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Photouncaging of second messengers has been successfully employed to gain mechanistic insight of cellular signaling path-
ways. One of the most enigmatic processes of ion channel regulation is lipid recognition and lipid-gating of TRPC channels, 
which represents pivotal mechanisms of cellular Ca2+ homeostasis. Recently, optopharmacological tools including caged lipid 
mediators became available, enabling an unprecedented level of temporal and spatial control of the activating lipid species 
within a cellular environment. Here we tested a commonly used caged ligand approach for suitability to investigate TRPC sig-
naling at the level of membrane conductance and cellular Ca2+ handling. We report a specific photouncaging artifact that is 
triggered by the cage structure coumarin at UV illumination. Electrophysiological characterization identified a light-dependent 
membrane effect of coumarin. UV light (340 nm) as used for photouncaging, initiated a membrane conductance specifically in 
the presence of coumarin as low as 30 µmol L1 concentrations. This conductance masked the TRPC3 conductance evoked by 
photouncaging, while TRPC-mediated cellular Ca2+ responses were largely preserved. The observed light-induced membrane 
effects of the released caging moiety may well interfere with certain cellular functions, and prompt caution in using couma-
rin-caged second messengers in cellular studies. 
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INTRODUCTION 

Diacylglycerol (DAG) is an important and multifunctional 
second messenger, which plays a key role in signal trans-
duction. The release of this regulatory lipid is controlled by 
phospholipase C driven hydrolysis of phosphatidylinositol 
4,5-bisphosphate (PIP2) (Ohanian and Ohanian, 2001). The 
best recognized and characterized function of DAG is to 
activate the protein kinase C family (PKC) by interacting 
with their C1 domains (Newton, 2010). Moreover, DAG 

controls activation and translocation of other proteins in-
cluding chimaerins, RasGRPs, Munc13 and DGK Yang 
and Kazanietz,   

The first evidence that exogenous DAG directly activates 
a subset of human transient receptor potential canonical 
channels (TRPC2/3/6/7) in a PKC-independent manner was 
shown already back in 1999 (Hofmann et al., 1999, Lucas et 
al., 2003). TRPC3/6/7 channels are mammalian homologues 
of light sensitive Drosophila TRP channels and are widely 
distributed in the central nervous system, kidney, digestive 
tract and blood vessels (Fu et al., 2015). These channels are 
classified as non-selective cation channels, which favor 
transport of Ca2+ over other cations (Kamouchi et al., 1999). 
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A potential DAG-sensing TRP_2 domain in the N-terminus 
of TPRC3 channels was identified utilizing computational 
analysis of amino acid sequences and mutagenesis experi-
ments (van Rossum et al., 2008). However, the molecular 
basis of the lipid sensing machinery that enables recognition 
of lipid metabolites through specific lipid-TRPC interac-
tions is still unclear. Major problems arise during character-
ization of TRPC-DAG interaction due to lack of experi-
mental methods to measure local concentrations of the lipid 
ligand and difficulties to detect binding between lipid and 
integral membrane proteins. 

Photoactivatable (caged) second messengers are consid-
ered as valuable tools to analyze signal transduction pro-
cesses, and this approach has been successfully employed to 
study lipid-mediated signaling pathways (Subramanian et 
al., 2010; Mentel et al., 2011). In caged second messengers, 
the biological activity of the synthetic molecules is 
“masked” with a photoremovable protecting (caging) group. 
After equilibration of the inactive precursor molecule such 
as a caged diacylglycerol at its target, exposure to light with 
suitable wavelength initiates rapid and quantitative release 
of the messenger. This optopharmacological process ena-
bles highly efficient temporal and spatial control of the ac-
tive ligand concentrations and localization in isolated cells 
and also in multicellular preparations as well as in vivo. 
Thus, phototriggered uncaging of lipid mediators appears as 
an attractive technology for molecular, mechanistic studies 
as well as for pharmacological screening tasks. The caged 
lipid approach is currently considered to improve the exist-
ing understanding of lipid pharmacology and is thus a 
unique path to decipher the exact molecular mechanism of 
lipid sensing ion channels (Höglinger et al, 2014). Of note, 
caged lipids typically enable highly efficient delivery of the 
lipid to its cellular target. A prerequisite for suitability of 
such approaches is that the caged compound as well as the 
caging molecule is inert in terms of membrane and cell 
functions. Designing a caged lipid involves the selection of 
a suitable orthogonal protecting group that can be removed 
by light. Nowadays, plethora of such groups are available to 
choose from (Goeldner and Givens, 2005; Pelliccioli and 
Wirz, 2002). However, to generate a caged lipid, nitroben-
zyl (Huang et al., 1996) and coumarin derivatives evolved  

