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Caged compounds protected with photolabile protecting groups (PPGs) are useful for controlling various
biological events with high spatiotemporal resolution. Most of the commonly used PPGs are controlled
by ultraviolet light irradiation, but it is desirable to have PPGs controlled by visible light irradiation in
order to minimize tissue damage. Here, we describe a boron-dipyrromethene (BODIPY)-picolinium
conjugate (BPc group) that functions as a blue-light-controllable PPG. ESR experiments indicate that the

photolysis mechanism is based on intramolecular photoinduced electron transfer. We illustrate the
Received 8th June 2023 licability of the BP to biologically acti ds by employing it firstly to photocontrol
Accepted 20th August 2023 applicability of the BPc group to biologically active compounds by employing it firstly to photocontro
release of histamine, and secondly to photocontrol release of a soluble guanylyl cyclase (sGC) activator,

DOI: 10.1039/d3ra03826b GSK2181236A, which induces photovasodilation. The BPc group is expected to be a useful PPG for
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Introduction

The term “caged” compound was first coined by Hoffman's
group to describe a bioactive molecule protected with a photo-
labile protecting group (PPG). Since then, many PPGs have been
developed, not only as tools for controlling biological events
with high spatiotemporal resolution,* but also as candidate
therapeutic agents.>> However, the most commonly used PPGs,
such as the 2-nitrobenzyl-type and coumarin-4-methyl-type
PPGs, require harmful ultraviolet to purple light irradiation
(<450 nm) for the uncaging reaction."* It would be preferable to
use visible light (>500 nm) in order to avoid photodamage to
cells or tissues.” Although some visible-light-driven PPGs have
been developed, they require molecular oxygen or have strong
photosensitizing  activity, restricting their  biological
applicability.*** Very recently, Bojtar's group reported
xanthenium-type PPGs that can be controlled with visible light
(>540 nm) and demonstrated an application for caging an
anticancer reagent, SN38."

We have developed photoinduced-electron-transfer-driven
nitric oxide releasers (PeT-driven NO releasers) which
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controlling various biological events with blue light irradiation.

efficiently release NO in response to visible light irradiation up
to a wavelength of 660 nm, making them applicable for
controlling vasodilation even in vivo.'** Here, to expand the
utility of this PeT-driven strategy to other bioactive compounds,
we focused on the N-alkyl-4-picolinium group. Falvey's group
previously demonstrated that the cationic N-alkyl-picolinium
group could undergo electron transfer from photoactivated
dyes, followed by H,C-O bond scission (Fig. 1a).2** However, it
has not been established whether this strategy can be applied
using visible-light-harvesting dyes, or for biological applica-
tions. In this study, we focused on boron-dipyrromethene
(BODIPY) as a dye that can harvest 500 nm blue light and we
synthesized a BODIPY-picolinium conjugate (BPc group) that
can be used as a PPG. To illustrate its utility, we employed the

1(R"=X,R?=H)
2(R'=H,R?=X)
3(R'=R2=H)

Fig. 1 A plausible mechanism of PeT-driven picolinium cation
photolysis (a); structure of BODIPY-picolinium conjugate substituted
in the ortho-position (1) or the para-position (2), and a reference
compound (3).
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BPc group to cage a soluble guanylyl cyclase activator,
GSK2181236A, and demonstrated photocontrol of its vasodila-
tion activity through blue light irradiation.

