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We developed a caged hydroperoxide, BhcTBHP, releasing
prooxidant TBHP under blue light irradiation. MitoTBHP with
triphenylphosphonium at the position 7 triggered selective
oxidative stress and membrane depolarization in mitochondria
upon photoirradiation. This study presents a powerful tool for
studying redox signaling and oxidative stress in living cells.

Reactive oxygen species (ROS) may cause cell damage and
have been linked to a variety of human diseases, including
cancer, heart diseases and neurodegenerative diseases. In
addition, numerous investigations during the last two decades
have demonstrated that ROS also plays a pivotal role in
regulating various aspects physiological
function®2, ROS induce a range of oxidative post-translational
their type
concentration®?, which are referred to as redox signalling at

of normal cell

modifications depending on and local
physiological levels or oxidative stress at elevated levels. Redox
signalling is mainly mediated by the oxidative modification of
cellular cysteines by H,0,.3 The production and reaction of ROS
in cells is spatially and temporally constrained.*

Exogenous oxidative stress inducers like H,0, and tert-butyl
hydroperoxide (TBHP) have conventionally been used to study
the roles of ROS in cells.>® TBHP is more thermodynamically
stable than H,0, and is commonly used as a popular alternative
to H,0,.° In general, these oxidative stress inducers operate
the making
compartmentalisation and spatiotemporal regulation of ROS
production responses The

development of new ROS detection and redox probes has

non-specifically on whole cell,

and problematic. recent

enabled the detection of ROS formation in various cellular
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compartments of living cells.#1911 Furthermore, photo-
cleavable caged compounds, which may release a range of
effector molecules in a spatiotemporally regulated manner
upon light irradiation, have emerged as powerful tools for the
targeted perturbation of biological processes. However, most
caged compounds that can be used to study oxidative stress and
redox signalling are limited to photodonors that emit reactive
nitrogen oxide species.'2 Functional molecules for light-induced
ROS generation include photosensitizers that generate singlet
oxygen (10,) and superoxide,’3 and caged hydroquinone, which
reduces oxygen molecules to hydrogen peroxide.l* In contrast,
a caged compound that directly releases ROS would be useful
for spatiotemporal control of precise oxidative modification in
cells.

This paper details the synthesis, properties, and functions of
novel caged hydroperoxides (BhcTBHP) that release the
prooxidant TBHP upon photoirradiation. We also developed
membrane-permeable and mitochondria-targeted derivatives
(AcBhcTBHP and MitoTBHP) capable of inducing oxidative stress
in cells (See Fig. 1). Furthermore, in the presence of MitoTBHP,
the mitochondrial membrane potential (MMP) was successfully
depolarised upon light irradiation, demonstrating that ROS
signalling may be induced in mitochondria at the appropriate
time in living cells.

Fig. 1 depicts the structure of the
hydroperoxides developed in this study as well
mechanism of the photo-uncaging reaction. We chose TBHP as
a caged effector molecule because it is relatively stable and
widely used as an oxidative stress inducer as described above.
Moreover, the 6-Bromo-7-hydroxycoumarin-4-ylmethyl (Bhc)
group!>16 was selected as the photoremovable protecting
(caging) group because of its higher photosensitivity than the
nitrobenzyl-based photolabile groups. Heterolytic bond
cleavage or competition between homolytic and heterolytic
cleavage has been proposed as a mechanism for photocleavage
of coumarin derivatives.l” Although the possibility of homolytic
cleavage cannot be entirely excluded, previous studies!” have

novel caged

as the
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Fig. 1 Strategy of caged TBHP compounds.

provided evidence in support of a heterolytic cleavage
mechanism in which a photo SN1 reaction (solvent-assisted
photo-heterolysis) forms ion pairs as intermediates to produce
4-(hydroxymethyl)coumarin.181? |n these reactions, the higher
the leaving ability (lower pKa value), the higher is the
photochemical quantum vyield?®. We expected that the
photocleavage reaction would not proceed if TBHP was directly
bound to the Bhc group because of its low leaving ability and
the high pKa value (=12.8). In such cases, coumarin-4-ylmethyl
carbonate scaffold should be an alternative photoremovable
protecting group for efficient photo-triggered release of
alcohols via spontaneous decarboxylation due to the
considerably lower pKa (6.4) than that of alcohols.?! In this
context, the Bhc group and TBHP were linked via a carbonate
linker. Based on this BhcTBHP, AcBhcTBHP with 7-O-acetyl
group was also synthesized to improve membrane
permeability. Furthermore, since Furuta et al. reported?? that
alkylation of the 7-hydroxyl group of the Bhc group did not
impair the overall photosensitivity, we predicted that an
organelle-targeting moiety could be introduced at position 7
and synthesized MitoTBHP with a triphenylphosphonium (TPP)
group to target mitochondria?3(Scheme S1 and S2).