as preferred molecules (Furuta et al., 1999; Suzuki et al., 
2003). Coumarins (two-photon cages), being the newer 
generation of photocages, possess better photophysical 
properties—red-shifted absorption spectra, higher quantum 
yields and extinction coefficients, and are presently the 
preeminent choice in lipid caging (Givens et at., 2012). 

Recent functional studies with caged DAGs suggest sig-
nificant structural specificity of the DAG effects on 
TRPC3/6 channels and support a direct lipid-ligand gating 
process (Nadler et al., 2013). 

In the present study, we evaluated 6-bromo-7-hydroxy- 
coumarin-4-ylmethoxycarbonyl phototriggered 1,2-di-O- 
octanoyl glycerol (Bhcmoc-1,2-DOG) release and its effects 
on TRPC3-mediated Ca2+ signaling and impact on mem-
brane conductance. After phototriggered uncaging, the free 
1,2-di-O-octanoyl glycerol (1,2-DOG) elicited Ca2+ transi-
ents specifically in TRPC3 overexpressing HEK293 cells. 
However, our detailed electrophysiological analysis re-
vealed that upon photolysis, the 4-hydroxymethyl-6-bromo- 
7-hydroxycoumarin (Bhc) cage itself causes distinct mem-
brane conductance artifacts. Our results prompt for particu-
lar caution in the interpretation of data obtained by use of 
coumarin-caged diacylglycerols. 

RESULTS 

Synthesis of Bhcmoc-1,2-DOG 

The synthesis of Bhcmoc-1,2-DOG is straightforward and 
follows already known synthetic paths (Figure 1). 

In an attempt to make the previously reported preparation 
protocol (Hagen et al., 2010; Hess et al., 2007; Kim et al., 
2011; Nadler et al., 2013; Tsien et al., 2000) more efficient, 
we have performed the initial two synthetic steps using 
sealed vessel controlled microwave heating. For the initial 
condensation step an increased reaction temperature of 
80°C delivered 6-bromo-4-(chloromethyl)-7-hydroxy-2H- 
chromen-2-one in only 10 min. With the isolated product 
we then conducted the second step (hydrolysis) using water 
as a solvent and a reagent. It was immediately obvious that 
the reported reaction time of 12 h under reflux conditions 
could be substantially shortened by switching to sealed 
vessel microwave heating in a dedicated single-mode reac- 

 

 

Figure 1  Synthesis of Bhcmoc-1,2-DOG. 
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tor. At 180°C reaction temperature and only 30 min set re-
action time, full conversion was achieved and 84% of pure 
coumarin 1a (Bhc-coumarin) were isolated after automated 
flash column chromatography. The following synthetic 
transformations were performed according to literature pro-
cedures and were not further optimized. The pure caged 
lipid (Bhcmoc-1,2-DOG, 2a) was obtained with the help of 
semi-preparative HPLC-chromatography and used in the 
biological experiments. Additionally, coumarins 1b–d were 
prepared in similar fashion for the purposes of phototoxicity 
tests. 

