otherwise, in case of non-normally distribution, Mann-Whitney
rank sum test was applied. For groups larger than 3, we used one-way ANOVA
analysis with subsequent Turkey post-hoc test to determine statistical significance.
Chi-square test was used to analyse responses in cell populations in siRNA
knockdown experiments. In general, differences were considered significant at p<0,05
and indicated for individual comparisons in figures (* p<0,05, ** p<0,01, *** p<0,001).
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7. Results

71 Optopharmacological control of TRPC channels by coumarin-
caged lipids is associated with a phototoxic membrane effect (Tiapko et al.,
2016)

7.1.1 Photouncaging of 1,2-DOG induces Ca®* changes in TRPC3
overexpressing HEK293 cells

The lipid sensing machinery of TRPC3 channels represents a unique feature,
which stayed enigmatic for many years. Light-controlled lipids may provide an
advantage in spatiotemporal control over TRPC channels and allow studying their
activity with high precision. Caged lipids have an advantage due to the largely
unmodified structure of the released agonist and exert their activating interaction with
the target in a way completely dependent on light. Nadler et al. showed that coumarin
caged 1,2-DOG (Bhcmoc-1,2-DOG) was effective to generate a Ca** responses in
HELa cells after UV irradiation-induced uncaging. For evaluation of Bhcmoc-1,2-DOG
efficiency to induce Ca** concentration changes in the cytoplasm, HEK293 cells were
transfected to express a genetically encoded red-emitting (R-GECO) Ca®* sensor
molecule, which does not interfere with coumarin emission, in the presence of YFP-
TRPC3. Prior to Ca** imaging experiments, cells were preincubated with Bhcmoc-1,2-
DOG (30 uM) for 10 min, then washed with Tyrode’s buffer and mounted in imagine
chamber with 2 mM Ca®" containing Tyrode’s buffer. Photouncaging was induced by
two boosts of UV illumination (340 nm) for 10 s duration. TRPC3-expressing cells co-
transfected with R-GECO sensor (TRPC3 overexpressing HEK293 cells) responded
with transient fluorescence elevation (F/FO a=2.2+0.12), which reported Ca?*
changes in the cytoplasm in response to UV-induced photorelease of caged 1,2-DOG
(Figure 2A). Control HEK293 calls (HEK293 cells) with essentially low endogenous
TRPC3 expression and transfected with R-GECO alone, did not exhibit significant
Ca** reaction (F/FOmax=1.07£0.01; Figure 2B) in response to photouncaging of 30 uM

of coumarin-caged 12-DOG. Commonly, for activation of TRPC3 channels, higher
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concentrations of lipid species are used (8). Therefore, we determined the effect of
100 uM of coumarin-caged 1,2-DOG. At this concentration, we still observed a
transient Ca?* increase in response to uncaging of 100 uM Bhcmoc-1,2-DOG in
TRPC3-expressing cells (F/FOmax=3.2+0.09; data not shown). Additionally, we
performed experiments with the non-specific blocker of receptor-mediated Ca?* entry
pathways SKF 96365, which as well targets TRPC channels (28,31). Transient
responses to both Bhcmoc-1,2-DOG concentrations (30 and 100 uM) in YFP-TRPC3
overexpressing cells were efficiently inhibited (F/FOmax=1.3£0.02) by SKF 96365 (50
uM; Figure 2) (29).

To sum up, photouncaging of 1,2-DOG showed specificity to target TRPC3
channels and efficiency to induce cytosolic Ca?* level changes. Consequently, we
continued a more detailed characterization of the uncaging response on TRPC3

channels (29).
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Figure 2. Live-cell imaging of photouncaging-induced changes in Ca®* within HEK293 cells
using a genetically encoded red-emitting Ca® sensor (R-GECO). A, Ca®* transient during
phototriggered uncaging of 1,2-DOG (2x10 s, 340 nm, as indicated by UV) in TRPC3 overexpressing
HEK293 cells (black line, n=12). Inhibition of 1,2-DOG induced Ca®* entry by using 50 ¥ mol L*' SKF
96365 (grey line, n=25). B, Ca®" transient during phototriggered uncaging of 1,2-DOG (2x10 s, 340
nm; UV) in wild type HEK293 cells (n=20). Normalized intensity changes (mean+SE) are plotted as a
function of time (“Reproduced from (29) with permission of publisher Science China Life Sciences,

Springer Nature Switzerland, 2016” (https:// creativecommons.org/licenses/by/4.0/)).

7.1.2 Photorelease of coumarin-caged 1,2-DOG triggers non-specific
currents independent of TRPC3 expression in HEK293 cells

We observed that a caged DAG efficiently induced Ca®* fluctuations in cells in
TRPC3-dependant manner. The next step was to detect and characterize the ability
of coumarin-caged 1,2-DOG to induce a cation conductance through TRPC3
channels. Currents were recorded in non-transfected (HEK293 cells) and YFP-
TRPC3-transfected (TRPC3 overexpressing HEK293 cells) cells after 1,2-DOG
photouncaging. As in Ca2+ imaging experiments, both cells types were preincubated
for 10 min in 30 yM and 100 uM of Bhcmoc-1,2-DOG, then washed with external
buffer, mounted into a patch-clamp chamber with Bhcmoc-1,2-DOG-free external
buffer and voltage-clamped in whole-cell configuration. Holding level of membrane
potential was set to 0 mV, and basal currents were elicited with simple 1 sec voltage

ramp protocol from -130 mV to +80 mV. Two UV boosts (340 nm, 10 sec) were
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applied during the recording at 60 sec and 90 sec time points respectively. A small
change in membrane conductance was observed immediately after photorelease of
30 uM Bhcmoc-1,2-DOG with the first UV application which, interestingly, was just
augmented by the following second boost (Figure 3A). The currents recorded after
the first and second UV light illuminations were, however, not resembling TRPC3-
specific IV relation and lacked the typical transient time course as elicited by direct
diacylglycerol bath application (Figure 3B). Consistently, elevating the concentration
of the caged lipid to 100 puM increased this “non-transient” current in TRPC3
overexpressing HEK293 cells. To block the UV light-induced currents, we incubated
cells with two non-selective cation channel blockers, but the photoinduced
conductance were insensitivity to SKF96365 (50 yM; Figure 3A) or Ruthenium Red
(10 uM; not shown). TRPC3 channels were described as Ca®** dependent channels
(32). We performed further experiments in nominally Ca** free conditions (0 mM) and
normal sodium concentration (140 mM). As expected, removal of Ca?* resulted in
increased inward current in TRPC3-overexpressing HEK293 cells compared to
control cells (-23.1+1.6 pA/pF to -8.7+2.6 pA/pF; Figure 3C). However, the recorded
currents were still not exhibiting the typical I-V relation of TRPC3 channels. Inward
currents recorded in TRPC3-expressing and wild-type HEK293 cells were
comparable in amplitude. With application of the unspecific, voltage-dependent Ca?*
channel blocker Ruthenium Red (10 pM; Figure 3C) we were finally able to isolate
and quantify the TRPC3 contribution to the photoreleased conductance.
Nevertheless, we clearly demonstrate a light-induced conductance in wild type
(control) HEK293 cells representing a TRPC3-independent membrane conductance
(Figure 3D) (29).
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Figure 3. Patch-clamp characterization of photouncaging-induced changes in
membrane conductances of wild type and TRPC3 overexpressing HEK293 cells. A, Average time
courses of current recordings in TRPC3 overexpressing HEK293 cells in the presence of Bhcmoc-1,2-
DOG (30 uM; n=10, open circles), Bhcmoc-1,2-DOG (100 uM; n=8; grey triangles), Bhcmoc-1,2-DOG
(30 uM) and SKF 96365 (50 uM; n=10, black stars), Bhcmoc-1,2-DOG in nominally Ca”" free solution
(30 uM; n=4, black circles). B, Representative current recording in TRPC3 overexpressing HEK293
cells during bath application of 1,2-DOG (50 uM; n=4). C, Bar chart illustrating average inward current
densities (-90 mV) determined in control HEK293 cells and TRPC3 overexpressing HEK293 cells after
photouncaging (340 nm, 2x10 s) of Bhcmoc-1,2-DOG (30 uM) in 2 mM ca® (black bar) and in
nominally Ca®" free bath solution (empty bar). Ruthenium Red (10 uM; gray bar) was applied on top of
Bhcmoc-1,2-DOG-induced current in nominally Ca’* free bath solution. The current density was
calculated at 160 (empty bar) and 205 (gray bar) seconds. The asterisk indicates statistically significant
differences (P< 0.05) between current density before and after Ruthenium Red application in nominally
Ca®" free bath solution. D, Average time courses of currents recorded in wild type HEK293 cells in the
presence of Bhcmoc-1,2-DOG (30 uM; n=7). Data presented as mean+SE (“Reproduced from (29)
with permission of publisher Science China Life Sciences, Springer Nature Switzerland, 2016” (https://

creativecommons.org/licenses/by/4.0/)).