First, the photocleavage of BhcTBHP was evaluated using LC-MS
(Fig. 2a). The reaction was conducted using light irradiation at
375 nm (2.5 mW/cm?) under physiological conditions (100 mM
phosphate buffer at pH 7.4, 1% DMF). When the solution of
BhcTBHP (100 uM) was irradiated for 1 min, the peak of
BhcTBHP disappeared, and the peak of photoproduct 1 with the
expected m/z 270 appeared at Rt = 13.8 min. Next, we
evaluated the release of TBHP after irradiation using NBzF, a
fluorescent probe for H,0O, detection that also modestly
responds to TBHP to produce 5-carboxufluorescein?* (Fig. 2b). A
significant increase in fluorescence was observed in the solution
of irradiated BhcTBHP at 375 nm (247 pW/cm?), with a
fluorescence intensity as high as 5-fold after 5 min of irradiation
(Fig. 2b and 2c). The amount of TBHP was determined from the
calibration curve (Fig. S1), which showed that BhcTBHP was
efficiently photolyzed to produce quantitative TBHP under
physiological conditions.

Regarding the photolysis mechanism, we also considered the
possibility that the bromocoumarin moiety undergoes an
oxygen-dependent photosensitization reaction via an
intersystem crossing from the excited singlet state to the triplet
state.?> There are Type | and Type Il mechanisms for the
generation of ROS by photosensitization reactions. In the Type |
mechanism, electron transfer to molecular oxygen from the
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Fig. 2 (a) LC-MS analysis of the reaction of BhcTBHP irradiated at 375 nm (2.5
mW/cm?). (b) Fluorescence response of the reaction between NBzF and irradiated
(0.25 mW/cm?) BhcTBHP. (c) Irradiated time course of TBHP releasing from
BhcTBHP. Error bars denote standard error (SE; n=7).

triplet state produces free radical ROS and H,0,. In Type Il, on
the other hand, 10, was formed by energy transfer.?Therefore,
we performed fluorescence measurements using NBzF on
BhcO!Bu containing t-BuOH as an effector instead of TBHP and
found no significant fluorescence with or without light
irradiation (Fig. S2a), i.e., H,0, was not formed. In addition, no
10, was generated from the photoirradiated BhcTBHP solution
(Fig. S2b). These data suggest that ROS generation via the
photosensitization reaction of Bhc derivatives is almost
negligible.

Next, photochemical properties of BhcOAc'® containing acetic
acid, and BhcO'Bu were compared with those of BhcTBHP and
MitoTBHP (Fig. 3a and S3a). Notably, the photolysis quantum
yields of BhcTBHP and MitoTBHP were considerably higher than
others. BhcTBHP has an order of magnitude larger uncage cross
section (e®), even though the pKa of the leaving group is
comparable. On the other hand, MitoTBHP had a reduced
£(365) due to the modification of the hydroxyl group. Thus, the
reaction rates of BhcTBHP and MitoTBHP at 365 nm (5 mW/cm?)
irradiation were 0.147 s7* and 0.021 s, respectively (Fig. S3b).
To investigate the reason for the higher photolysis yield of
BhcTBHP than BhcO!Bu, their low-lying excited states were
calculated using time-dependent density functional theory
(TDDFT). The first excitation was the highest occupied
molecular orbital (HOMO)—-lowest unoccupied molecular orbital
(LUMO) transition (99 %). The vertical emission energy of the S1
state of BhcTBHP is 2.55 eV (485 nm), which is comparable to
experimental results for Bhc-caged compounds (474 nm)'>
(Table S1). Fig. 3 depicts the optimised geometries and the
LUMO of BhcTBHP (left) and BhcO!Bu (right). In BhcTBHP, the
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Fig. 3 (a) Photochemical properties. They were measured in 100 mM KCI-10 mM
KMops buffer (pH 7.2). “Maximum absorption wavelength. ®Molar extinction
coefficient at 365 nm. Quantum yield of disappearance of starting materials.
MeanzSD (°n=3, 9n=1). ¢Reported values: Ana, 370 nm, £(365) = 14,800 M~tcm™,
Qyis = 0.037, @365 = 548.19. (b) Optimized geometries on S1 state and LUMO of
BhcTBHP (left) and BhcO'Bu (right) calculated at the TD-B3LYP/6-31G(d) level.

dihedral angle between the Ca—0O bond and the coumarin plane
is 76°, suggesting that the stereoelectronic orbital overlap effect
between the o* of the CO bond and the 1t of coumarin stabilizes
the transition state and facilitates cleavage of benzylic C-O
bond in the photo SN1 reaction.?’” In BhcO'Bu, on the other
hand, such stereoelectronic effects are not possible because the
Ca—O bond and the coumarin ring are coplanar. The high
photoreactivity of BhcTBHP is also supported by the fact that
the CO bond is longer and antibonding.