Photouncaging of 1,2-DOG from Bhcmoc-1,2-DOG 
evokes TRPC3-mediated Ca2+ entry  

In a first step to test specificity of photouncaging-induced 
control of TRPC3 channel function, we compared the ef-
fects of photoreleased 1,2-DOG on Ca2+ entry into HEK293 
cells at essentially low endogenous (HEK293 wild type) and 
enhanced expression of TRPC3. HEK293 cells were 
co-transfected with YFP-TRPC3 and genetically encoded 
red-emitting (R-GECO), a Ca2+ sensor, which does not in-
terfere with coumarin emission. Prior to Ca2+ imaging ex-
periments, the cells were loaded with 30 mol L1 of 
Bhcmoc-1,2-DOG caged lipid for approximately 10 min. 
Two sequential boosts of UV illumination for 10 s duration 
elicited a large transient increase (F/F0max=2.2±0.12) in cy-
tosolic Ca2+ levels as reported by changes in the intensity of 
the R-GECO Ca2+ sensor (Figure 2A). Next, we tested the 
sensitivity of this increase in cytosolic Ca2+ level to a com-
mon pharmacological tool that inhibits TRPC3 channels, 
SKF 96365 (Singh et al., 2010). When uncaging of 
1,2-DOG was performed in the presence of 50 mol L1 
SKF 96365, the intracellular Ca2+ signal was almost com-
pletely abolished (F/F0max=1.3±0.02) as illustrated in Fig- 

ure 2A. Furthermore, 100 mol L1 Bhcmoc-1,2-DOG 
evoked Ca2+ entry into TRPC3 overexpressing HEK293 
cells of comparable extent (F/F0max=3.2±0.09) and this Ca2+ 
signal was again inhibited by 50 mol L1 SKF 96365 (data 
not shown). Characterization of the effect of 1,2-DOG un-
caging on Ca2+ levels in HEK293 wild type cells indicated a 
high level of specificity of the optopharmacological inter-
vention, as effects on intracellular Ca2+ were hardly detect-
able (F/F0max=1.07±0.01) in HEK293 wild type control cells 
(Figure 2B). In a control experiment, HEK293 wild type 
cells were exposed to UV light in the absence of 
Bhcmoc-1,2-DOG. The increase in cytosolic Ca2+ level was 
comparable to the Bhcmoc-1,2-DOG (30 µmol L1)-induced 
Ca2+ entry (data not shown). Based on this result, we as-
sume that the small increase in intracellular Ca2+ illustrated 
in Figure 2B is due to an artifact caused by UV illumina-
tion. Our results suggest that photouncaging of 1,2-DOG 
specifically activates TRPC3 to elevate cytosolic Ca2+ level 
and may be suitable for optical control of TRPC3 channels. 

Photouncaging of 1,2-DOG from Bhcmoc-1,2-DOG 
evokes a non-selective membrane conductance, inde-
pendent of TRPC3 expression and masks TRPC3 chan-
nel activity  

As a next step we tested specificity of the Bhcmoc- 
1,2-DOG at the membrane conductance level. These ex-
periments were considered essential in order to fill the gap 
regarding electrophysiological data on the control of TRPC 
channel activity by caged lipids using the patch clamp tech-
nique.  

Consistently, we tested suitability of Bhcmoc-1,2-DOG 
(30 mol L1) as a tool for photoactivation of TRPC3 by 
electrophysiological comparison in wild type HEK293 cells 
and in TRPC3-overexpressing HEK293 cells. After prein- 

 

 
Figure 2  Live-cell imaging of photouncaging-induced changes in Ca2+ within HEK293 cells using a genetically encoded red-emitting Ca2+ sensor 
(R-GECO). A, Ca2+ transient during phototriggered uncaging of 1,2-DOG (2×10 s, 340 nm, as indicated by UV) in TRPC3 overexpressing HEK293 cells 
(black line, n=12). Inhibition of 1,2-DOG induced Ca2+ entry by using 50 mol L1 SKF 96365 (grey line, n=25). B, Ca2+ transient during phototriggered 
uncaging of 1,2-DOG (2×10 s, 340 nm; UV) in wild type HEK293 cells (n=20). Normalized intensity changes (mean±SE) are plotted as a function of time. 
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cubation with Bhcmoc-1,2-DOG for 10 minutes, an initial 
boost of UV illumination (10 s) caused a small but distinct 
increase in membrane conductance of TRPC3 expressing 
cells as shown in Figure 3A. With the second UV illumina-
tion (10 s) clear light-induced currents were observed in 
TRPC3 overexpressing HEK293 cells displaying depend-
ency on the concentration of caged lipid (30 and 100 µmol 
L1). These currents were persistent, lacked the typical tran-
sient nature of TRPC3 currents elicited by direct bath ap-

plication of diacylglycerol (Figure 3B). Moreover, the cur- 
rents were neither inhibited by 50 µmol L1 SKF96365 
(Figure 3A) nor Ruthenium Red (10 µmol L1; not shown). 
To optimize TRPC3 current detection, we performed ex-
periments in nominally Ca2+ free bath solution. This ex-
perimental setting resulted in larger inward currents in 
TRPC3 overexpressing HEK293 cells as compared to con-
trol HEK293 cells (23.11.6 to 8.7±2.6 pA/pF; Figure 
3C). Of note, light-induced currents observed under 

