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A Coumarin Triflate Reagent Enables One-Step Synthesis of
Photo-Caged Lipid Metabolites for Studying Cell Signaling
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Abstract: Photorelease of caged compounds is among

the most powerful experimental approaches for studying
cellular functions on fast timescales. However, its full po-

tential has yet to be exploited, as the number of caged
small molecules available for cell biological studies has

been limited by synthetic challenges. Addressing this

problem, a straightforward, one-step procedure for effi-
ciently synthesizing caged compounds was developed. An

in situ generated benzylic coumarin triflate reagent was
used to specifically functionalize carboxylate and phos-

phate moieties in the presence of free hydroxy groups,
generating various caged lipid metabolites, including a

number of GPCR ligands. By combining the photo-caged

ligands with the respective receptors, an easily imple-
mentable experimental platform for the optical control

and analysis of GPCR-mediated signal transduction in
living cells was developed. Ultimately, the described syn-

thetic strategy allows rapid generation of photo-caged
small molecules and thus greatly facilitates the analysis of

their biological roles in live cell microscopy assays.

Modern screening approaches, particularly lipidomics and me-
tabolomics, allow for the rapid identification of small mole-
cules that appear to be involved in cellular processes.[1–3] Given
the remarkably improved sensitivity and scope of these meth-
ods, the validation of the obtained hits in live cell experiments

has now become the major bottleneck when studying the biol-
ogy of lipids and other metabolites.[4–7] In particular, under-

standing fast processes such as signal transduction requires
the ability to measure reaction kinetics in living cells.[7] Obtain-
ing such kinetic datasets necessitates to change the levels of
cellular small molecules in a rapid fashion and to monitor
downstream responses with organelle-specific biosensors.[8–10]

Current methods for rapidly modulating cellular small mole-
cules are based on optogenetic proteins,[11, 12] chemical dimeriz-
ers[13, 14] and photo-caged[15–21] or photo-switchable[19, 22–24]

chemical probes. However, implementing new optogenetic
tools or chemical dimerizer systems is not straightforward and

requires significant effort. The increased use of photo-caged

small molecules could in principle serve as an alternative ex-
perimental strategy, yet the de novo development of these

chemical probes usually requires challenging multi-step syn-
theses, a few notable examples[25] notwithstanding.

Thus, a renewed focus on synthetic strategies for generating
photo-caged, bioactive small molecules in a cost- and time-effi-

cient manner is required. Ideally, commercially available parent

molecules should directly be equipped with photo-caging
groups, without the need to rely on protection group chemis-

try or total synthesis. As caging groups are mostly attached to
phosphate, carboxylate or amine groups, the resulting synthet-

ic problem can often be reduced to the derivatization of one
of these functional groups with a photo-caging group in the
presence of free hydroxyl groups. In some examples, most

prominently for photo-caged nucleotides, such transformations
have been achieved,[25–26] typically through utilization of diazo

reagents or leaving groups in benzylic positions. Despite these
early successes, the reported substrate scope of such reactions
has remained relatively limited, presumably due to the fact
that the reactivity of the utilized diazo reagents is not suffi-

cient for alkylating less nucleophilic substrates such as zwitter-
ionic or sterically hindered phosphodiester groups commonly
found in phospholipids. In addition, the required elevated tem-
peratures might further reduce the applicability of diazo re-
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Scheme 1. Schematic representation of one-step synthesis of caged com-
pounds. Unprotected precursor molecules are treated with an in situ gener-
ated benzylic coumarin triflate reagent which reacts with phosphate and
carboxylate groups in the presence of unprotected hydroxy groups, thus cir-
cumventing lengthy synthetic routes and improving availability of caged
compounds for cell biological applications.
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agents for sensitive substrates such as lipids and lipid metabo-
lites.

We reasoned that a benzylic coumarinyl triflate reagent (1)
should provide sufficient reactivity under mild conditions to

functionalize less nucleophilic phosphates and carboxylates,
while still leaving hydroxyl groups unaffected (Scheme 1).

However, benzylic or allylic triflates are not typically used in
nucleophilic substitution reactions featuring carboxylate or

phosphate nucleophiles. In fact, to the best of our knowledge,

only one such example has been reported for a carboxylate
nucleophile[27] and none for phosphates. We proceeded to syn-
thesize 1 starting from the corresponding coumarin alcohol.
The respective diazo and mesylate reagents 2 and 3 were syn-

thesized according to previously described methodology.[25]

Due to the inherent instability of benzylic triflates, 1 was gen-

erated and used in situ to react with phosphatidylcholine (4)

and platelet activating factor (PAF) as model substrates. We
confirmed that the triflate reagent 1 is sufficiently reactive to

alkylate sterically hindered phosphodiesters (Figure 1) at 0 8C,
whereas transformations using the corresponding mesylate

and diazo reagents (2,3) did not result in noticeable conversion
(Figure 1 B,C). Prolonged reaction times at higher temperatures,

in line with literature protocols for diazo compounds,[25] led to

minimal product formation for coumarin mesylate and triflate
reagents while no conversion was observed for the diazo re-

agent (Figure S1 in the Supporting Information).