Results and discussion

Anderson's group reported that N-alkyl-picolinium ester teth-
ered to bis(ethynyl)fluorene dyes (BEF-Pyr) can function as
a PPG, driven by PeT from bis(ethynyl)fluorene to the picoli-
nium group.” However, BEF-Pyr required two-photon excitation
(TPE) for visible light uncaging, and UV light irradiation (<400
nm) appeared necessary for one-photon excitation. Although
TPE is a powerful method for near-infrared excitation and
provides high spatial resolution, it requires pulsed lasers that
are expensive and not always readily available. Therefore, we
aimed to extend the utility of the picolinium cation by conju-
gating the cation to a BODIPY dye that absorbs light at around
500 nm, in order to obtain a blue-light-responsive PPG (Fig. 1b).
To investigate the importance of the proximity effect between
BODIPY and the picolinium cation, we designed two deriva-
tives: one substituted in the ortho-position (1) and the other in
the para-position (2).** Before synthesizing these compounds,
we measured the redox potentials of the picolinium cation
moiety (S2, synthesized from pyridine-4-methyl acetate (S1))
and the antenna moiety (3) to estimate the Gibbs free energy for
PeT (AGper), which can be calculated using eqn S(1).1>* Cyclic
voltammetry measurements showed that the reduction poten-
tial of S2 was —0.902 V (vs. SCE) and the oxidation potential of 3
was +1.11 V (vs. SCE) (Fig. S17). Using eqn S(1),t the Gibbs free
energy for PeT (AGpcr) of the designed PPG was calculated to be
—0.388 eV, indicating that PeT should occur. Compounds 1 and
2 were synthesized as described in the ESI.{ In brief, phthalide
(S3) was activated with Meerwein's reagent to undergo a Frie-
del-Crafts-type reaction with 2,4-dimethylpyrrole.*® Tri-
fluoroborate diethyl etherate (BF;-OEt,) and triethylamine
(NEt;) were used to obtain a BODIPY derivative (S4). The
hydroxyl group was converted to an bromo group via mesylated
compound, then an Sy2 reaction with S1 was conducted to
obtain the ortho-substituted derivative (1). For the synthesis of
the para-substituted derivative (2), 4-(chloromethyl)benzoyl
chloride (S6) was treated with 2,4-dimethylpyrrole followed by
BF;-OEt, and NEt; to obtain another BODIPY derivative (S7),
and then an Sy2 reaction with S1 was conducted. The antenna
compound 3 was synthesized according to a previous report.>®
The structures of the final products were confirmed by "H NMR,
3C NMR, and HRMS, and purity was confirmed by HPLC.

We first investigated the spectroscopic properties of the
compounds. As shown in Fig. 2a, each compound exhibited
strong absorption at around 500 nm, while 1 and 2 exhibited
lower fluorescence intensity than the antenna compound 3
(Fig. 2b).*” This result indicates that 1 and 2 are relaxed through
a different pathway from 3 after photoexcitation, probably
through the PeT process. Moreover, 1 exhibited lower fluores-
cence than 2, suggesting that the short distance between the
picolinium cation and the antenna would lead to more efficient
PeT in 1 than in 2.%®
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Fig. 2 Absorption (a) and fluorescence (b) spectra of 1 (red), 2 (blue)
and 3 (gray) in DMSO (10 uM). The spectral data are listed in the table.
Ex. 500 nm. The quantum yields were measured using a solution of 3in
MeOH (qjﬂ: 046)

To compare the photodecomposition rates of 1 and 2,
a solution of each compound (10 pM) in 100 mM HEPES buffer
(pH 7.3, 0.1% DMSO) was photoirradiated with blue light (470-
500 nm, 85 mW cm ™ >) and analyzed by HPLC as shown in Fig. 3.
The rate of 1 was faster than 2 in response to blue light irradi-
ation. It is note that no decomposition occurred without pho-
toirradiation as control experiments. To investigate whether the
desired ligand release occurred, we also designed and synthe-
sized 4 and 5 (Fig. S2 in ESIf) with protected p-nitroaniline
(pNA), which has strong absorbance around 380 nm and is
easily detectable by HPLC. As shown in Fig. 4, quicker photo-
decomposition was again observed with the ortho-substituted
derivative 4. Not only quicker photodecomposition but also
quicker ligand release was observed for 4, as compared with 5.
These results indicated the importance of the proximity effect
between the antenna moiety and the picolinium cation moiety
for photodecomposition. Furthermore, photodecomposition of
the antenna moiety was also observed in LCMS analysis. The m/
z value corresponding to $10 was observed, indicating that the
radical cation intermediate after photodecomposition
undergoes nucleophilic attack by H,O to form an alcohol
derivative S10 (Fig. S3 in ESIY).
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Fig. 3 Chromatograms of an irradiated solution of 1 (a) and 2 (b) after
photoirradiation. Time courses of concentration of 1 (c) or 2 (d) upon
photoirradiation.
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Fig. 4 Monitoring the photodecomposition of 4 and 5 and the pho-
torelease of p-nitroaniline (pNA). Chromatograms of a solution of 4 (a)
or 5 (b) with detection at 500 nm, and of a solution of 4 (c) or 5 (d) with
detection at 378 nm during photoirradiation. Time course of
concentration of 4 (e) or 5 (f) during photoirradiation.