 

 

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 mol L1; n=10, open 
circles), Bhcmoc-1,2-DOG (100 mol L1; n=8; grey triangles), Bhcmoc-1,2-DOG (30 mol L1) and SKF 96365 (50 mol L1; n=10, black stars), 
Bhcmoc-1,2-DOG in nominally Ca2+ free solution (30 mol L1; n=4, black circles). B, Representative current recording in TRPC3 overexpressing HEK293 
cells during bath application of 1,2-DOG (50 mol L1; 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, 2×10 s) of Bhcmoc-1,2-DOG (30 mol L1) in 2 mmol L1 Ca2+ 
containing bath solution (black bar); of Bhcmoc-1,2-DOG (30 mol L1; empty bar) in nominally Ca2+ free bath solution; after inhibition of the 
Bhcmoc-1,2-DOG-induced current with Ruthenium Red (10 mol L1; gray bar) in nominally Ca2+ free bath solution. The current density was calculated at 
160 (empty bar) and 205 (gray bar) seconds. The asterisk denotes statistically significant differences versus the response obtained in TRPC3 overexpressing 
HEK293 cells before and after Ruthenium Red application in nominally Ca2+ free bath solution. D, Average time courses of currents recorded in wild type 
HEK293 cells in the presence of Bhcmoc-1,2-DOG (30 mol L1; n=7). Mean±SE. 
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these conditions still did not resemble the kinetic (transient) 
pattern typically evoked by directly applied 1,2-DOG (Fig- 
ure 3B). Figure 3C shows a comparison of inward current 
densities induced by light application in control HEK293 
cells and in TRPC3 transfected cells pretreated with 
Bhcmoc-1,2-DOG employed in nominally free or 2 mmol L1 
Ca2+ containing bath solution. Statistically significant inhi-
bition of inward current was observed with Ruthenium Red 
(10 mol L1) only in TRPC3 transfected cells. However, 
light-induced currents were recorded in wild type (control) 
HEK293 cells in nominally free (not shown) and 2 mmol 
L1  Ca2 + containing bath solution,  indicating a 
TRPC3-independent membrane conductance was activated  

by photouncaging (Figure 3D). 

Photoreleased coumarin 1a is the molecular basis of 
light-induced membrane conductances in HEK293 cells 

We hypothesized that the Bhc-coumarin cage (coumarin 
1a), as the photoreleased cage moiety, might cause the 
light-dependent cumulative increase in membrane conduct-
ance of HEK293 cells. This was further tested by current 
measurements in cells preincubated with coumarin 1a (30 
mol L1) for 10 minutes. Indeed, coumarin 1a-exposed, 
TRPC3 transfected HEK293 cells displayed clear UV light 
sensitivity (Figure 4A). Current-voltage relationship in 
coumarin 1a exposed cells closely resembled that measured 

 

 

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 mol L1; 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 
mol L1; black line) and Bhc-coumarin 1a as a control (30 mol L1; grey line). C, Bar chart illustrating average inward peak current densities (90 mV) of 
control HEK293 cells induced with Bhc-coumarin (1a; 100 mol L1; n=10), coumarin 1b (100 mol L1; n=10), coumarin 1c (100 mol L1; n=4), coumarin 
1d (100 mol L1; n=5) and dimethyl sulfoxide (DMSO) 0,1% after stimulation with UV light (340 nm, 2×10 s). The asterisks denote statistically significant 
differences versus the response obtained in control HEK293 cells in the presence of coumarin 1a, 1c and 1d (4-hydroxymethyl coumarin) was used as a 
control. D, The structures of various substituted 4-hydroxymethyl coumarin derivatives. MeanSE. 
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in response to Bhcmoc-1,2-DOG uncaging (Figure 4B). 
Similar coumarin 1a-dependent, light-induced responses 
were recorded in control HEK293 cells. To investigate fur-
ther the origin of the TRPC-independent light-induced cur-
rent, we tested coumarin compounds with different substit-
uents 1b–1d in wild type HEK293 cells (Figure 4C). The 
observed data provide evidence for secondary photoactiva-
tion of coumarin derivatives 1b, 1c as the basis of 
non-specific currents which were not observed in control 
experiments with DMSO 0,1%. Importantly, the 4- 
hydroxymethyl coumarin core 1d itself does not absorb UV 
light and therefore lacked any impact on the cells’ mem-
brane conductance. These experiments strongly suggest that 
the light-activated current initiated by photouncaging of the 
Bhcmoc-1,2-DOG was for its major part neither based on 
generation of a lipid mediator nor on the opening of TRPC3 
channels. Although a minor component of the light induced 
TRPC3 current is anticipated to correspond to the 
TRPC3-mediated Ca2+ entry pathway, this Ca2+ conduct-
ance could not be detected above the background provoked 
by coumarin 1a. 