7.1.3 Photoreleased coumarin 1a exerts a profound effect on the plasma

membrane

Coumarin derivatives are used as photosensitizers in medical practice (33).
Therefore, we hypothesized that the Bhc-coumarin cage (Figure 4: coumarin 1a)
once released by uncaging illumination can exert an off-target, side-effect. This
concept was tested by incubation of YFP-TRPC3-transfected and widl-type HEK293
cells with coumarin and coumarin derivatives (30 uM; Figure 4D) for 10 min and then
removed excess of coumarin by a wash with external buffer. Cover slips were
mounted into a patch-clamp chamber with coumarin-free external buffer. Current-to-
voltage relations recorded in TRPC3-transfected cells incubated with coumarin
derivatives (Figure 4D:1a-1c) resembled that previously observed after Bhcmoc-1,2-
DOG uncaging (Figure 4B). Photostimulation of coumarin derivatives (Figure 4D:1a-
1c¢) elicited non-specific currents in control HEK293 cells (Figure 4C) similar to those
observed in transfected cells. These experiments strongly indicate that the light-
activated currents initiated by photouncaging of the Bhcmoc-1,2-DOG were for its
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major part neither tiggered by the lipid mediator nor reflected the opening of TRPC3
channels. It appears important to note that photostimulation of cells, which were not
exposed to coumarin derivatives (DMSO 0,1% only; Figure 4C) or loaded with 4-
hydroxymethyl coumarin core 1d (Figure 4C-D) that does not absorb UV light, lacked
this membrane conductance. Although a minor component of the Bhcmoc-1,2-DOG-
induced TRPC3 current was indeed detected (Figure 4B), TRPC3 conductance was
strongly mimicked by the background current evoked by coumarin derivatives (1a-c)
photoreactivity (29).
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Figure 4. Substituted coumarins cause phototoxicity, which gives rise to a non-
selective membrane conductance independent of TRPC3 expression. a, Average time courses of
current recordings in TRPC3 overexpressing HEK293 cells treated with coumarin 1a (30 uM; n=5). b,
Representative current to voltage relation for the “net” light-induced membrane conductance evoked in
TRPC3 overexpressing HEK293 cells in the presence of Bhcmoc-1,2-DOG (30 uM; black line) and

Bhc-coumarin 1a as a control (30 uM; grey line). ¢, Bar chart illustrating average inward peak current
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densities (-90 mV) of control HEK293 cells induced with Bhc-coumarin (1a; 100 uM; n=10), coumarin
1b (100 uM; n=10), coumarin 1¢ (100 uM; n=4), coumarin 1d (100 uM; n=5) and dimethyl sulfoxide
(DMSO) 0,1% after stimulation with UV light (340 nm, 2x10 s). The asterisks denote statistically
significant differences versus the response obtained in control HEK293 cells in the presence of
coumarin 1a, 1¢ and 1d (4-hydroxymethyl coumarin) was used as a control. D, The structures of
various substituted 4-hydroxymethyl coumarin derivatives. Data presented as mean+SE (“Reproduced
from (29) with permission of publisher Science China Life Sciences, Springer Nature Switzerland,
2016” (https:// creativecommons.org/licenses/by/4.0/)).

30



7.2  An optically controlled probe identifies lipid-gating fenestrations
within the TRPC3 channel (Lichtenegger M. and Tiapko O. et al., 2018)

7.21 A novel light-sensitive DAG enables precise control over TRPC3
channels activity

Considering the off-target-effect of caged lipids, we switched to photochromic
ligand approach as an alternative for photopharmacological targeting of TRPC3. To
employ this strategy and examine the lipid gating processes in TRPC3 channels, we
first synthetized PhoDAG-1, a recently introduced photoswitchable analog of 2-O-
arachidonyl-1-O-stearoyl-sn-glycerol (1,2-SAG) (34) (Figure 5a) and tested its
suitability for the control of TRPC3 channels by light. In dark and visible light (blue;
430 nm) the azobenzene moiety holds PhoDAG-1 predominantly in a trans-state,
which was shown as biological inactive (34). We incubated cells with trans-PhoDAG-1
(400 uM; Figure 5c-d) before the recording and kept cells in the dark until activating
illumination (UV; 365 nm) was applied. UV light immediately induced TRPC3-like
currents in transfected HEK293 cells but had no effect on control (wild-type or sham
transfected?) cells in presence of PhoDAG-1 (control; Figure 6. ). Current amplitude
induced by photoconversion of PhoDAG-1 was relatively small as compared to the
response typically induced by DAGs produced after muscarinic receptor stimulation in
recombinant TRPC3 channels. The biological activity of DAGs appears dependent on
the degree of fatty acid saturation (8). Therefore, we synthetized and tested a
modified DAG , which contains two azobenzene-modified side chains resembling two
arachidonyl chains (OptoDArG (Figure 5b)) (14). General features of
photoconversion of OptoDArG resembles that of PhoDAG-1 (34): dark and blue
wavelength (430 nm) keeps photoswitchable lipid in trans-conformation, while UV
(365 nm) rapidly produces cis-OptoDArG. We did not observe any significant effect of
trans-OptoDArG (30 pM) on basal activity of TRPC3 channels overexpressed in
HEK293 or non-transfected HEK293 cells (Figure 6. ). Photoconversion of OptoDArG
with UV illumination produced a rapid elevation of TRPC3 activity in transfected
HEK293 cells and the amplitude of the current was comparable to a PLC-mediated
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response in this cell system. The cis-state of OptoDArG was eliciting a conductance
with double rectification, representing a fingerprint of TRPC3 channels in transfected
HEK293 cells (Figure 5d), and had no effect on wild-type HEK293 cells (Figure 6. ).
OptoDArG allowed the efficient and temporally precise optical control over TRPC3
channels (Figure 5c-d). We also confirmed efficiency of OptoDArG to trigger PKCa
translocation as previously shown for PhoDAG-1 (34). OptoDArG (30 uM) in cis-form
induced by UV illumination caused a complete PKCa translocation from the cytosol to

the plasma membrane within 1 min (Figure 7) (14).
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Figure 5. Optical control of TRPC3 conductances expressed in HEK293 cells by
DAG photoswitches. a,b, Chemical structures of photoswitchable DAGs: PhoDAG-1 ((34); a) and the
newly synthesized OptoDArG (b). ¢, Representative time courses of the TRPC3-WT conductances
recorded at -90 mV and +70 mV during repetitive photoconversion of PhoDAG-1 (400 uM, open
circles) and OptoDArG (30 pM, closed circles). UV (365 nm; violet) and blue light (430 nm; blue)

irradiation are indicated, with each pulse maintained for 10 s. Time points corresponding to mean
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values given in d for basal (before illumination (1), activation (2) and deactivation (3) are indicated. d,
Left panel, current densities induced by photoconversion of PhoDAG-1 (400 pM, white) and
OptoDArG (30 pM, black) are shown for TRPC3-WT (at -90 mV and +70 mV; mean + S.E.M. are
shown; N = numbers of cells measured, indicated in parentheses) at time points given in c; two-tailed t-
test or Mann—Whitney rank sum test were applied and significant difference at *P < 0.05; **P < 0.01;
***P < 0.001 are indicated; if no P value is given, comparison with basal (1) current levels is not
significant. Induced currents were obtained by voltage-ramp protocols measured at -90 mV and +70
mV under UV (cis photoconversion) and blue light irradiation (trans photoconversion). Right panel,
representative current to voltage relations of the PhoDAG-1 and OptoDArG-individual values are
shown for each of the columns (circles). (N = number of cells measured, indicated in parentheses;
corresponding to left panel) for PhoDAG-1 (open circle) and OptoDArG (closed circle); data presented
as mean current densities £+ S.E.M; *P = 0.016 (“Reproduced from (14) with permission of publisher
Nature Chemical Biology, Springer Nature Limited, 2018’ (https://
creativecommons.org/licenses/by/4.0/)).

current density (pA/pF)

—0— PhoDAG-1 (4) [ 365 nm
—o— OptoDArG (5) 1 430 nm

0 40 I SIO ' 120
time (s)

Figure 6. Optical control of DAG photoswitches does not produce any significant
membrane conductances in WT HEK293 cells. Time course of membrane conductances generated in
WT HEK293, recorded at -90 mV and +70 mV during repetitive photoconversion of PhoDAG-1 (400
MM, open circles) and OptoDArG (30 uM, closed circles). UV (365 nm; violet) and blue light (430 nm;
blue) irradiation are indicated, with each pulse maintained for 10 s. Mean values + SEM are given (N =
number of cells are indicated) (“Reproduced from (14) with permission of publisher Nature Chemical
Biology, Springer Nature Limited, 2018” (https:// creativecommons.org/licenses/by/4.0/)).