To examine the reaction mechanism, we attempted to detect
the putative radical intermediates by means of electron spin
resonance (ESR) spectroscopy.?® As shown in Fig. 5a and b, we
were able to detect the ESR signal due to the radical interme-
diate 1 or 2 generated by the LED light irradiation (2 = 405 nm)
to DMSO glass at —130 °C. The signal observed at g = 2.003 is
assigned to the typical organic radicals due to the BODIPY
radical cation and the picolinyl radical as the charge-separated
state generated by intramolecular PeT from the BODIPY moiety

315 320 325 330 315 320 325 330
magnetic field (mT) magnetic field (mT)

elongation of

H,C-O bond
\{N # R o \{ N R/&O \<N Z R/&O

Fig. 5 ESR spectra of the charge-separated states generated by the
LED-light irradiation of DMSO glass containing 10 uM 1 (a) or 2 (b). A
plausible H,C-O bond elongation before the bond scission (c).
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to the picolinium moiety. The signals due to both radicals may
be overlapped in this experimental conditions. We also con-
ducted DFT calculations of 1 and 2 to evaluate the possibility of
H,C-0 bond scission in the one-electron-reduced form (Fig. 5c¢).
As shown in Fig. S4,1 the bond length in the one-electron-
reduced form was extended compared to that in the non-
reduced form for 1 and 2. These experimental results and
calculations indicate that one-electron transfer reduction of
picolinium moiety by PeT triggers H,C-O bond scission and
release of the ligand. It should be noted that while the H,C-O
bond length in 2 was longer than that in 1, the efficiency of
photodecomposition and ligand release was greater in 1 than 2.
This result suggests that the uncaging efficiency is not depen-
dent on the H,C-O bond length but rather on the PeT efficiency.

In order to confirm the ability of the ortho-substituted
BODIPY and picolinium cation conjugate (BPc group) to protect
a bioactive compound, we employed it to protect histamine,
a messenger that activates histamine receptors (BPc-HA (6); see
ESI for synthesis of 6, Fig. S51). The release of histamine in
response to light was detected and quantified using a fluores-
cence method that employs ortho-phthalaldehyde and 2-mer-
captoethanol to form a fluorogenic isoindole derivative with
primary amines.*® After photoirradiation of a solution of 6, the
derivatizing reagents were added and the solution was analyzed
by fluorescence HPLC. As shown in Fig. 6, histamine was
released in a light-dependent manner, with a maximum release
of 7.0 uM. In Fig. 4, the photodecomposition peak could be
observed whereas it was difficult to see it in Fig. 3 and 6. It could
be because the strong electron-withdrawing 4-nitroaniline
structure improved electron accepting ability which is key to
induce mesolytic cleavage for 4 and 5. For other compounds,

histamine
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v

£

c - 0 min
D T 1 min
? 1 A 2 min
2 5 min
=3

3 10 min
@

© A 20 min

0 10 20 30 0 10 20 30
retention time (min) retention time (min)
(c) (d)
10 10

s s

2 2

< )

T £

t 5 £ 5

o el

@ o

=
0+ oe
0 5 10 15 20 0 5 10 15 20

irradiation time (min) irradiation time (min)

Fig. 6 Monitoring the photodecomposition of BPc-HA (6) and pho-
torelease of histamine. Chromatograms of a solution of 6 monitored in
terms of absorption at 500 nm (a) and in terms of fluorescence (ex/em:
350/450 nm) after mixing with 2-mercaptoethanol and o-phtha-
laldehyde (b) during photoirradiation for the indicated time. Time
course of concentration of 6 (c) or histamine (d).
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unexpected degradation pathways, i.e. decomposition of BOD-
IPY structure by singlet oxygen, could be considered preferen-
tial. We also calculated the quantum yield of histamine release
(Pua) from 6, which is the amount of histamine released
divided by the number of photons absorbed by 6. The amount of
histamine release was quantified using Johnson's method,*
and the absorbed photons were determined using a potassium
ferrioxalate actinometer.®* The calculated @y, was 2.55 x 10~ *
(the detailed data are shown in Table S17), which is comparable
to that of another BODIPY-based caged histamine reported by
Urano's group (3.0 x 10~ %4).%

