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Biothiols and their interconversion are involved in cellular redox
homeostasis as well as many physiological processes. Here, a dual-
reactive dual-quenching fluorescent probe was rationally devel-
oped based on thiolysis reactions of 7-nitrobenzoxadiazole (NBD)
tertiary amine and 7-cyanobenzoxadiazole (CBD) arylether for
imaging of the biothiol interconversion. We demonstrate that the
NBD-CBD probe exhibits very weak background fluorescence due
to the dual-quenching effects, and can be dual-activated by H,S
and GSH with an over 500-fold fluorescence increase at 525 nm. In
addition, the probe shows high sensitivity, excellent selectivity, and
good biocompatibility, all of which promote the simultaneous
detection of both H,S and GSH in live cells. Importantly, probe 1
was successfully employed to reveal the biogenesis of both H,S and
GSH from L-Cys rather than from p-Cys, and therefore, b-Cys would
be solely converted into H,S, which may help understand the more
H,S generation from p-Cys than from L-Cys in live cells.

Introduction

Biothiols include small molecules of glutathione (GSH), cysteine
(Cys), homocysteine (Hcy), and hydrogen sulfide (H,S), all of
which play important roles in many physiological and patholo-
gical processes.’” For example, biological H,S is considered to
be a nitric oxide (NO)-like signaling molecule that is involved
in the regulation of angiogenesis, vasodilation, metabolic bio-
energetics, etc.”> GSH is the most abundant biothiol in cells
(1-10 mM), which majorly contributes to maintaining redox
homeostasis and defending against toxins.*> As shown in
Scheme 1, endogenous H,S can be enzymatically produced from
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Cys by cystathionine PB-synthase (CBS), cystathionine y-lyase
(CSE), and 3-mercaptopyruvate sulfurtransferase (3MST)/cysteine
aminotransferase (CAT),"*® while GSH can be enzymatically
generated from 1-Cys by the consecutive actions of glutamate
cysteine ligase (GCL) and GSH synthetase (GS).**? On the other
hand, Hcy can be enzymatically transformed to generate
cystathionine and then to Cys, as well as to H,S." Based on
the metabolism and biotransformation of these pathways, the
concentrations of biothiols are in dynamic equilibrium in live
systems. In addition, abnormal levels of one or more different
biothiols are closely related to many diseases including
Alzheimer’s disease, liver cirrhosis, renal/cardiovascular dis-
eases, and cancers.”® Moreover, protein post-translational mod-
ifications (PTMs) are also involved in interconversion of
biothiols. For example, the S-glutathionylation of CBS under
oxidative stress and GSH can promote the generation of endo-
genous H,S.” Therefore, the development of facile and reliable
tools to study the interconversion and inherent crosstalk of these
biothiols is of great value for related fundamental research.
Fluorescence-based methods are highly suitable and sensitive
for in situ and real-time visualization of biomolecules. In the past
decade, numerous fluorescent probes have been developed for
the detection of biothiols in live systems.® In addition, probes
with multiple reaction sites have been rationally designed for
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Scheme 1 The metabolism and biotransformation pathways of different
biothiols.
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Scheme 2 (a) Schematic illustration of the design for a dual-quenching
probe 1 based on the combination of NBD amine and CBD arylether,
which can only be activated by both H,S and GSH. FRET, fluorescence
resonance energy transfer; ICT, intramolecular charge transfer. (b)
Synthetic routine and conditions for probe 1.

distinguishing different biothiols from each other with different
emission channels.” It is noted that a strategy of using multi-
reactive multi-quenching probes has been demonstrated to be
useful for highly sensitive and selective detection of biothiols
and other analytes.'®'" Attachment of multi-reactive quenchers
to the same fluorophore results in low-background fluorescence
of the probe due to the multi-quenching fashions through
multiplication effects,"" which can be used to enhance the
sensitivity and selectivity of the detection in complex biological
environments. We as well as others further employed such a
multi-quenching strategy to develop probes that require multiple
activations from different analytes,’” which can investigate the
cooperative relationship of the analytes and differentiate cancer
cells. Herein, we report the rational design and preparation of a
dual-quenching probe for imaging the biogenesis of both H,S
and GSH from 1-Cys rather than p-Cys in live cells.

As shown in Scheme 2, we combined the NBD and CBD
moieties into a fluorescein to access the dual-quenching probe
1. The thiolysis reactions of NBD amine'® and CBD arylether"®
are specific sensing motifs for H,S and GSH, respectively. The
CBD moiety can quench the fluorescence through the intra-
molecular charge transfer (ICT) effect,"®> while the NBD amine
moiety can switch off the fluorescence of the fluorescein through
the fluorescence resonance energy transfer (FRET) effect.'* As a
result, probe 1 is highly quenched from the dual-quenching
effects, and dual activations of this probe should result in
significant fluorescence enhancement (Scheme 2a).

