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Hydrogen sulfide (H,S) is an endogenously produced gaseous signalling molecule with multiple biological
functions. In order to visualize and quantify the endogenous in situ production of H,S in living cells, here we
developed two new sulphide ratiometric probes (SR400 and SR550) based on fluorescence resonance energy
transfer (FRET) strategy for live capture of H,S. The FRET-based probes show excellent selectivity toward
H,S in a high thiol background under physiological buffer. The probe can be used to in situ visualize
cysteine-dependent H,S production in a chiral-sensitive manner in living cells. The ratiometric imaging
studies indicated that D-Cys induces more H,S production than that of L-Cys in mitochondria of human
embryonic kidney 293 cells (HEK293). The cysteine mimics propargylglycine (PPG) has also been found to
inhibit the cysteine-dependent endogenous H,S production in a chiral-sensitive manner in living cells.
D-PPG inhibited D-Cys-dependent H,S production more efficiently than L-PPG, while, L-PPG inhibited
L-Cys-dependent H,S production more efficiently than D-PPG. Our bioimaging studies support Kimura’s
discovery of H,S production from D-cysteine in mammalian cells and further highlight the potential of
D-cysteine and its derivatives as an alternative strategy for classical H,S-releasing drugs.

ydrogen sulfide (H,S) is an important endogenous signalling molecule along with nitric oxide (NO) and

carbon monoxide (CO)' . H,S has also been demonstrated to exert protective effects such as preservation

of mitochondrial function, protection of neurons from oxidative stress, inhibition of apoptosis, interven-
tion of neuronal transmission, regulation of inflammation, stimulation of angiogenesis, reduce blood pressure,
etc*”’. The deregulation of endogenous H,S is correlated with the symptoms of Alzheimer’s disease, Down
syndrome, diabetes and liver cirrhosis®'. Kimura et al. indicated that H,S is enzymatic generated from L-cysteine
(L-Cys) and its derivatives in vivo”''. Recently, they further reported a novel possible pathway for the production
of H,S from D-cysteine in mammalian cells'”. As new biogenesis and biological functions of H,S continue to
emerge'>""®, new biocompatible tools to selectively visualize cellular H,S in real-time at its site of release are
urgently needed'".

Fluorescent probes could be used for H,S detection in a non-invasive manner in living systems'*~"’. The probe-
based tools have been successfully used to image endogenous H,S production from thiol substrates including L-
Cys and glutathione (GSH)"? or by vascular endothelial growth factor stimulation'”. Inspired by these work'>"’, we
are interested to image endogenous H,S production of all possible pathways in living cells semi-quantitatively or
quantitatively, based on ratiometric probes rather than intensity-based probes, in view of that ratiometric
measurements can cancel out variability caused by uneven loading and distribution of fluorescence probes in
cells'.

In order to visualize and quantify the endogenous in situ production of H,S in living cells, here we have
developed new ratiometric probes based on fluorescence resonance energy transfer (FRET) for live capture of
H,S. The newly developed ratiometric probes revealed the chiral-sensitive cysteine-dependent H,S production
and regulation in living cells.

Results
Design and synthesis of ratiometric fluorescent probes. A strategy for ratiometric detection of H,S could be
based on modulating FRET change in a two-fluorophore cassette, which contains a FRET donor, a reaction-site-
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Figure 1| FRET-based H,S probes. (a) A general strategy for design of FRET-based ratiometric probe for H,S detection. R represents a reaction moiety
such as an azide group. (b) Chemical structures of Sulfide Ratiometric probes SR400 (excitation at 400 nm) and SR550 (excitation at 550 nm).

containing FRET acceptor, and a rigid spacer between donor and
acceptor (Figure 1a). FRET can occur after chemical reaction on the
reaction-site of the FRET acceptor. To test the general applicability of
the FRET-based strategy, we employed two FRET pairs (coumarin-
rhodamine and sulforhodamine-naphthorhodamine) for construc-
tion of FRET-based probes.