For further identification of the primary lipid-sensing domain and amino acid
residues in TRPC3 channels, we combined a structure-guided mutagenesis approach
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with the advantages provided by photopharmacological tools. Previously, hydrophobic
interactions for TRP family members were identified directly in the pore complex in
close proximity to selectivity filter of the channels (35). Hence, we assumed that lipid-
protein interactions may occur in lipid-filled cavities within the pore structure of
TRPC3 channels. Therefore, we screened TRPC3 sequence and compared it to other
members of TRPC family to identified residues potentially exposed to lipids in
surrounding plasma membrane (Table 1, Figure 8). (14).
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Figure 7. PKCa translocation upon OptoDArG activation. Left panel, Representative

PKCa-EGFP fluorescence distribution in a HEK293 (epifluorescence) obtained after 10 min incubation
with OptoDArG (30uM) in the dark. PKCa-EGFP was mainly detected in the cytosol. Fluorescence in
the nuclei was not observed. Upper right panel: Representative PKCa-EGFP fluorescence distribution
in the same cell after 1 min of OptoDArG (30 uM) photoconvertion with UV (100% intensity). Right
panel, Distribution of the fluorescence intensity of PKCa along the indicated line is shown before (red)
and after 1 min (blue) of OptoDArG photoconvertion with UV (100% of intensity). Peak of intensity after
photoconversion corresponded to the cell boundary (plasma membrane). Data presented as
mean+S.E.M, n = number of cells measured is indicated (“Reproduced from (14) with permission of
publisher Nature Chemical Biology, Springer Nature Limited, 2018’ (https://

creativecommons.org/licenses/by/4.0/)).

7.2.2 G652 is a critical determinant of lipid gating in TRPC3

Mutations in critical regions within the pore complex of TRPC channels like the
LFW motif, were shown to effect or eliminate TRPC function (36) presumably by
disrupted ligand activation while membrane targeting is preserved. Nonetheless, it is
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not clear whether the ligand binding or the permeation pathway is effected. We

speculated that, highly conserved regions in the pore complex of TRPC3 channels

serve the critical function of lipid recognition and harbor for lipid interaction sites

(Figure 8a). From our previous studies employing homology modelling, we identified

a key negatively charged residue (E630) as a selectivity filter (37,38). Therefore, we

employed structure-guided mutagenesis to screen for a potential lipid-sensing domain

within the pore structure of TRPC3 channels (14).
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Figure 8. Homology model of human TRPC3 based on the Cryo EM structure of
TRPV1 (PDB ID: 3J9J). a, Alignment of conserved residues in regions flanking the TRPC1/3/4/5/6/7
and TRPV1 of pore helix. For TRPC3, G652 (red) and F618 (magenta) and E630 (green) are
highlighted along with the LFW motif (orange). Residue numbering corresponds to the human TRPC3
isoform 3. b, From right to left: Top view of four subunits forming the tetrameric TRPC3 channel with
G652 highlighted. Side view of a section showing the pore-forming transmembrane helices S5-S6
(residue 570 to 674) of two opposite subunits, with the G652 position indicated relative to the selectivity
filter (SF) and the S6 bundle crossing gate (BC). Two adjacent chains displaying the subunit interface
with a fenestration exposing G652 to the lipid bilayer from the top. ¢, Space filling representation of the
‘lipid gating fenestration’ within the TRPC3 tetramer assembly from an orthoscopic side view. Figure
was done by Barbora Svobodova (“Reproduced from (14) with permission of publisher Nature

Chemical Biology, Springer Nature Limited, 2018” (https:// creativecommons.org/licenses/by/4.0/)).

By homology modeling, we predicted lateral windows within the pore region
behind the selectivity filter exposed to the lipid bilayer responsible for the protein-lipid
communication (Figure 8b/c). We set an aim to identify residues that are critical for
hydrophobic interactions and asses their impact on gating in TRPC3 channels (14).
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Figure 9. Surface expression, basal activity and GSK sensitivity of TRPC3
mutants. a, Epifluorescence and TIRF images of single cells expressing TRPC3 WT and TRPC3
mutants (G652A; G652L; 1625A; F618L). N = number of cells measured > 3 for each of the construct.
Cross-sectional profiles of the expression level of TRPC3 WT and TRPC3 mutants in the cell
membrane. b, Representative basal current recordings in TRPC3 WT (black) and TRPC3 mutants
(G652A, red; G652L, dark blue; 1625A, cyan; F618L, green). ¢, Mean values of peak response induced
by GSK1702934A (10 uM) in TRPC3 WT and TRPC3 mutants (G652A; G652L; 1625A,; 1625G, 1625V,
F618L). Mean + SEM, N = number of cells measured is indicated in brackets. * significance at p < 0,05.
Individual values are shown for each of the data sets (circles) (“Reproduced from (14) with permission
of publisher Nature Chemical Biology, Springer Nature Limited, 2018” (https:/

creativecommons.org/licenses/by/4.0/)).

Mutat Trafficking to | Basal | AAgonist sensitivity
utation
the membrane | activity CCh GSK

F618L yes yes no no
1625A yes no no no
1625G yes no no no
1625V no no no no
G652A yes yes reduced | increased
G652L yes no no reduced

Table 1. Characteristics of mutations in the TRPC3 pore domain

The mutant channels (Table 1) were characterized by plasma membrane
targeting, preserved basal activity and sensitivity to PLC activation via muscarinic
receptor and ability to recognize a novel non-lipid activator (GSK1702934A19/GSK).
We identified a few residues, which when mutated retained correct membrane
targeting (Figure 9. ). F618 was suspected to serve a hydrophobic interaction
between lipid bilayer and a channel. Interestingly, mutation to alanine (F618A)
preserved constitutive activity of the channel, which was comparable to the activity of
wild type channels, but activation via both PLC stimulation and GSK were eliminated
in the mutant channel (Figure 9. b/c). Another interesting site was identified with
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position G652 due to the phenotype generated by mutations (G652A and G652L).
While G652A retained slight basal activity, it was barely displaying a PLC-induced
response or sensitivity to GSK (Figure 9. c). Leucine substitution of glycine in
position 652 had a more profound effect: with preserved membrane targeting, mutant
channels lacked basal activity and were insensitive to PLC stimulation with
significantly reduced GSK response. Both amino acids (F618 and G652) are located
within a subunit interaction interface between S6 and the selectivity filter and are
opened to hydrophobic interactions with lipids in the plasma membrane. G652 locates
directly behind the selectivity filter (Figure 8) and due to its conformation freedom
expected to allow greater flexibility for gating movements within the pore domain (14).
Exchange of G652 to alanine as a less flexible residue resulted in a reduced
insensitivity PLC pathway but preserved constitutive activity (Figure 10. a). Naturally,
larger, bulkier and “more stiff’ amino residue leucine in G652L mutant produced
almost non-functional channel (Figure 10. a; Table 1). Direct lipid activation by SAG
(100 uM; Figure 10. b) was abolished in the G652A mutant, which suggests a critical
role of glycine in this position as lipid recognition determinant. We also noticed that
this glycine residue is highly conserved throughout the TRPC family (Figure 8a). We
mutated the corresponding residue in TRPC6 (G709) to alanine and detected no
PLC-mediated activation with preserved GSK sensitivity (Figure 11.) (14).
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Figure 10. G652 plays a critical role in TRPC3 gating and activation by DAGs. a,

Top, Left: Representative I/VV-relations of carbachol (CCh)-induced currents (100 uM) through TRPC3-
WT (black), G652A (red), or G652L (blue) channels expressed in HEK293 cells. The insert shows the
mean reversal potential of currents illustrated in (a). Right: Histogram displaying mean current
densities of CCh-stimulated (100 yuM) HEK293 cells, expressing TRPC3-WT (black), G652A (red), or
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G652L (blue) channels (right). Data presented as mean + SEM, number of cells measured indicated
above; significant difference shown if p < 0,05. b, Representative time courses for current activation
by CCh (100 uM, left panel) and SAG (100 uM, right panel) in TRPC3-WT (black) and G652A (red)
mutant channels (“Reproduced from (14) with permission of publisher Nature Chemical Biology,
Springer Nature Limited, 2018” (https:// creativecommons.org/licenses/by/4.0/)).
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Figure 11. TRPC6 (G709A) displays a similar phenotype as the TRPC3 G652A

mutant. Left panel: Histogram displaying mean current densities of CCh-stimulated (100 uM) HEK293
cells, expressing TRPC6-WT (black) and G709A (red) channels. Data presented as mean + SEM,
number of cells measured indicated above; significant difference shown if p < 0,05 (“Reproduced from
(14) with permission of publisher Nature Chemical Biology, Springer Nature Limited, 2018” (https://
creativecommons.org/licenses/by/4.0/)).