DISCUSSION 

Although caged lipids are used increasingly in experimental 
biology and molecular physiology, these molecular tools 
were so far poorly characterized in electrophysiological 
studies, and their effects on membrane conductance are 
ill-defined. The lipid mediators such as diacylglycerols play 
a pivotal role in Ca2+ homeostasis. A common readout in 
studies on optical control of lipid-regulated Ca2+ transport-
ers, channels or enzymes is intracellular free Ca2+ measured 
by fluorescent reporters. Coumarin is chemically versatile 
as a caging agent and has been employed for uncaging 
strategies of various second messengers (Mayer and Heckel, 
2006). For example, coumarin caged cyclic guanosine 
monophosphate has been successfully used to control mem-
brane currents in olfactory sensory cells (Furuta et al., 
2004). Of note, in this study the caged messenger was di-
rectly administrated in to the cytoplasm via the patch pi-
pette. This specific experimental setting minimizes 
non-specific effects of the caged-messenger and uncaging 
byproducts on the plasma membrane, which need to be con-
sidered especially when cells are preincubated with caged 
lipids. For coumarin caged lipids, specifically caged diacyl-
glycerols, a high level of specificity in terms of TRPC 
channels have been suggested from experiments measuring 
intracellular free Ca2+ via common fluorescence probes. Our 
current study confirms a recent report about activation of 
TRPC3 channels by Bhcmoc-1,2-DOG (Nadler et al., 
2013). We show clear inhibition of the photouncag-
ing-induced Ca2+ signal by the TRPC3 inhibitor SKF 96365 
and no significant light-induced changes in intracellular 
Ca2+ of wild type HEK293 cells. Nonetheless, our attempts 
to use Bhcmoc-1,2-DOG in electrophysiological experi-

ments failed in terms of selective optical control of TRPC3 
currents. This study is the first to report on couma-
rin-mediated photoactivation of a membrane conductance 
that masks TRPC3 channel currents. The electrophysiology 
data revealed a non-selective current with properties dis-
tinctly different than those of the lipid-activated TRPC3 was 
elicited in response to photouncaging of Bhcmoc-1,2-DOG. 
Up to 100 mol L1 of the caged lipid, photoactivated cur-
rents did not perfectly resemble the kinetic and cur-
rent-voltage relationship of lipid-activated TRPC3 currents. 
Removal of Ca2+ from the external solution was used as 
intervention to promote TRPC3 currents according to pre-
vious reports previously (Rosker et al., 2004). This uncov-
ered a TRPC3 expression dependent conductance, which 
was inhibited by Ruthenium Red down to the level observed 
in non-transfected HEK cells, indicating that TRPC3 is 
functional in these cells and responds to the lipid species 
released by photouncaging. Importantly, in the presence of 
physiological Ca2+ concentrations, the small TRPC3 activity 
is effectively masked by an additional conductance. To fur-
ther investigate the origin of this TRPC3-independent con-
ductance, we hypothesized that coumarin as a photoreleased 
cage moiety might produce an off-target side effect. Indeed, 
similar currents were induced by UV light (340 nm) admin-
istration in the presence of the pure cage molecule (couma-
rin 1a), which is rapidly released during photouncaging of 
lipid from Bhcmoc-1,2-DOG. Coumarin by itself does not 
occlude UV light (340 nm), but certain derivatives absorb 
UV irradiation. Our electrophysiological data obtained with 
coumarin derivatives supported our hypothesis: photoacti-
vation of currents in the presence of coumarins requires a 
molecular structure that allows UV light (340 nm) absorp-
tion. We performed a set of experiments, which revealed 
that photoactivated coumarin 1a–c induced the non-    
selective currents in HEK293 cells. Coumarin 1d, which 
lacks UV absorption at 340 nm was found inactive (Figure 
4C). Thus, we conclude that upon UV radiation of couma-
rin-caged lipid, the photoreleased coumarin moiety is capa-
ble of a phototoxic membrane effect. The chemical species 
underlying this effect remain elusive, but it is tempting to 
speculate about UV light-induced generation of mem-
brane-active free radicals (Park et al, 1996).  