Chang' and Wang" took advantage of the unique reduction of an
azide moiety by H,S in the probe design. To this end, we employed
azido group as reaction groups on the FRET acceptor. As shown in
Figure 1b, the double azide groups in FRET-based probes force the
acceptor to adopt a closed and non-fluorescent lactone form, and
only FRET donor emission can be observed. Upon selective reaction
of azido group with H,S to generate the open and fluorescent moiety,
excitation of donor should result in increased acceptor emission and
decrease in donor emission by FRET. Furthermore, the density func-
tion theory (DFT) calculations showed that the energy difference of

\I

~_N

0.0 -Boc N
(N b)

> N\)
0

HOMO and LUMO for coumarin moiety is lower than that of azido-
capped rhodamine moiety, but significantly higher than that of rho-
damine moiety (see SI), suggesting that FRET could occur between
coumarin and rhodamine rather than azido-capped rhodamine.
Probes SR400 and SR550 could be conveniently prepared by coup-
ling reactions of FRET donor (4), piperazyl linker and azido-capped
FRET-acceptor (6) (Fig. 2, S1). The structural characterization of the
probes was confirmed by '"H NMR, "*C NMR, and HR-MS (see SI).

Fluorescent measurements of the probes. Following chemical
synthesis and characterization, we tested the fluorescence response
of the reaction between FRET-based probes and H,S (using Na,S as
an equivalent) in simulated physiological conditions (PBS buffer, pH
7.4). As expected, the optical properties of the FRET-based probes
are dominated by the FRET-donor fluorophore (Fig. 3). The
fluorescent quantum yields for SR400 and SR550 are 0.18 and 0.08,

0.0 ~NH
AN

EE—

0_0
N
L
’ 7 (SR400)

Figure 2 \ SR400 synthesis. (a) DCC, DMAP, 12 h, 85%; (b) TFA/CH,CL, (1:1, v/v), 1 h; (c) H,SO,, 160°C, 6 h; (d) HCI, NaNO,, 0-5°C, 4 h; then

NaN3, 4 h, 36%; (e) HATU, DMAP, DMF, 12 h, 81%.
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respectively. The molar extinction coefficients at the excitation
wavelength for SR400 and SR550 are 9800 and 7000 M~ 'cm™,
respectively. Upon treatment with H,S, significant FRET-acceptor
fluorescence from SR400 or SR550 could be observed upon
excitation under FRET-donor wavelength. At the same time, the
FRET-donor fluorescence decreases, implying that FRET occurs
from the donor to the acceptor.

A major challenge for H,S detection in biological systems is to
develop a highly selective probe that exhibits notably distinctive res-
ponse to H,S over other cellular molecules including high concen-
tration of biothiols. To investigate the selectivity of FRET-based
probes, various biologically relevant species were incubated with
probes in PBS buffer to test their fluorescence response. These bio-
logically relevant species include reactive sulfur species (GSH, L-Cys
and SO5°"), reactive oxygen species (H,0O,, OCl"), other cations and
anions. The ratio of donor-to-acceptor emission intensities (Iss ym/
Ligs am and Is;s nm/Iseo nm) Upon excitation at donor was recorded
(Fig. 3, S5). The results showed that only H,S caused a large change in
the fluorescence intensity ratio, implying that our FRET probes are
highly selective for H,S. Furthermore, SR400 was pH-insensitive over
a biologically relevant pH range (pH 5.9-8.5) (Fig. S6). In our bioma-
ging experiments, the addition of both probe and Na,S resulted in
significant increase of FRET-acceptor fluorescence compared with
the probe-only treated cells (Fig. S7). Therefore, the new FRET-based
ratiometric probes can be used to detect intracellular H,S.

Imaging of endogenous H,S production and inhibition. To test if
our developed FRET-based probes could detect endogenous
production of H,S from living cells, we selected human embryonic
kidney 293 cells (HEK293), because endogenous H,S can be
produced in the cells'**. Upon treatment of the cell with 200 pM
L-Cys or GSH, an enhanced fluorescence responses after 30 min
incubation in FRET-acceptor channel (SR400) was observed (Fig.
S8). The triggered fluorescence by SR400 could be attributed to
enzymatic generation of endogenous H,S from L-Cys or GSH in
living cells”. In order to accurately analyze the endogenous
production of H,S in living cells, ratiometric imaging was used.