7.2.3 G652 serves recognition of DAGs by TRPC3

As a next consequent step in our investigation, we addressed a question
whether G652 determines the ability of TRPC3 to recognize DAG species. We tested
and compared the actin of a series of conventional DAGs in order to determine
sensitivity of the G652A mutant to lipids. TRPC3-WT channels showed an efficacy
order of OAG>SAG>DiC8 (at 100 yM ; Figure 12. ), which confirmed previously
described DAGs sensitivity rankings reported by Hofmann et al (8). Interestingly, this
experiment uncovered a general lipid sensitivity of the G652A mutant while its
activation preference was clearly changed to DiC8>OAG>SAG (100 uM each; Figure
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12. b). The G652L mutant displayed general insensitivity to lipids species. Alanine
residue (G652A) introduced more rigidity into structure of TRPC3, which resulted in
altered ability to discriminate among lipid mediators by the channel (Figure 12.) (14).
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Figure 12. G652A mutation alters discrimination between DAGs by TRPC3. a, Bar

chart illustrating current density (at -90 mV and +70 mV) of the maximal responses obtained in TRPC3-
WT and G652A induced by OAG (100 uM; green), SAG (100 uM; white) and DiC8 (100 uM; grey).
Data presented as mean + SEM, number of cells measured indicated above; significant difference
shown if p < 0,05. b, Representative I-V relations recorded in TRPC3-WT and G652A after application
of OAG (100 pM; green) and DiC8 (100 uM; grey) application (“Reproduced from (14) with permission
of publisher Nature Chemical Biology, Springer Nature Limited, 2018” (https:/
creativecommons.org/licenses/by/4.0/)).

To explain the observed change in lipid sensitivity, we hypothesised that the
G652 position may serves as a crucial structural element to allow molecular
accommodation of DAG species within the pore complex and may represent part of
the lipid sensing machinery of TRPC3 channels (14).

To test the concept, we utilized our newly developed photopharmacological
tool OptoDArG and PhoDAG-1. Sensitivity to photocycling of structural the analogue
of SAG (PhoDAG-1; 400 uM) was completely abolished in both G652 mutants
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(Figure 13. a). In contrast, response to light-dependent on/off cycling of OptoDArG

(30 uM) in G652A was even facilitated as previously observed for DiC8 (Figure 12. ).

Surprisingly, the corresponding mutation in TRPC6 (G709A) displayed a generally

reduced sensitivity at these concentrations of OptoDArG (Figure 14) (14).
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blue) irradiation is indicated, with each pulse maintained for 10 s. b, Current densities (at -90 mV and

41



+70 mV) at the maximum, net responses induced by PhoDAG-1 (400 uM, white) and OptoDArG (30
MM, grey) are shown for TRPC3-WT and G652A. Number of cells measured indicated above;
significant difference shown if p < 0,05. ¢, Representative responses to increasing light intensity
(maximal output power 670 mW) of TRPC3-WT (black) and G652A (red) expressing HEK293 cell
induced by photoisomerization of OptoDArG (30 uM). UV (365 nm, violet, pulse held for 2 s) and blue
light (430 nm, blue, pulse held for 10 s). d, Light intensity — current density relation for TRPC3-WT
(peak inward current = black; minimum current level during deactivation = grey) and G652A (peak
inward current = red; minimum current level during deactivation = deep red) obtained by
photoisomerization of OptoDArG (30 uM). Data presented as mean + SEM, number of cells measured
indicated above; significant difference shown if p < 0,05 (“Reproduced from (14) with permission of
publisher Nature Chemical Biology, Springer Nature Limited, 2018’ (https://
creativecommons.org/licenses/by/4.0/)).
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Figure 14. Optical control of TRPC6 conductances expressed in HEK293 cells by
DAG photoswitches. Upper panel: Representative time courses of the TRPC6-WT (black) and
G709A (red) conductances recorded at -90 mV and +70 mV during repetitive photoconversion of
PhoDAG-1 (400 pM, open circles) and OptoDArG (30 uM, closed circles). UV (365 nm; violet) and blue
light (430 nm; blue) irradiation are indicated, with each pulse maintained for 10 s. Lower panel:
Current density (at -90 mV and +70 mV) of the maximum responses obtained with TRPC6-WT and
G709A, induced by PhoDAG-1 (400 uM, white) and OptoDArG (30 uM, grey). Data presented as mean
+ SEM, number of cells measured indicated above; significant difference shown if p < 0,05
(“Reproduced from (14) with permission of publisher Nature Chemical Biology, Springer Nature
Limited, 2018” (https:// creativecommons.org/licenses/by/4.0/)).

Interestingly, the ability of OptoDArG to cycle the channel between open and
closed states displayed an overall transient response (Figure 13. A). The peak
currents, obtained at sub-maximum light intensities, resembled the typical time course
of a bath application of DAGs (Figure 10. b) with fast current development followed
by final inactivation/desensitization (14).

It appears important to note that repetitive activation-deactivation of the
TRPC3 mutant (G652A) by photoswitching of OptoDArG (30 uM) displayed an
incomplete deactivation after switching to biologically inactive trans-form, a
phenomenon that was less observed in TRPC3-WT channels (Figure 5c). This
phenomenon was present just upon application of higher light intensities. Therefore,
we set out to estimate the threshold of activation for both channels to obtain
information on potencies of the light-dependent agonist OptoDArG. To do that, we
took advantage of the photopharmacological principle to control the precise quantity
of the ligand next to the protein of interest and established a light intensity (quantity)-
activity relation for TRPC3 WT and G652A mutant channels by variation of light
intensities (Figure 13. ¢). The threshold for G652A mutant activation was significantly
lower than that recorded in TRPC3 WT (Figure 13. d). Although activation and
desensitization were barely noticeable at low light intensities, we cannot exclude an
overlap of slower gating processes with rapid photodependent potentiation-
inactivation especially at higher concentrations of the active lipid. Thereby, our ability
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to precisely delineate maximum responses and potencies was distorted (14). Of note,
a moderate elevation of current levels during deactivation was again observed at
higher light intensities only in the mutant channel. The fact that basal current levels
during deactivation increased in an UV light intensity-dependent manner (Figure 13.
d) may be explained either by enhanced potency of the lipid activator or by a slowed
photoconversion of the photochromic lipid while associated with the mutant (14).

We assumed an altered interaction between subunits may lead to structural
rearrangements that interfere also with the sequence of conformational changes
required for final channel opening. Such an altered cooperativity may contribute to the
observed OptoDArG hypersensitivity in the mutant channel. The alanine mutation in
G652 may have two consequences for cooperativity: either changing the number of
necessary conformational steps involved or the coupling between these transitions in
the channel complex (14). As the photoconversion of azobenzene photoswitches is
essentially instantaneous (34,39), we utilized optical advantage of OptoDArG (optical
‘lipid-clamp’) to characterize the kinetics of the molecular mechanism of lipid
recognition and to investigate the mutation-dependent cooperativity change in G652A
(14).
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Figure 15. Optical clamp of TRPC3-WT and G652A currents by OptoDArG reveals

divergent kinetics and altered cooperativity. a, Representative traces showing the inward currents
induced by OptoDArG (30 uM) in a whole-cell, gap-free recording (holding potential: —-40 mV,
normalized by capacitance) in TRPC3-WT and G652A expressing HEK293 cells. UV (365 nm, violet)
and blue light (430 nm, blue). TRPC3-WT (black) and G652A (red) responses were induced with 100%
intensity of UV, G652A (blue) was triggered with 50% UV. Exponential fits of current activation for
TRPC3-WT (black, 100%) and G652A (red, 100%) and G652A (blue, 50%) are shown. b, Exponential
fits of initial phase of current activation for TRPC3-WT (black) and G652A (red). Signal was normalized
to peak current. ¢, Power (n) of power-exponential fitting is shown (f = A*(1-exp(-x/tau))*n). d,
Histogram displaying the current activation delay for TRPC3-WT (black) and G652A (red). Data
presented as mean + SEM, number of cells measured indicated above; significant difference shown if
p < 0,05 (“Reproduced from (14) with permission of publisher Nature Chemical Biology, Springer
Nature Limited, 2018” (https:// creativecommons.org/licenses/by/4.0/)).