Substituted coumarins have actually been employed as 
photosensitizers for decades (Zou et al., 2013). Psoralen, a 
naturally occurring coumarin derivative had been success-
fully used for clinical treatment of dermatological disorders 
(Mantulin and Song, 1973). It has been shown that psoralen 
can photoreact with unsaturated lipids and with molecular 
oxygen to produce active oxygen species such as superoxide 
and singlet oxygen that can cause damage to cell membrane 
(Park et al., 1996). In this context, we suggest that the sub-
stituted coumarins 1a–c, that are commonly used as photo-
cleavable “cages” for various biologically active molecules, 
can give rise to phototoxic membrane effects in experi-
mental situations typical for optopharmacology.  
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Surprisingly, the currents initiated by UV light in the 
presence of phototoxic coumarins were not well correlated 
with rises in intracellular Ca2+ as single 10 s pulse of UV 
radiation was sufficient to generate currents while lacking 
any effect on cytosolic Ca2+. Thus, we conclude that the 
membrane conductance generated by UV light in the pres-
ence of coumarins was barely permeable for Ca2+. A series 
of pharmacological experiments using classical blocker of 
cation currents such as Ruthenium Red (data not shown) 
and SKF 96365 showed insensitivity of the couma-
rin-dependent conductance. Considering the ionic composi-
tion of the buffer solutions used in our electrophysiological 
experiments, conductances selective for Na+ and Cs+ as well 
as Cl or divalents can be excluded as the respective equi-
librium potentials are significantly different from reversal 
potential of the recordings, which varied from +4 to +11 
mV. Consistently, when Cl in the bath solution was re-
duced from 148 to 2 mmol L1 (replaced by gluconate), the 
reversal potential did not change significantly. When Na+ 
was replaced by N-methyl-D-glucamine (NMDG), the re-
versal potential shifted from 5.1±1.9 to 9.32.4 mV (data 
not shown). Interestingly, this conductance does not allow 
for permeation of Ca2+ as photouncaging generated an ex-
clusively TRPC3-dependent Ca2+ signal. Nonetheless, to 
that end, we cannot exclude that this conductance represents 
a rather nonspecific phototoxic leak condition of the plasma 
membrane The exact nature of the conductance associated 
with activation of coumarin-caged messengers remains to 
be determined in further detail.   

Net inward currents initiated in TRPC3 expressing cells 
by lipid uncaging in physiological ionic conditions were 
apparently in the range of a few pA/pF and not clearly sep-
arable from the phototoxic membrane effects Nonetheless, 
recordings in nominally Ca2+ free solution allowed to detect 
the TRPC3 response in the presence of coumarin. Although, 
the phototoxic coumarin effect qualitatively did not disturb 
Ca2+ signalling by TRPC3, it is anticipated that certain cel-
lular processes may well be affected. Our findings suggest 
that results from optopharmacological application of cou-
marin-caged messengers have to be considered with partic-
ular care for the phototoxic effect of the released coumarin 
on membrane function.  

MATERIALS AND METHODS 

SKF 96365 was purchased from Enzo Life Science AG, 
Switzerland. 1,2-di-O-octanoyl glycerol was purchased 
from Sanova Pharma GmbH, Austria.  