Probe 1 was prepared by a facile three-step synthesis from
commercially available reagents (Scheme 2b). The coupling of
fluorescein and boc-piperazine provided compound 5, which
was modified by CBD-Br to generate compound 6. After depro-
tection of the boc group and further coupling with NBD-Cl,
probe 1 was obtained in good yield. Structural identification
was confirmed by 'H NMR, **C NMR, and HRMS (see ESI{).

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

With the probe in hand, we investigated the absorbance
spectra of probe 1 in the presence of H,S and/or GSH in PBS
buffer (50 mM, pH 7.4). The concentration-dependent absor-
bance of probe 1 in 0.5% DMSO-containing PBS suggested the
good water solubility of the probe up to 80 uM (Fig. S1, ESI}).
After treatment with both H,S (using Na,S as an equivalent)
and GSH, a sharp absorbance peak appeared at 500 nm, which
is assigned to the fluorescein product 4 (Fig. S2a, ESIt). When
H,S alone was added, a new peak with low absorbance at
500 nm was also observed (Fig. S2b, ESIt), and there was an
obvious overlap between the absorbance profile of NBD and the
emission profile of 4 (Fig. S2¢, ESIT), both of which support the
existence of an intramolecular FRET effect in 2. When 1 was
treated by GSH alone, the absorption peak was obviously red-
shifted from 470 nm to 500 nm, implying an ICT sensing
mechanism (Fig. S2d, ESIt).

Probe 1 is essentially non-fluorescent (¥, = 0.18%) due to
the FRET-ICT dual-quenching effects. After dual activations
with H,S (100 uM) and GSH (2 mM), the fluorescence of the
probe increased significantly, with over 500-fold turn-on at
525 nm (Fig. 1a) and generating high bright 4 (@, = 70.6%).
When 1 was treated by H,S or GSH alone, only slight fluores-
cence enhancements were observed (Fig. 1b and c), and the by-
products NBD-SH and CBD-SG were non-fluorescent.®*'?
Time-dependent emissions at 525 nm suggested that probe 1
was stable in the absence of analytes and had obviously larger
signal enhancement for H,S + GSH than that of any single
analyte (Fig. 1d). In addition, the data (Table S1, ESIT) suggest
that the turn-on folds of the dual-reactive probe could be
approximate multiplications of each turn-on fold of both
single-reactive probes,'’ highlighting the advantage of the
dual-reactive dual-quenching method.

To study the sensitivity of the dual-reactive probe, we
incubated 1 with different levels of H,S or GSH for 1 h in the
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Fig. 1 Time-dependent fluorescence responses of 1 (1 uM) toward H,S
(100 pM) and/or GSH (2 mM) in PBS buffer. (a) 1 was treated with H,S and
GSH, or only with H,S (b) or GSH (c). (d) Time-dependent emissions at
525 nm for 1 treated with H,S and GSH (black), H,S (green), GSH (red) or
probe alone (blue). Excitation, 469 nm.
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presence of a certain concentration of another activator, after
which the emission profiles were measured (Fig. 2). When
probe 1 was treated with different concentrations of H,S
(0-100 puM) in the presence of GSH (2 mM), the emission at
525 nm was linearly enhanced to the concentrations of H,S
from 0 to 60 uM (Fig. 2a and b). Similarly, when 1 was treated
with various levels of GSH (0-10 mM) in the presence of
H,S (10 puM), we observed a fluorescence enhancement in a
concentration-dependent fashion from 0-4 mM (Fig. 2c and d).
Taken together, probe 1 can be used to detect the co-existence
of H,S and GSH.

One major requirement for a fluorescent probe is that it
should exhibit a selective response toward the targeted analytes
but not for other competing biological species. To this end,
probe 1 was incubated with different reactive sulfur species
(SO3>~ and S,05%7), other biothiols (Cys and Hcy) and reactive
oxygen species (H,0, and HOCI) in the presence of H,S and/or
GSH for 1 h. As shown in Fig. 3, the co-incubation of GSH or
H,S and small-molecules triggered a slight fluorescence
increase. Therefore, probe 1 could be suitable for sensing the
dual activations from H,S and GSH in the presence of other
biological analytes.

We also validated the sensing reactions of 1 by HRMS
(Fig. S3, ESIt). Product 4 from the dual-activated reactions
was observed as [M + H]" 401.1490 (caled for CpH,;N,O,",
401.1496). The H,S-triggered product 3 and GSH-triggered
product 2 were also observed as [M + H]|" 544.1621 (calcd for
C31H,,N505%, 544.1615) and [M + H]" 564.1513 (caled for
C30H2,N50,", 564.1514), respectively. We further used HPLC
to monitor and validate the reaction mechanism (Fig. S4, ESIt).
These results confirmed probe 1 for the dual-reactive detection
of H,S and GSH.

Encouraged by the above results, fluorescence imaging
experiments were carried out to evaluate the potential of probe
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Fig. 2 (a) Fluorescence spectra and (b) emission at 525 nm of 1 (1 pM)

toward different concentrations of H,S in the presence of GSH (2 mM). (c)
Fluorescence spectra and (d) emission at 525 nm of 1 (1 puM) toward
different concentrations of GSH in the presence of H,S (10 uM). Excitation,
469 nm.
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Fig. 3 (a) Emissions at 525 nm of 1 (1 pM) toward various biologically

relevant species (100 uM) in the presence of GSH (5 mM). (b) Emissions at
525 nm of 1 (1 uM) toward 5 mM GSH and other various biologically
relevant species (100 pM) in the presence of H,S (100 puM). Excitation,
469 nm.