Currents were monitored at a fairly physiological membrane potential of -40

mV. We took advantage of the exceptional temporal precision of the optical ‘lipid-

clamp’ approach to gain an insight into the activation/deactivation kinetics of TRPC3
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WT and G652A mutant channels. Activation (on) kinetics when challenged with
OptoDArG showed sigmoid time dependence for both channels. We also performed
optical “PhoDAG-1-clamp” in WT but this photolipid was non-effective in activating the
mutant channel (Figure 15 and Figure 16). Considering the results with PhoDAG-1,
we performed further kinetic analysis with OptoDArG only. Sigmoidicity of channel
opening by the photochromic mediator OptoDArG clearly indicates a process that
requires multiple conformational transitions (Figure 15a) (14). Moreover, comparison
of sigmoidal fits in WT and mutant channels showed a significant difference in on-
kinetics at the same conditions and light intensities. We calculated an actual response
of WT and mutant channels to cis-OptoDArG by finding an interception between
single exponential fit and the start of the illumination switch. Mutant channels
responded significantly faster to active OptoDArG (Figure 15b-d) (14). Furthermore,
we characterized sigmoidicity by power exponential fitting and estimated power (n) as
an indicator of the gating cooperativity between subunits during the process of
channels opening. TRPC3 WT channels displayed a mean n=5 at a maximum light
intensity (100% UV; Figure 15c). Calculated from power exponential fitting of the
activation time course we determined n for G652A, which exhibited decreased delay
of activation, as clearly reduced (n = 2.9) at the same level of light illumination (100%
UV; Figure 15c). At 50% of UV light intensity n was moderately but significantly
increased to 4,2 in comparison to 100% UV intensity in the G652A mutant. The
overall comparison yielded no significant differences regarding time constants for
current activation/deactivation kinetics of WT and mutant with slightly reduced ratios
of Tow/Ton for G652A compare to WT channels (Figure 17). In summary, our
photopharmacological approach reveals a distinctly altered response to OptoDArG in
the mutant channel. When G652 was mutated to a more rigid amino residue (Ala) the
number of conformational changes in the channel induced by lipid interactions are
significantly reduced indicating a significant role of G652 in recognition of the lipid
and/ in the lipid-gating process (14,40)
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Figure 16. Activation kinetics of TRPC3-WT channel during cis photoconversion of
PhoDAG-1 (400 pM). Representative traces showing the inward current (normalized by capacitance)
induced by illumination at 365 nm and PhoDAG-1 (400 uM) at a holding potential of -40 mV in TRPC3-
WT expressing HEK293 cells. The response was induced with 100% intensity of UV. Exponential fit of
current activation and power (n) of power-exponential fitting (f = A*(1- exp(-x/tau))*n) are indicated
(“Reproduced from (14) with permission of publisher Nature Chemical Biology, Springer Nature

Limited, 2018” (https:// creativecommons.org/licenses/by/4.0/)).
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Figure 17. Activation/deactivation delay comparison of G652A mutant and TRPC3

WT in optical ‘lipid-clamp’ experiments. Time constants for activation (on) and deactivation (off) and
ratio of (on/off) kinetics derived by ‘lipid-clamp’ pulses at -40 mV in TRPC3 WT and G652A with
OptoDArG (30 uM). Data presented as mean + SEM, number of cells measured indicated above;
significant difference shown if p < 0,05 (“Reproduced from (14) with permission of publisher Nature

Chemical Biology, Springer Nature Limited, 2018” (https:// creativecommons.org/licenses/by/4.0/)).
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7.3 A new small molecule photoswitch for lipid-independent, optical
control of TRPC3 channels (Tiapko O. and Shresta N.et al., under revision)

The TRPC family has been implicated in a variety of diseases although a
comprehensive understanding of their specific role in the complex setting of organ
physiopathology is lacking !"*l. TRPC channels are expressed throughout the human
body with particular abundancy in brain and cardiovascular tissues [2]. Our current
knowledge about the cell type-specific functions of TRPC molecules, their
dependencies on temporal activity pattern and connections with down-stream
signaling pathways is incomplete. This paucity of understanding is due to the
difficulties encountered when attempting to precisely and specifically manipulate
TRPC activity in native tissues. Hence, the development of photopharmacological
strategies that target TRPC signaling pathways is needed to make advance to the
field.

Azobenzene photoswitches are both suitable and valuable for the high
precision control of TRPC channels as has recently been demonstrated by reports on
the spatial and temporal precision of TRPC activation achieved with photoconvertible
diacylglycerols (29,41,42). Although exceptionally effective in terms of channel
activation, this latter approach suffers from two inherent limitations, namely its lack of

selectivity and the uncertainty of its dependence on metabolic pathways.

7.3.1 Screening for a potent agonist of TRPC3 channels

Over the past decade, an array of small molecules have been identified, which
either inhibit or activate TRPC channels with variable degree of selectivity (24,43-45).
Photoswitchable channel blocker do not appear perfectly suitable for efficient TRPC3
photopharmacology since the channels tend to inactivate or desensitize efficiently,
and it is barely feasible to exert cyclic current control over cellular Ca** signaling by
blocking and unblocking of a constitutively open TRPC3 pore. We therefore set out to
generate a photoswitch based on the structural features of the recently characterized
TRPC3 activator GSK1702934A (GSK) (24). This molecule was found to activate

native TRPC channel complexes with an apparently high degree of selectivity and
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reasonable potency. Notably, GSK acts independently of membrane lipid metabolism,
and significant off-target effects on other ion conductances have not yet been
detected(24). Based on this knowledge we hypothesized that the creation and
manipulation of a GSK-based azobenzene photoswitch might enable us to exert
efficient control over cellular TRPC3 signaling.
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Scheme 1. Synthesis of selected analogues of GSK1702934A (GSK), designated as BI-1,

Bl-2, PI, and the corresponding photoresponsive derivatives designatred as OptoBI-1, OptoBI-2 and

OptoPl. Yield is given in %.

As a first step, we synthetized a few selected GSK-related structures with
potential agonist activity in biological activity tests (Scheme 1, Figure 1). The newly
synthesized compounds (Scheme 1b-d) were easily obtained in good to high yields
by employing a synthetic procedure developed earlier (45) and fully characterized by
using analytical techniques (see Supporting information for details). The obtained
molecules, two different 1,3-dihydro-2H-benzo[d]imidazol-2-ones (BI-1, BI-2) and one
1,3-dihydro-2H-imidazo[4,5-b]pyridin-2-one derivative (Pl) (Fig. 18a) were then
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initially compared with GSK in terms of their preserved activity at recombinant TRPC3
channels that were overexpressed in human embryonic kidney (HEK293) cells.

All three compounds activated recombinant TRPC3 channels in whole-cell
voltage-clamp experiments. Fig. 18b illustrates the comparison of |-V relations among
the peak conductances (ramp responses from -130 mV to +80 mV, 1s) induced by
GSK, BI-1, Bl-2 and Pl in HEK293 cells expressing a YFP-TRPC3 fusion construct. At
a concentration of 10 uM all compounds transiently induced currents that featured the
double-rectifying 1-V relation typical of TRPC3 conductances (Fig. 18b). Time-
courses of the current activation are shown in Fig. 18c. The observed transient
increase in conductance displayed a time course similar to that initiated by GSK, and
peak current densities produced by BI-2 and Pl were comparable to those evoked by
GSK, whereas BI-1 induced slightly lower responses (Fig. 18d).
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Figure 18. Chemical structures of GSK1702934A (GSK) and GSK derivatives (BI-1, BI-2
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and PI (10 uM each) obtained in TRPC3-transfected HEK293 with voltage-ramp protocols. c)
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Representative time courses of the TRPC3 conductances recorded at -90 mV and +70 mV during
administration of channel activators (GSK, BI-1, BI-2 and PI as indicated) at 10 yM concentrations. d)
Current density of net, maximum responses obtained at -90 mV and +70 mV (mean + SEM). Statistical
significance was tested by two tailed t-test (normally distributed values) or Mann—Whitney tests (non-
normally distributed values). ns = not significant (p > 0.05); N cells: GSK = 9; BI-1 = 6; BI-2 = 7; Pl = 5).

7.3.2 Introducing a photoswitchable GSK derivative for optical control
over TRPC3 channels

As HEK293 cells essentially express low endogenous levels of TRPC proteins
including TRPC3 while expressing other ion channel genes!'*"! the lack of effects
observed in non-transfected HEK293 (Fig. 19e-f) cells not only demonstrated that the
activity of these compounds was strictly dependent on TRPC3 expression, but also
indicated a certain degree of TRPC specificity. On the basis of these results, all three
compounds were considered as suitable molecular scaffolds for development of
photoswitches to control of TRPC3. Next, we generated three corresponding
azobenzene derivatives (Scheme 1 and Figu. 19), designated as OptoBI-1 (Scheme
1f), OptoBI-2 (Scheme 1e) and OptoPIl (Scheme 1g), which feature efficient trans-
cis-trans light-triggered photoisomerization (see Supporting information for details).
Typically, these azobenzene-photoswitches reside in the thermodynamically more
stable trans-conformation, while their irradiation with UV light (365 nm) initiates rapid
isomerization into the cis-form. Triggering the opposite cis-trans transition can be
rapidly and easily conducted by illuminating the photochromic ligand with visible light
(blue, 430 nm).