After developing a suitable reagent for functionalizing phos-
phate and carboxylate moieties with photo-caging groups, we

explored the substrate space for potential interference by free
hydroxyl groups and other sensitive moieties while simultane-

ously focusing on generating biologically relevant probes.
Apart from phosphatidylcholine (4, PC), we chose to include
the phospholipid phosphatidic acid (PA), the natural GPCR (G-
protein coupled receptor) ligands lysophosphatidic acid (LPA),
platelet activating factor (PAF) and prostaglandin E2 (PGE2), the

synthetic GPCR agonists miltefosin (MF) and edelfosin (EF), the
fatty acids oleic (OA) and arachidonic acid (AA), 2-hydroxy-
oleic acid (OHOA) and finally N-acteyl-neuraminic acid (NANA),
a key ganglioside building block. NANA represents a particular-
ly challenging substrate as it features a sterically hindered car-
boxyl group in the presence of multiple primary and secondary

hydroxy groups. Strikingly, all molecules were readily convert-
ed into their photo-caged versions in acceptable to good
yields with small adaptations to the general one-step protocol

(Figure 2 A, see supplementary information for details). Com-
pounds were photo-physically characterized (Figure S2) and

photorelease of the intact parent molecules was confirmed by
HPLC and mass spectrometry (Figure S3). Out of the 11 cou-

marin-caged compounds generated via this route, three

(caged LPA (6), caged arachidonic acid (8) and caged oleic acid
(9)) have been reported before,[16, 28] whereas the other 8

(caged PC (5), caged PA (7), caged PAF (10), caged miltefosin
(11), caged edelfosin (12), caged prostaglandin E2 (13), caged

2-hydroxy oleic acid (14) and caged N-acteyl-neuraminic acid
(15)) represent new molecular probes. This suggests that in

situ generated triflate reagents such as 1 are powerful synthet-

ic tools for providing rapid access to caged compounds that
otherwise would only be accessible through more elaborate

syntheses.
We next assessed the GPCR ligands among the new photo-

caged compounds (6, 8–13) in live cell fluorescence microsco-
py assays. We first determined cellular uptake in HeLa Kyoto

cells by fluorescence microscopy using the intrinsic fluores-

cence of the diethylamino-coumarin group as readout. All
compounds proved to be membrane permeable, despite the

fact that some molecules (6, 10, 11, 12) are intrinsically posi-
tively or negatively charged (Figure 2 B, Figure S4). While the

compounds mostly exhibited the unspecific localization in cel-
lular membranes typical for diethylamino-coumarin-caged mol-
ecules, overall fluorescence intensities varied significantly

among compounds (Figure S5). Intriguingly, compounds fea-
turing a choline headgroup exhibited a certain preference for

the plasma membrane (Figure 2 B, Figure S4), presumably due
to the fact that these positively charged molecules are attract-
ed to the negatively charged inner leaflet of the plasma mem-
brane.

To demonstrate the utility of the new probes for acutely ac-

tivating GPCRs, we used an assay to monitor the recruitment
of the DAG effector protein PKCe to the plasma membrane
and Ca2 + signaling in response to GPCR activation. Specifically,
we used a PKCe-EGFP fusion protein and the genetically en-

coded Ca2 + sensor RGECO[29] to observe Ca2 + transients in
two-color time-lapse fluorescence microscopy experiments. In

Figure 1. (A) Conversion of POPC 4 to photo-caged POPC 5 using coumarin-
yl reagents 1. (B) Coumarinyl reagents utilized for functionalizing phosphate
and carboxylate moieties. (C) HPLC traces of reactions of the coumarinyl re-
agents 1 (red) 2 (green) and 3 (blue) with native POPC 4. Traces were nor-
malized to the POPC signal.
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order to ensure the observation of specific receptor-ligand in-
teractions, we heterologously expressed the respective GPCRs