To confirm the utility of BhcTBHP, we investigated the light-
induced release of TBHP in cells using AcBhcTBHP, which
permeates the cell membrane and is hydrolysed to BhcTBHP by
intracellular esterases. The optimal concentration and
treatment time were determined by MTT assays, and stability
tests against glutathione (GSH) were performed by HPLC
analysis. MCF-7 (RCB1904 by RIKEN BRC) cells were treated with
various concentrations of caged compounds for 15 min,
cultured for 15 min under UV irradiation or non-irradiation, and
subjected to MTT assay. The results showed that AcBhcTBHP
was not significantly toxic with or without light irradiation at
concentrations up to 100 uM (Fig. S4). Next, to evaluate the
stability of BhcTBHP to GSH, it was incubated in the presence of
1 mM GSH at 37 °C for up to 60 min, and the residual amount
was measured by HPLC and was found to decrease to 40% after
30 min and to 20% after 60 min (Fig. S5). After 60 min of
incubation in the absence of GSH, more than 70% of BhcTBHP

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) Confocal fluorescence microscopic images of irradiated MCF-7 cells
treated with AcBhcTBHP using NBzFDA. Images were taken at Ex 470 nm and Em
range 516-556 nm. Scale bar = 50 um. (b) Average cellular fluorescence intensity
of the MCF-7 cells as determined using Image J. Error bars denote standard error
(SE; n=5). *p<0.0005, **p<0.001, ***p<0.01. Tukey's test.

remained (data not shown). As a result, after MCF-7 cells were
treated with AcBhcTBHP (50 uM) for 15 min and irradiated at
375 nm (12 mW/cm?) for 5 min, TBHP released in the cells was
detected using NBzFDA (diacetylated NBzF).2* The fluorescence
intensity increased dramatically after treatment with
AcBhcTBHP and light irradiation, indicating that TBHP was
released in the cells. According to Fig. 4, there was actually weak
fluorescence in the control and non-irradiated panels. To
examine the phototoxicity of blue light, LDH assays were
performed after 15 min of exposure to 375 nm (12 mW/cm?, 30
mW/cm?) light, but no difference was observed in non-
irradiated cells (Fig. S6).
MitoTBHP was also not cytotoxic, and its stability toward GSH
was slightly lower than that of BhcTBHP. (Fig. S4 and S5,
respectively). It was also observed that MitoTBHP released
TBHP intracellularly upon light irradiation (Fig. S7). It is known
that mitochondrial oxidative stress triggers depolarization of
mitochondrial membrane via oxidative modification of
proteins.?®8 Therefore, to prove the selective effects of
MitoTBHP on mitochondria, we examined changes in MMP by
fluorescence imaging using JC-1.2° The JC-1 dye forms red
fluorescent aggregates that accumulate in mitochondria at high
potentials, whereas at low potentials, it exists as a monomer
that emits green fluorescence. MCF-7 cells were preincubated
with JC-1 (2 uM), followed by treatment with MitoTBHP (50 uM)
for 15 min, irradiated with 375 nm (2.5 mW/cm?) light, and
fluorescence imaging was performed 60 min later. The
fluorescence of the JC-1 monomer was significantly higher in
cells under light irradiation in the presence of MitoTBHP (Fig. 5a
and S8a). In this case, the fluorescence intensity ratio of JC-1
monomer to JC-1 aggregate was twice that of the non-irradiated
cells. In contrast, when the cells were treated with AcBhcTBHP,
no significant changes in MMPs were observed with or without
irradiation (Fig. 5b, S8b and S9). Similarly, light-irradiated cells
in the presence of 50 uM TBHP did not show significant changes
in MMPs, similar to light irradiation alone (Fig. S10). To induce
MMP depolarisation, cells usually need to be treated with 100—
500 uM H,0, or TBHP722930 but MitoTBHP could induce
significant changes in mitochondrial membrane potential upon
photo-irradiation at only 5 uM (Fig. S11). These results indicate
that MitoTBHP localises to the mitochondria and induces
mitochondria-specific oxidative stress upon light irradiation.

In conclusion, we designed and synthesised a new caged
hydroperoxide, BhcTBHP, consisting of a Bhc phototrigger and
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