1 for imaging in live HeLa cells (human cervical cancer cells).
We first evaluated the cytotoxicity of 1 by the MTT assay. The
results (Fig. S5, ESIT) suggested that probe 1 had a slight effect
on cells after 24 h of incubation, and the cell viability at 50 uM
of probe 1 was still above 85%. HeLa cells contain nearly no
endogenous H,S'> but a moderate level of endogenous GSH
(5.4 mM)."® As expected, HeLa cells treated with only probe 1
showed weak fluorescence, and when the cells were pre-
incubated with 100 uM Na,S and then with probe 1, obvious
green fluorescence was observed (Fig. 4). Therefore, the co-
existence of intracellular H,S and GSH can trigger the fluor-
escent turn-on response of probe 1, which is consistent with the
results in buffers.

In addition to the H,S biosynthesis, L-Cys is also a substrate
for GSH synthesis.*? p-Cys, which should be not a substrate for
GSH due to the different chirality, can be metabolized to
generate H,S."” On the other hand, our previous work indicated
the imaging of more H,S production from p-Cys than that from
1-Cys."”” We envisioned that metabolic differences of p-Cys and

1+H,S

Fig. 4 Confocal microscopy images of Hela cells with using probe 1 in
the presence of endogenous GSH and exogenous H,S. (A-C) Cells were
only incubated with 10 uM probe 1 for 60 min. (D and E) Hela cells were
pre-incubated with 100 pM Na,S for 60 min, and then washed and
incubated with 10 uM probe 1 for another 60 min. After the incubation,
the cells were treated with DAPI (2 pg mL™) for 10 min. (A and D) The blue
fluorescence of DAPI (450-500 nm) with 405 nm excitation. (B and E)
The green fluorescence of probe 1 (500-550 nm) with 488 nm excitation.
(C and F) The merged images of blue and green fluorescence. Scale bar,
50 pm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Confocal microscopy images of Hela cells after co-incubation
with probe 1 and p-Cys or L-Cys. (a) After pre-treated with NEM (1 mM) for
30 min, (A and B) cells co-stimulated with 10 uM probe 1 and 500 puM p-Cys
for 60 min; (C and D) cells co-stimulated with 10 uM probe 1 and 500 pM
L-Cys for 60 min; (E and F) cells pre-incubated with AOAA (200 uM) for
30 min, then co-stimulated with 10 uM probe 1 and 500 puM L-Cys for
60 min. Then, the cells were incubated with DAPI (2 ug ml~?) for 10 min. The
merged images of the blue fluorescence of DAPI and green fluorescence of
probe 1 are also indicated. Scale bar, 50 um. (b) Relative green fluorescence
of images from (a), N = 3 fields of cells, error bars are means + S.D. (c)
Schematic representation of the chiral Cys metabolism in live cells.

L-Cys in live cells may be validated by our dual-reactive probe 1
from live-cell imaging. To this end, we removed the endogen-
ous GSH by the thiol blocking reagent N-ethylmaleimide (NEM)
of HeLa cells and then checked the intracellular fluorescence in
the presence of chiral Cys using probe 1. As shown in Fig. 5a,
the green fluorescence was hardly detected in the p-Cys-treated
cells, while strong fluorescence was observed in L-Cys-treated
cells. In a control, we employed aminooxyacetic acid (AOAA,
200 M), an inhibitor of enzymatic H,S synthesis,?” to show the
reduced green fluorescence from r-Cys-treated cells (Fig. 5b).
These results suggest that p-Cys should be mainly metabolized
into H,S, whereas 1-Cys could be expressed as both H,S and
GSH (Fig. 5¢), resulting in dual activations of the probe.

Conclusions

In summary, we rationally designed and synthesized the first
dual-reactive fluorescent probe based on NBD amine and CBD
arylether for dual-activated detection from H,S + GSH, which is
also the first example of the combination between CBD ary-
lether and another sensing motif. Probe 1 shows very weak
background fluorescence due to the dual-quenching effects,
and can be dual-activated by the co-existence of H,S and GSH

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with a 500-fold fluorescence increase at 525 nm. Moreover,
probe 1 exhibits high sensitivity, excellent selectivity, and good
biocompatibility, all of which enable us to detect the intracel-
lular H,S and GSH. Based on this probe tool, we demonstrate
the biogenesis of both H,S and GSH from 1-Cys rather than
from p-Cys in live cells. These metabolic differences of chiral
Cys help understand that the treatment of p-Cys has been
shown to elevate the H,S level more effectively than 1-Cys in live
cells.'” Moreover, we believe that such multi-reactive multi-
quenching probes are useful for investigating the crosstalk and
relationship of other biological molecules in the future.
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