(FFAR1, LPA2, LPA3, PTFAR, PTGER1, see Supplementary

Table S1 for details) in HeLa Kyoto cells. When adding free li-
gands to GPCR-expressing cells, we observed ligand-specific re-

cruitment of PKCe and accompanying Ca2+ signals (Figures S6
and S7). As a control we added the free ligands to cells not ex-

pressing the
GPCRs and observed no PKCe recruitment to the plasma

membrane or Ca2 + transients (Figure S7). In subsequent live

cell photoactivation experiments, we monitored temporal
PKCe and Ca2+ signaling profiles in response to uncaging of

compounds 6 and 8–13 in HeLa cells transiently expressing
the respective GPCRs. In principle, uncaging experiments can

be carried out in two distinct ways: (i) as wash-off experiments,
where the loading solution is removed after a defined time-

period and only the cellular pool of caged compound is photo-
activated; or (ii) as leave-on-experiments, where the loading so-
lution is left on the sample and photoactivation takes place

within cells and the surrounding solution. Wash-off experi-
ments are typically associated with a stable cellular caged

compound concentration, which is not the case for leave-on
experiments due to continued compound uptake from the

medium. We thus decided to perform only wash-off experi-

ments but nevertheless tested the applicability of the synthe-
sized compounds for leave-on experiments. To this end, we

compared cellular Ca2 + transients after addition of free and
caged compounds. We found that the caged fatty acids (7,8)

can be used at all tested concentrations, whereas caged LPA
(6), caged PAF (10) and caged edelfosin (12) have narrower

suitable concentration windows, while caged PGE2 (13) was
found to be not suitable for leave-on experiments (Figure S8,

see supplementary information for details). To ensure that the

utilized compound loading procedures for wash-off uncaging
experiments had no adverse effects on GPCR mediated signal

transduction, we confirmed that both, resting Ca2+ levels and
Ca2 + transients induced by addition of free ligands were simi-

lar for loaded and unloaded cells with the exception of caged
PGE2 (13), for which a slight desensitization towards the ligand
was observed (Figure S9, see supplementary information for

details).
We found that photoactivation of all biologically active com-

pounds elicited signaling responses (Figure 3, Figure S10),
whereas no responses where observed in the absence of tran-

sient GPCR expression (Figure 3 C, D, upper left panels, Fig-
ure S11). Specifically, photorelease of LPA in cell expressing the

LPA2 or LPA3 receptors triggered intense but brief (ca. 100 s

long) Ca2 + transients, accompanied by longer (ca. 150 s long)
PKCe recruitment events (Figure 3 C, D). Weaker effects were

observed for uncaging of oleic and arachidonic acid in cells ex-
pressing the corresponding receptor FFAR1 (Figure 3 C, D). Pho-

torelease of PGE2 triggered brief, low-intensity Ca2 + transients
but no discernible PKCe activation (Figure 3 C, D) in PTGER1 ex-

pressing cells. Uncaging of PAF in cells expressing the PAF re-

ceptor PTAFR resulted in pronounced Ca2 + transients and
PKCe recruitment, uncaging of edelfosin was followed by sub-

tler responses, whereas photorelease of miltefosin did not
elicit signaling events (Figure 3 C, D) These findings are in line

with responses observed after adding the free ligands (Fig-
ure S6). Taken together, these data demonstrate that the newly

Figure 2. One-step synthesis of bioactive caged compounds. (A) Overview of generated photo-caged compounds. Unprotected parent compounds were
typically reacted with in situ generated 1 in the presence of DIEA in chloroform at 0 8C. In the case of N-acetyl-neuraminic acid, DMF was used to enhance sol-
ubility. Yields are given below each structure. (B) Cellular localization of photo-caged compounds 6, 8, 9, 10, 11, 12, 13, 14. Image acquisition settings were
optimized for each compound, larger fields of view and images acquired using identical settings for all compounds are displayed in Supplementary Figure S4
and S5 for comparison. Scale bars indicate 10 mm.
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synthesized photo-caged GPCR ligands enable optical control
of GPCR mediated signal transduction.

Furthermore, we observed that single-cell traces in response
to ligand uncaging were much more homogeneously distribut-

ed compared to experiments in which the free ligands were
added (Figures S12–S15) suggesting that our strategy should

be well suited to analyze the onset kinetics of GPCR mediated

signaling events.
In summary, we developed a new, highly efficient route for

the synthesis of photo-caged, bioactive small molecules, by-
passing the currently challenging syntheses that have resulted

in a slow pace of probe development. Using our newly devel-
oped synthetic strategy, we generated a series of photo-caged

GPCR ligands which enabled optical control of GPCR mediated
signaling for multiple receptors in live-cell time lapse experi-

ments. We anticipate that the methodology reported here will
significantly accelerate the development of new photo-caged

small molecules in the future and further boost chemical biol-
ogy approaches for studying cellular signaling.
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