52



a b
OptoBI-1
@:E):O P fj\/ ©:g>-=o
Nep' N=N,
05wy 35R
365nm ¢ Y
—> S
©:’$=00ptoBl-2 y 2
/ )/\/ N 2
b — N:Nﬁ (:[N):O Cl:>
WJ ) O NN 2
430 nm b @ 5
o)\m S 401 —e— OptoBI-1 I 355
{ OptoPI K ] —e— OptoBI-2 nm
(IN P . [ 430 nm
(L= (\ @:Npo —e— OptoP!
O v 5N:N ' ) NN 0 40 80
ON)\/\/C N)J\/@ Cz time (s)
o)
c d
E 30 ™ 50 ° ns
2 g ns ns °
S k=S 11
2 o > 25 ° °
2 "jgw..v @
3 [}
- ° 01
S —— OptoBI-1 =
= —— OptoBI-2 2 ® | LS o
3 —— OptoPI 3 ° *
-25 _ .
100 A o 0 OptoBI-1 OptoBIl-2 OptoPI
voltage (mV)
e f
"¢'5_ L2 ns
< 4 s
3 < ns ns
e S 1 LN
) >
2 0 ‘é 0
o)
)
O b eeetoo0000ot0e0e T [
é 4 W ‘qc: ns
= —e— OptoBI-1 e -2 ns
(3.) g 365 nm —e— OptoBI-2 é
430 nm —e— OptoP! < s
0 40 80 OptoBI-1 OptoBIl-2 OptoPI
time (s)
58 2 mM Ca™
B} 3| control = OptoBI-1
< 365 nm || 430 nm 365 nm ) )
© 4 I
c, ooy | 3 .
w -3 i
= & 2| ns E °
o = !
Q107 8 E
0] W :
o —— YFP-TRPC3+OptoBI-1 Q 4 I
— YFP-TRPC3+DMSO [ 1
0.5 — control / OptoBI-1 |
"o 200 400 600 before after  before after
time (s) 365 nm illumination
|
(o3 2mMCa™
1,14
E 365 nm 430 nm
c U
o ) A
S N -
9 104 i
M @1
e OptoP|
= control / DMSO (24)

0 200
time (s)

53



Figure 19. Chemical structures of photoswitchable GSK derivatives. a, OptoBI-1,
OptoBI-2, OptoPl; b, Representative time courses of the TRPC3 conductances recorded at -90 mV
and +70 mV during repetitive photoconversion of OptoBI-1, OptoBI-2 and OptoPI (10 uM). Cells were
kept in dark prior to light application, following by cycling of UV (365 nm; violet) and blue light (430 nm;
blue) illuminations, applied for 10 s each (indicated). ¢, Representative net |-V relations (lmax-lpasa) for
OptoBI-1, OptoBI-2 and OptoPl-induced (10 pM) obtained in TRPC3-transfected HEK293 cells with
voltage-ramp protocols. d, Current densities, induced by photoconversion of OptoBI-1, OptoBI-2 and
OptoPI (10 uM) at -90 mV and +70 mV; mean + SEM, N = cells: OptoBI-1 = 8; OptoBI-2 = 5; OptoPI =
10; individual values are included (circles). Statistical significance was tested by two tailed t-test
(normally distributed values) or Mann-Whitney test (non-normally distributed values). ns = not
significant (p > 0.05); *p < 0.05; N = number of cells measured. e, Representative time courses of the
conductances recorded in HEK WT cells at -90 mV and +70 mV during repetitive photoconversion of
OptoBI-1, OptoBI-2 and OptoPI (10 uM). UV (365 nm; violet) and blue light (430 nm; blue) illumination,
applied for 10 s each are indicated. f, Statistics on light-induced current changes (net responses) in
cells treated with the indicated photoswitches (mean + SEM); N (cells) = 4-6. g, Time courses of ca”-
sensitive R-GECO fluorescence during OptoBI-1 (10 uM) photoconversion in TRPC3 plus R-GECO
(red and black trace) and R-GECO only (blue trace) expressing in HEK293. lllumination (365 nm; 10 s
and 430 nm; 30 s) performed before fluorescence recording, is indicated by arrows (N of cells: YFP-
TRPC3 and OptoBl-1 = 27; YFP-TRPC3 and DMSO = 5; HEK293 WT and OptoBl-1 = 14). h,
Fluorescence levels before and after UV light-induced changes in cells co-transfected with TRPC3 and
R-GECO in presence of DMSO (control) or cis-photoconversion of OptoBI-1 and OptoPI (10 uM). Data
presented as mean + SEM, individual values shown as circles; significant difference shown if p < 0,05;
i, Time courses of Ca* changes during OptoPI (10 uM) photoconversion (green trace) and in DMSO
only (black trace) in HEK293 cells co-expressing recombinant TRPC3 plus R-GECO. lllumination (365
nm; 10 s and 430; 30 s) was performed before fluorescence recording and is indicated by arrows (N of
cells YFP-TRPC3 and OptoPI = 21; YFP-TRPC3 and DMSO (control) = 24). Parts of the figure (g-i)

were done by Sonja Lindinger.

The suitability of these photoswitches to control of TRPC3 was tested again in
the HEK293 heterologous expression system by patch-clamp recordings. We
characterized the activity of the GSK derivatives, OptoBI-1, OptoBI-2 and OptoPI
(Fig. 19a; at 10 uM) on the basis of the conductance generated by recombinant
TRPC3 during the cyclic photoisomerization. The compounds were present in the
bath solution while measurements were taken and optical cycling was initiated after
about 20 s of control recording (Fig. 19b). While OptoBI-1 and OptoPI did not activate
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a current in the dark-adapted trans conformation, trans OptoBIl-2 (before first
illumination; Fig. 19b), generated constitutive TRPC3 activity. Repetitive
conformational cycling initiated by exposure to UV (365 nm) and blue light (430 nm)
illumination rapidly changed the TRPC3 conductance in the presence of all three
photoswitches. The current inactivation or desensitization that is typically observed
with photoswitchable lipids or conventional agonist stimulation(42) was barely
detectable with these GSK derivatives using the short-term cyclic activation protocol.
UV-induced cis isomerization activated the TRPC3 conductance in the presence of
OptoBI-1 or OptoPlI, but inhibited currents with OptoBI-2. Thus, all three photochromic
modulators operated the channel between a basal and an activated state in a light
dependent manner, OptoBI-2, however, displayed a reverse dependency on
isomerization as compared to its congeners. Interestingly, the efficacy of current
activation at 10 yM was highest in the presence of OptoBI-1, which originated from
the relatively weak activator BI-1 (Fig. 18). Hence the incorporation of the
azobenzene moiety did not disturb the activator efficacy of OptoBI-1 but reduced it for
Opto-PI and thereby changed the order of efficacies in favor of OptoBI-1 as compared
to OptoPIl. Upon the photoisomerization of the derivatives, TRPC3 switched rapidly
between a basal constitutive activity and a level of current density that is typically
observed during maximum Gg-coupled receptor stimulation or direct lipid activation
(42).

Fig. 19c displays the peak current to voltage relations obtained for OptoBI-1
and OptoPl (at 365 nm) as well as for OptoBl-2 (at 430 nm) from voltage-ramp
recordings. Double rectifying features were evident for the OptoBIl-1 and OptoPI-
induced conductance, while inward currents were essentially not observed with
OptoBI-2. The largest inward currents were observed for OptoBI-1, indicating that
profound physiological activity was occurring in terms of the control of TRPC3 ca*
signaling by this photoswitch (Fig. 19¢). The maximum inward currents obtained in
response to OptoBI-1 were -8,9 + 2,2 pA/pF (Fig. 19c-d) and comparable to that of
the parent compound BI-1 (-9,1 + 2,4 pA/pF, Fig. 19d). Specifically, the comparison

of the inward current densities revealed that azobenzene modification substantially
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impaired the activator efficacy in Opto-PI, significantly reducing the maximum inward
current densities from a level of -24,9 + 5,2 pA/pF, obtained with the parent
compound PI (Fig. 1d), to -2,7 + 1,0 pA/pF determined for Opto-PI (Fig. 19d). The
inward rectification of these currents was relatively weak as compared to that of the
parent compound BI-2 (Fig. 19b) and the inward current densities were significantly
smaller for OptoBI-2. (OptoBI-2 = - 1,2 + 0,6 pA/pF vs Bl-2 = -21,3 + 3,5 pA/pF).
These results identify OptoBI-1 as an effective TRPC3 photoswitch and a highly
promising tool that can be used to exert control over TRPC3 signaling.

Next, we compared the effects of OptoBI-1, OptoBI-2 and OptoPl on Ca?*
signaling through recombinant TRPC3 channels by taking Ca?* measurements in
HEK293 cells. This heterologous expression system allowed for the use of a
genetically encoded Ca** sensor (R-GECO), which does not interfere with the
azobenzene isomerization spectrum.