Synthesis of 6-bromo-7-hydroxycoumarin-4-  
ylmethoxycarbonyl phototriggered 1,2-di-O-octanoyl 
glycerol (Bhcmoc-1,2-DOG) 

General remarks 
1H-NMR spectra were recorded on a Bruker 300 MHz in-

strument. Chemical shifts () were quoted in ppm refer-
enced to the appropriate solvent peak. The letters s, d, t, br 
are used to indicate singlet, doublet, triplet, and broad. 
Low-resolution mass spectra were obtained on a Shimadzu 
LC/MS-2020 (Japan) instrument using electrospray ioniza-
tion (ESI) in positive or negative mode. Analytical HPLC 
(Shimadzu LC20) analysis was carried out on a C18 re-
versed-phase (RP) analytical column (150 mm×4.6 mm, 
particle size 5 μm) at 25°C using a mobile phase A (wa-
ter/acetonitrile 90:10 (v/v)+0.1% TFA) and B (MeCN+ 
0.1% TFA) at a flow rate of 1.5 mL min1. The following 
gradient was applied: linear increase from solution 30% B 
to 100% B in 8 min, hold at 100% solution B for 2 min. All 
solvents and chemicals were obtained from standard com-
mercial vendors and were used without any further purifica-
tion. Chromatography purification was done on an auto-
mated Biotage SP4 flash chromatography system. Analyti-
cally pure samples were obtained on a Shimadzu LC10 
semi-preparative chromatography instrument.  

Microwave experiments 

Microwave-assisted reactions were carried out in Biotage 
Initiator 8 EXP 2.5 (Biotage AB, Sweden) single-mode mi-
crowave instrument producing controlled irradiation at 2.45 
GHz in 20 mL cylindrical Pyrex microwave reaction vials. 
Reaction times refer to hold times at the temperatures indi-
cated, not to total irradiation times. The temperature was 
measured with an IR sensor on the outside of the reaction 
vessel. All microwave experiments were carried out using 
magnetic stirring at a rate of 720 r min1 unless otherwise 
stated. 

6-bromo-4-(chloromethyl)-7-hydroxy-2H-chromen-2-one 

A mixture of 4-bromoresorcinol (1 g, 5.29 mmol), ethyl 
4-chloro-3-oxobutanoate (1.1 mL, 8.09 mmol, 1.5 equiv.), 
and methanesulfonic acid (8.6 mL, 132.27 mmol, 25 equiv.) 
in a 20-mL Pyrex microwave vial, equipped with a magnet-
ic stir bar, was capped with a Teflon septum, stirred for 10 s 
and subjected to microwave heating for 10 min (fixed hold 
time) at 80°C and subsequently cooled to 50°C. The dark 
reaction mixture was poured in ice-water and stirred for half 
an hour. The desired product was obtained as an off-white 
solid (1.46 g, 95%) by vacuum filtration after washing with 
water and dry. 1H NMR (300 MHz, DMSO-d6): =11.56 
(Br s, 1H), 7.99 (s, 1H), 6.92 (s, 1H), 6.48 (s, 1H), 5.00 (s, 
2H); LC–MS (pos. ESI), m/z: 289 [M(79Br)+H]+, 291 
[M(81Br)+H]+, 330 [M(79Br)+MeCN]+, 332 [M(81Br)+ 
MeCN]+. 

6-bromo-7-hydroxy-4-(hydroxymethyl)-2H-chromen-2- 
one (1a) 

6-bromo-4-(chloromethyl)-7-hydroxy-2H-chromen-2-one 
(1.1 g, 3.80 mmol) in 10 mL of H2O in a 20-mL Pyrex mi-
crowave vial, equipped with a magnetic stir bar, was capped 
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with a Teflon septum, stirred for 10 s and subjected to mi-
crowave heating for 30 min (fixed hold time) at 180°C and 
subsequently cooled to 50°C. After vacuum filtration and 
wash additionally with water, the desired product was ob-
tained as off-white solid (861.4 mg, 84%). 1H NMR (300 
MHz, DMSO-d6): =11.39 (br s, 1H), 7.84 (s, 1H), 6.89 (s, 
1H), 6.27 (s, 1H), 5.61 (t, J=5.1 Hz, 1H), 4.69 (d, J=3.6 Hz, 
1H); LC-MS (pos. ESI), m/z: 271 [M(79Br)+H]+, 273 
[M(81Br)+H]+, 312 [M(79Br)+MeCN]+, 314 [M(81Br)+ 
MeCN]+. 