To confirm the blue-light responsiveness of the BPc group for
controlling biological events, we selected a soluble guanylyl
cyclase (sGC) activator, GSK2181236A.** sGC activators bind to
sGC whose heme is oxidized or missing to stimulate the
production of cGMP, which in turn promotes smooth muscle
relaxation, making them promising candidates for antihyper-
tensive therapy. Although we previously developed PeT-driven
NO releasers that induce potent vasodilation through the sGC-
c¢GMP pathway in a light-dependent manner, the vasodilation
they produce is transient and limited to the duration of irradi-
ation, due to the short half-life of the NO-sGC complex.** Thus, to
achieve continuous vasodilation for the treatment of chronic
hypertension, caged sGC activators would be more suitable than
caged NOs. We therefore designed and synthesized BPc-
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Fig. 7 Changes in the tension of rat aorta ex vivo induced by blue-
light-mediated drug release from 7 in the presence of a nitric oxide
synthetase inhibitor, N®-nitro-L-arginine methyl ester (L-NAME, 10
uM). Rat aorta in a glass tube was treated with noradrenaline (NA, 10
uM). The tube was irradiated with a 505 nm LED (120 mW cm™2) for
3 minin the presence (a) or absence (b) of 7 (50 uM). Another aorta was
incubated in the presence of 7 without irradiation (c). The
constriction% in each experiment (d) was calculated from the tension
value 60 min after photoirradiation. Data are expressed as mean + SE
(shown as error bars, n = 4). Statistical significance was examined by
application of Bonferroni's multiple comparison. *p < 0.05, and **p <
0.01.
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GSK2181236A (7, see ESI for synthesis of 7, Fig. S61), in which
the carboxyl group of GSK2181236A is protected by the BPc
group. We evaluated the photovasodilatory effect of 7 on ex vivo
rat aorta using the blue-light irradiation. All animal experiments
were performed in accordance with the Guiding Principles for
the Care and Use of Laboratory Animals of the Science and
International Affairs Bureau of the Japanese Ministry of Educa-
tion, Culture, Sports, Science, and Technology, and were
approved by the Animal Experimentation Ethics Committee of
Nagoya City University (No. H25-P-09). We placed a strip of rat
aorta in a Magnus tube filled with Krebs buffer, and tensioned it
by exposing it to noradrenaline (NA). We also administered
a nitric oxide synthase inhibitor, L-NAME, to eliminate the effect
of endogenous NO. After the tension had reached a plateau, we
conducted blue-light irradiation with a 505 nm LED (120 mW
em™?). As shown in Fig. 7a, the smooth muscle tension was
decreased after 3 minutes of irradiation, whereas no potent
vasodilation was observed without 7 or without irradiation. The
slight vasodilation observed in the absence of 7 (Fig. 7b) or light
irradiation (Fig. 7c) was probably induced by DMSO, since it has
been reported that DMSO induces vasodilation in rat aorta by
inhibiting Rho-kinase.*® While the vasodilation produced by
caged NOs was transient and only occurred during irradiation, 7
induced prolonged vasodilation even after the irradiation was
stopped. These results suggest that 7 could be a candidate
photovasodilator for treating chronic hypertensive diseases.

Conclusion

Based on previous reports of photolysis of picolinium cation
conjugates with dyes, we designed a novel visible-light-
controllable PPG, the BPc group. The proximity between the
antenna and picolinium cation was found to be important for
efficient photolysis reaction, which likely occurs through an
intramolecular photoinduced electron transfer reaction, as
indicated by the detection of radical intermediates as the
charge-separated state by ESR analyses. The BPc group has the
ability to protect and release bioactive compounds such as
histamine and an sGC activator, GSK2181236A. Since previous
studies have shown that the photolysis of picolinium cation
conjugates with various dyes can occur, we anticipate that
a range of functionalized PPGs can be developed, including
those absorbing at longer wavelengths and that can be activated
in specific cells or diseased organs.
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