Ca?* imaging in HEK293 cells co-expressing YFP-TRPC3 and R-GECO was
performed along with cis-trans isomerization of the GSK photoswitches, triggered by
exposure to 10 s illumination periods at 365 nm or 30-s periods at 430 nm. Figure 2e
illustrates the time course of the Ca**-sensitive R-GECO fluorescence in experiments
in which the initially extracellular Ca** was elevated from nominally free to 2 mM in
the presence of OptoBI-1 (10 pM) in the dark. Cells exposed to either OptoBI-1 or
solvent (DMSO, controls) displayed only small increases in fluorescence upon
extracellular Ca* elevation in the dark (Fig. 19e). The results are consistent with the
low basal channel activity observed in electrophysiological experiments (Figure 19c).
UV illumination (365 nm) for a duration of 10 s triggered an elevation in the Ca*'-
sensitive fluorescence signal, which was rapidly reverted to baseline levels upon
illumination with blue light (430 nm; 30 s). The light-controlled initiation of intracellular
Ca?* signals in HEK293 cells was readily repeatable without desensitization when the
active state (cis-form) of the photoswitch was restricted to relatively short intervals (10
s) as shown for two consecutive cycle activation-deactivation cycles in Figure 19g.
When cells were exposed for prolonged periods to cis-OptoBI-1, as shown for the
third activation cycle, slow desensitization/inactivation was evident within a period of
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about 1.5 min. Figure 19h provides a statistical summary of the changes observed in
R-GECO fluorescence by photoisomerization of OptoBI-1. In contrast to OptoBI-1
both OptoBI-2 (not shown) and OptoPI (10 uM, Figure 19i) failed to induce significant
alterations in cellular Ca®** levels as expected from electrophysiological
characterization (Figure 19c/d).

7.3.3 Targeting of endogenously expressed ligand-gated TRPC channels

in endothelial cells and neurons

Hence, our findings in the HEK293 expression system allowed us to identify
OptoBI-1 as an efficient tool that can be used to exert optical control over TRPC3
signaling. This concept was further tested in two cell types that express endogenous
TRPC channels and have been previously reported to feature TRPC3 as critical
signaling elements in their physiopathology. As TRPC3 is prominently expressed in
cardiovascular tissues and the brain [2] we performed experiments in the cell line
EA.hy926, which is derived from human umbilical vein endothelium, and in freshly
isolated murine hippocampal neurons as test systems. In vascular endothelium
TRPC3 has been shown to be essential for Ca?* signaling processes (10,46,47),
therefore we investigated whether OptoBI-1 could control TRPC3-mediated Ca?*
homeostasis in an endothelial cell background. As shown in Figure 20a, native (non-
transfected, wild type) EA.hy926 cells were shown to display profound Ca** transients
as measured by fluo-4 fluorescence (at 490 nm), in response to UV (365 nm, 15 s)
illumination in the presence of OptoBI-1 (60 uM). This light-induced Ca?* signal was
detectable in about 80% of cells (Figure 20a). The observation of divergent sensitivity
of the endothelial cell population might reflect heterogeneity in terms of TRPC
expression levels and/or endothelial phenotype as a determinant of TRPC function
(48). The second cis OptoBI-1-induced Ca?* transient displayed reduced amplitude,
indicating that inactivation /desensitization of the Ca®** entry pathway was taking
place. The cells did not respond to the illumination protocol in the absence of the
photoswitchable GSK-derivative, and responses were not observed in a nominally
Ca?*-free solution, demonstrating that the OptoBI-1-induced response was exclusively
due to Ca®* entry (Figure 20b). EA.hy926 cells with suppressed TRPC3 expression
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due to siRNA knock-down (Figure 20c), displayed significantly suppressed
responsiveness to cis-isomerization of OptoBl-1 (Figure 20c). In turn, when TRPC3
channels were overexpressed in the endothelial cells, cis-isomerization elicited a
significantly larger cellular Ca®* response (Figure 20a-c), which were observed in all
cells tested (Figure 20a), demonstrating the dependence of the light-controlled
signaling process on TRPC3 expression.
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Figure 20. a, Time course of Ca*" sensitive Fluo-4 fluorescence in EA.hy926 non-

transfected WT cells (control (DMSO) N cells used = 23; OptoBI-1, 60 yM, N = 23) or cells transfected
with CFP-TRPC3 (OptoBI-1, 60 uM; N = 21) in 2 mM Ca”" buffer upon cis-photoisomerization with UV
light (365 nm; 15 s). b, Change in bleaching-corrected Fluo-4 fluorescence evoked by cis-OptoBI-1 (60
uM) in EA.hy926 cells (WT, N = 23; CFP-TRPC3 transfected, N = 21 and WT in Ca’'-free, N = 10).
Control cells (N = 23) were incubated with DMSO in 2 mM Ca’®* buffer; statistical significance was
tested by two tailed t-test (normally distributed values) or Wilcoxon signed rank test (non-normally
distributed values); ns = not significant (p > 0.05), ***p < 0.001. ¢, Proportion of EA.hy 926 cells
responding to UV-induced cis-isomerization of OptoBI-1 (60 uM) with transient increases in Fluo-4
fluorescence in WT cells and after knock-down of TRPC3 with siRNA. OptoBI-1-sensitive (black) and
OptoBI-1-insensitive (gray) fraction is shown for non-transfected WT, scrambled- and siTRPC3-

transfected EA.hy 926 cells (N = cells is indicated); siRNA-induced reduction is significant (p<0.05 and
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Chi-square test); d, Quantification of TRPC3 knock-down efficiency after treatment with specific sSiRNA
against TRPC3 via real-time PCR using GAPDH as a reference gene. Values of TRPC3 knock-down
were normalized to control conditions. Bars represent mean + SEM (N=3). Figure was done by Niroj
Shresta.
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Figure 21. a, Representative AP firing in primary hippocampal neurons (WT) induced by
a short (5 s) current injection. The first current injection was performed in dark (frans conformation;
control), following by cis isomerization with UV (365 nm) and subsequent reversal to trans
conformation with blue (430 nm) light. b, Mean AP count/pulse in dark, UV and blue light-stimulated in
current-clamped WT controls (DMSO) or incubated with OptoBl-1 (20 yM) WT and TRPC1-7 KO
neurons. Bar graphs show mean + SEM from at least 3 different preparations; ns = not significant (p >
0.05), *p < 0.05; **p < 0.01; Statistical significance was tested by two tailed t-test (normally distributed
values) or Mann-Whitney tests (non-normally distributed values). Individual values are indicated
(circles). c-d, Representative AP firing in primary hippocampal neurons WT incubated in DMSO only
(c) and TRPC1-7 KO incubated with OptoBI-1 (20 uM) (d). Firing was induced by short (5 s) current

injections in dark (control) and subsequently in UV (365 nm; violet) and in blue (430 nm; blue) light.
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In an additional test, we applied OptoBI-1 as a photopharmacological tool to
control of neuronal firing. TRPC3 expression and TRPC3 activity levels have been
reported to be inversely correlated with the firing of hippocampal neurons in mouse
(16). Therefore, we utilized this cell type to test efficiency of our new photoswitch in
intact neurons. The electrical activity of cultured murine hippocampal neurons was
monitored under whole-cell current clamp conditions, and firing was induced by
repetitive depolarizing current injections (5 s, up to 100 pA) in the presence of
OptoBI-1 (20 uM). The cyclic, light-induced photoisomerization of the activator was
initiated after a control period to stabilize neuronal activity. UV light-induced cis-
isomerization, (30 s) significantly reduced firing during the current injections (Figure
21a-b). This light-induced suppression of neuronal activity was virtually instantaneous
and could be rapidly reverted by frans-isomerization of OptoBI-1 (430 nm), albeit to a
level slightly lower than that of the control. Subsequently, it was possible perform the
light-controlled cycling of neuronal firing between constant minimum and maximum
levels for more than 5 times without observing apparent desensitization. The results
of control experiments run in the absence of OptoBl-1 demonstrated that the
alteration in neuronal activity was mediated by OptoBI-1 (Figure 21c). The observed
inhibition by cis-OptoBI-1, which activates TRPC channels is consistent with the
reported inverse correlation of TRPC3 activity and hippocampal firing (16). The
mechanism of this connection is still elusive, but may involve local Ca®* signaling. The
fact that a complete reversal of firing suppression was not achieved upon illumination
with blue light (430 nm) may be explained by a high affinity interaction of the cis-
isomer. This does not seem to be entirely eliminated by the photoconversion protocol.
The dependency of OptoBI-1 effects on TRPC expression in this cell model was
shown by the use of hippocampal neurons isolated from a mouse model that lacks all
seven canonical TRPC isoforms (TRPC4.7 KO) (30,49). Photoisomerization failed to
induce a significant cycling of firing frequency in TRPC4.7 KO neurons, substantiating
the conclusion that optical control was indeed achieved by interference with
hippocampal TRPC activity. A trend towards lower activity levels during
photoisomerization was again observed, however this phenomenon was not

statistically significant (Figure 21d).
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8. Discussion