All other compounds were prepared following literature 
procedures and showed analytical properties in good corre-
lation to the reported data. 

Cell culture and transfection 

Human embryonic kidney 293 (HEK293) cells were cul-
tured in Dulbeco’s Modified Eagle Medium (DMEM high 
glucose with pyruvate, Invitrogen, USA) supplemented with 
10% fetal bovine serum, streptomycin (100 μg mL1), peni-
cillin (100 U mL1), L-glutamine (2 mmol L1) and HEPES 
(10 mmol L1) at 37°C and 5% CO2. Cells were transiently 
transfected using FuGENE® HD Transfection Reagent 
(Promega, USA) according to the manufacturer’s protocol. 
Briefly, 5 μg of plasmid DNA encoding the appropriate 
sensor/fusion protein and 6 μL transfection reagent were 
added to 200 μL Opti-MEM® (Invitrogen) and mixed thor-
oughly. Transfection mixture was incubated for 15 min at 
room temperature and subsequently added to cells grown in 
35 mm-dishes. Cells were harvested and plated to cover 
slips 24 h after transfection. All experiments were per-
formed either 24 or 48 h after transfection. 

Measurement of intracellular Ca2+ signaling 

Prior to experiment, HEK293 cells were transfected with 
either only genetically encoded red-emitting R-GECO or 
with R-GECO and YFP-TRPC3. Transfected cells were 
plated to cover slips 24 h after transfection. Cells were pre-
incubated with 30 mol L1 Bhcmoc-1,2-DOG at room 
temperature for 10 min in imaging buffer (137 mmol L1 
NaCl, 5.4 mmol L1 KCl, 10 m HEPES, 10 mmol L1 Glu-
cose, 1 mmol L1 MgCl2, 2 mmol L1 CaCl2). Excitation 
light was supplied via a Polychrome II polychromator 
(TILL Photonics, Gräfelfing, Germany) and emission was 
detected by a Sensicam CCDcamera (PCO Computer Op-
tics). Fluorescence intensity changes of R-GECO Ca2+ sen-
sor was measured at 577 nm excitation and 632 nm emis-
sion wavelengths. Light stimulation was facilitated by using 
340 nm excitation wavelengths for 10 s. Digital image re-
cordings were recorded and analyzed by using Axon Imag-
ing Workbench (Axon Instruments, USA). 

Electrophysiology 

For electrophysiological measurements whole cell voltage 
clamp technique was used. Patch pipettes were pulled from 

thin-wall filament glass capillaries to a resistance of 2–4 
M. An inverted Microscope Axiovert 200 (Zeiss, Germa-
ny) was used to identify positively transfected cells by their 
green fluorescence when illuminated at 500 nm. Whole-cell 
experiments were performed at room temperature using 
Axopatch 200B amplifier (Molecular Devices, USA) con-
nected with a Digidata-1440A Digitizer (Axon Instru-
ments). Currents were filtered at 3 kHz by a 3-pole Bessel 
filter and digitized with 8 kHz. Application of linear volt-
age-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. Light stimulation was performed 
at 60 and 90 s for 10 s (UV, 340 nm). 

Standard pipette solution contained (in mmol L1): 120 
cesium methanesulfonate, 20 CsCl, 15 HEPES, 5 MgCl2, 3 
EGTA titrated to pH 7.3 with CsOH. Patch clamp experi-
ments were performed using extracellular solutions con-
taining (in mmol L1): 140 NaCl, 10 Hepes, 10 Glucose, 2 
MgCl2, 2 CaCl2 pH adjusted to 7.4 with NMDG. For nomi-
nally Ca2+ free experiments CaCl2 was excluded from the 
extracellular solution. 

Before recording, cells were incubated with Bhcmoc-1,2- 
DOG with/without SKF 96365 in the bath solution for 10 
min at room temperature. 1,2-DOG or Ruthenium Red were 
applied into superfusion solution at 60 and 180 s, respec-
tively.  

Data analysis and graphical display was performed using 
Clampfit 10.4 (Axon Instruments) and SigmaPlot 11.0 
(Systat Software Inc.). Data are expressed as mean±SE. 
Student’s two-sample t-test was used to assess statistical 
significance (*, P<0.05.). 
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