8.1 Off-target effects of the coumarin moiety released during

photouncaging

Despite the general value of caged ligands including caged lipids and the
increasing interest to their potential, specificity of this photopharmacological approach
is poorly characterized. Photopharmacological caging by linkage of the active
structure to a coumarin moiety has been used for a wide range of second
messengers (50). An interesting application of coumarin uncaging was reported by
Furuta et al. who used caged cyclic guanosine monophosphate to control ion
channels (CNGCs) in olfactory sensory cells (51). Cell were loaded with the caged
cyclic nucleotide via a patch pipette, which presumably enabled to minimize the non-
specific effects of the caged ligand and the uncaging byproducts on off target proteins
and the plasma membrane. As it was previously shown by Nadler et al., that caged
diacylglycerols exert a rather specific action in terms of optical control of TRPC
channels but were characterized exclusively by monitoring intracellular Ca?*
transients with fluorescence probes. We aimed to further characterize the specificity
of uncaged DAGs to manipulate TRPC3 conductances. However, electrophysiological
experiments revealed failure of Bhcmoc-1,2-DOG to selectively manipulate TRPC3
currents in transfected HEK293 cells upon photouncaging. We observed non-
selective, UV-induced currents distinctly different from those based on a response of
TRPCS3 to the lipid mediator in transfected HEK293 cells. As Ca?* ions inhibit TRPC3
activity (52), we performed experiments in nominally Ca?*-free conditions to augment
the current component based on TRPC3 activation. We could trace functional TRPC3
channels activity but these currents were still largely buried behind a dominating, ill-
defined non-specific conductance. Eventually, by combination of Ca®* free conditions
and SKF 96365 as a TRPC blocker, we succeeded to reduce the non-specific
conductance in TRPC3-transfected cells to the level observed in control, wild-type
HEK cells. Further, detailed investigation of the TRPC3-independent conductance led

us to hypothesis that coumarin as a photoreleased moiety might itself interact with the
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plasma membrane to produce an off-target effect. Coumarin by itself does not absorb
UV light; however, certain derivatives are sensitive to UV irradiation (33). The natural
coumarin derivative psoralen had been successfully employed for clinical treatment in
dermatology (53). Psoralen photoreacts with UV and promotes production of reactive
oxygen species such as superoxide and singlet oxygen which result in cell damage
(54). Thus, we tested coumarin and coumarin derivatives (Figure 4) on wild-type HEK
cells and TRPC3 overexpressing HEK293 cells. Non-modified coumarin (1d, Figure
4) was not producing any conductance in the presence of UV illumination (340 nm),
which was used to uncage lipid from Bhcmoc-1,2-DOG. On the contrary, coumarin
derivatives 1a-c, that are commonly wused as caging molecules in
photopharmacological experiments, induced a similar current as observed after
photostimulation of Bhcmoc-1,2-DOG (29).

Interestingly, the currents induced by photoactivation of coumarin derivatives,
were not well correlated with intracellular Ca®* measurements, where 10 s pulses of
UV light were inefficient to initiate any cytosolic Ca** signals in the but elicited non-
specific currents in wild-type HEK293 cells. We assumed that the observed
phototriggered membrane conductance in the presence of coumarin derivatives was
not carried by calcium cations. A subsequent series of experiments involving the well-
established classical blocker of cation channels Ruthenium Red (data not shown) and
SKF 96365 failed to effect the coumarin-induced conductance. As a next step, we
performed ion selectivity experiments where each of the ions of the bath solution one
by one was replaced or removed from the buffer. The reversal potential of TRPC3
channels in normal physiological ion gradients and activated by DAGs is between +4
and +11 mV. Therefore, we monitored the change in reversal potential in altered
buffer composition: when CI" in the bath solution was reduced from 148 to 2 mM
(replaced by gluconate), the reversal potential did not change significantly;
replacement of Na* by NMDG caused shift in reversal potential from +5.1+1.9 to -
9.3+2.4 mV (data not shown) but still it was not significant. Nevertheless, considering
the ability of coumarins to produce reactive oxygen species, we cannot completely
exclude that the conductance, observed upon photoactivation, is rather a nonspecific,
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phototoxic effect on the membrane lipid organization that generates a leak through
the plasma membrane (29).

Despite the clear advantages of caged ligands approachs, coumarin-caged
ligands bear the risk of hidden side-effects. Our findings suggest that results from
photopharmacological application of coumarin-caged messengers have to be
considered with particular care for the action of photoactivated coumarin cages on
plasma membrane integrity (29).

8.2 A photochromic ligand approach enables a close look into the gating
and lipid sensing process in TRPC3 channels

To utilize the photopharmacological venue for a gain in depth insight into
TRPC protein function, we employed a photochromic ligand approach. Combination
of homology modeling and our newly synthetized photoswitchable DAG (OptoDArG)
was successfully used the high temporal and quantitative precision of optical control
to uncover the structural basis of lipid-protein interactions (“Reproduced from (14)
with permission of publisher Nature Chemical Biology, Springer Nature Limited,
20187).

In an attempt to identify the molecular elements responsible for lipid
discrimination by TRPC3 channels, we compared two light-sensing lipid species,
OptoDArG and previously introduce PhoDAG-1 (34). We found that OptoDArG
induced larger conductances through TRPC3 and G652A channels demonstrating the
ability to discriminate well between lipid species. Interestingly the amplitude of G652A
response was much larger. Quantitative analysis of the TRPC3 wild-type and mutant
conductances induced by OptoDArG revealed a significant reduction in threshold of
G652A activation. Change in efficiency and potency of OptoDArG in mutant
suggested a possible alteration in cooperativity between the subunits. We introduced
an optical “lipid-clamp” to precisely monitor on and off kinetics of the channel activity.
Superfast photoswitching of OptoDArG allowed to clearly discern an altered delay of
activation in mutant channels indicating an increased sensitivity to the particular

photolipid. We also noticed that the activation kinetics was clearly sigmoidal.
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Sigmoidicity implies the involvement of multiple conformational changes within a
protein complex, which are required to obtain full channel opening. This means that
each subunit of the channel may undergo identical and independent conformational
transitions prior to the final opening (55). For homotetrameric channels, like TRPCS3,
the four-fold symmetry implies 4 lipid interaction sites and 4 independent
conformational transitions resulting in a power (n) of at least 4 for the whole complex.
Therefore, the observed reduction of n in G652A (from 5 in WT to 3 in mutant) for
photostimulation by OptoDArG was an indication of a significant change in
cooperativity within the channel. We also considered the possibility of a faster
interaction and on-kinetics of mutant-lipid interactions for OptoDArG as the basis of
shortened activation. Additionally, we suspected that the presence of native lipids of
the plasma membrane together with enhanced affinity of individual lipid recognition
sites in the mutated channels might cause the hastened channel activation
(“Reproduced from (14) with permission of publisher Nature Chemical Biology,
Springer Nature Limited, 2018”).

Interesting to note, this residue is well conserved through the whole TRPC
subfamily and may serve as a general lipid sensing site for all TRPCs especially
considering the recent finding of DAG sensing by TRPC4 and TRPCS channels (7)
(“Reproduced from (14) with permission of publisher Nature Chemical Biology,
Springer Nature Limited, 2018”).

Collectively, the described features of G652A mutant point towards a crucial
and essential functional role of this element, which is localized within the pore TRPC3
architecture and at subunit-joining fenestrations. This structure enables association
with lipids and determines further channel opening. However, whether the glycine in
the position 652 functions as primary lipid sensor or an indirect allosteric determinant
of the primary lipid sensor is still unclear and needs to be clarified (14). In support of
our conclusion, glycine residue in position 652 (G640 in isoform 1) was later found in
a lipid occupied region by Fan et al. who recently resolved the TRPC3 structure by
single particle cryo electron microscopy (12) (“Reproduced from (14) with permission
of publisher Nature Chemical Biology, Springer Nature Limited, 2018”).
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8.3 Selective photoswitchable ligand manipulates endogenously
expressed TRPC channels in endothelial cells and neurons

Considering inability of OptoDArG to discriminate between lipid-dependent
proteins in native tissue and to target specifically TRPC channels, we developed an
alternative way to to control endogenous TRPCs. In aggregate, our results obtained
in experiments with vascular endothelial and neuronal cells confirm the value of
OptoBI-1 as an effective photoswitch for a precise light-dependent control of TRPC
activity. OptoBI-1 allowed us temporally manipulate of Ca®" transients via TRPC-
mediated signaling processes in human vascular endothelial cells and reduction of
firing in murine hippocampal neurons. This novel tool is expected to help researches
gain a better understanding of TRPC physiopathology for a development of new

therapeutic strategies to target these ion channels in native tissues.
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