As shown in Figure 4a—e, the good morphology of cells via bright
field transmission images suggested the good biocompatibility of the
probe. From the ratiometric signal, the production of endogenous
H,S from D-Cys is much stronger than that from L-Cys (Fig. S9). The
ratiometric fluorescence images for 10 and 100 pM D-Cys pre-
incubation (Fig. 4b, 4c) give similar intensity, implying that the
endogenous production of H,S under the low concentration D-Cys
is already efficient. While for L-Cys pre-stimulation, the ratiometric
images show higher intensity for higher L-Cys concentrations
(Fig. 4d, 4e). The Cys-stimulation cells were further co-labelled with
Mito-tracker red (a well-known mitochondria specific dye) and
SR400. The fluorescent co-localization was examined by the merged
images of both dyes (Fig. S10, S11). The Pearson coefficient of D-Cys
and L-Cys pre-stimulated cells are 0.795 and 0.681, respectively
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Figure 3 | FRET-based probes react with sulfide to give ratiometric fluorescence response. (a) Fluorescence spectra of SR400 (2 pM) (black line) and its
reaction with Na,S (I mM) (red line) for 1 h in PBS buffer (20 mM, pH 7.4) with excitation at 400 nm. (b) Emission ratio Isys nm/Ises nm 0f SR400
(2 pM) in PBS (pH 7.4) in the presence of Na,S (1 mM) and the marked biological thiols (Cys, 1 mM or GSH, 5 mM). The reaction was performed at
25°Cfor 1 h. (c) Fluorescence spectra of SR550 (5 uM) (black line) and its reaction with Na,S (2 mM) (red line) for 2 h in PBS buffer (20 mM, pH 7.4)
with excitation at 550 nm. (d) Emission ratio Isgp nm/Isoo nm 0f SR550 (2 pM) in PBS (pH 7.4) in the presence of Na,S (1 mM) and the marked
biological thiols (Cys, I mM or GSH, 5 mM). The reaction was performed at 25°C for 1 h.
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Figure 4 | Cysteine-dependent H,S production/inhibition in living cells can be in situ visualized by the ratiometric probe SR400. (a) Pseudo-colored
ratiometric imaging of HEK293 cells loaded with 1 uM SR400 probe for 30 min. The up and down pictures show fluorescence and bright field
transmission images, respectively. (b,c) Cells were pre-stimulated with 10 or 100 pM D-Cys for 30 min, then incubated with 1 pM probe for 30 min.
(d,e) Cells were pre-stimulated with 10 or 100 pM L-Cys for 30 min, then incubated with 1 uM probe for 30 min. (f) Cells were incubated with DL-PPG
(50 mgL™") for 20 min first, then incubated with 1 pM probe for 30 min. (g) Cells were incubated with DL-PPG (50 mgL™") for 20 min first, followed by
incubation with 10 uM D-Cys for 30 min, and then incubated with 1 pM probe for 30 min. (h) Cells were incubated with DL-PPG (50 mg L") for
20 min, followed by incubation with 10 pM L-Cys for 30 min, and then incubated with 1 uM probe for 30 min. Scale bar represents 50 pm for all images.
(i) Schematic representation of bioimaging results indicates that D-Cys is more efficient to stimulate production of H,S in mitochondria (using bold
arrow) than that of L-Cys, and both endogenous H,S-production pathways can be inhibited by DL-PPG.

(Fig. S12). These results revealed that Cys-dependent H,S produc-
tion occurred majorly in mitochondria.

The inhibition experiments were performed by addition of DL-
propargylglycine (DL-PPG), an analogue of cysteine as a known
inhibitor for CBS and CSE?'. The results of ratiometric fluorescence
analysis showed the suppression of endogenous H,S production,
confirmed the enzyme inactivation by the inhibitor. Both endogen-
ous H,S-production pathways from D-Cys and L-Cys can be inhib-
ited by the inhibitor (Fig. 3g, 3h, S13). We further performed the
inhibition of endogenous H,S production from chiral-pure PPG
(L-PPG and D-PPGQG), and found that the inhibition is chiral-sens-
itive. D-PPG inhibited D-Cys-dependent H,S production more

efficiently than L-PPG (Fig. S14), while, L-PPG inhibited L-Cys-
dependent H,S production more efficiently than D-PPG (Fig. S15).

Discussion

Efficient methods for selective and sensitive detection of H,S in living
systems are urgently required for better understanding its biological
functions. The intensity-based fluorescence probes may suffer from
multiple factors to influence the accurate analysis of H,S production
and regulation in living cells. However, the ratiometric fluorescence
probes provide built-in correction for environmental effects to
improve the accuracy of bioimaging analysis®*’. The reported
sulfide ratiometric probes are mainly based on two strategies: 1) a
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tuneable electronic system, after reaction with H,S, results in a spec-
troscopic alteration such as blue or red shift in emission. This method
may suffer from the relative closeness of the two emission wave-
lengths from the probe change*™*. 2) the interruption of a large
conjugate system by H,S addition can produce ratiometric probes
with relatively large Stokes shifts. However, this method can only
turn-on the signal at the shorter emission wavelength®*™>. If we
employ FRET effect as an alternative strategy for ratiometric H,S
probes, 1) the turn-on signal can be at longer emission wavelength
(FRET acceptor emission) and 2) the FRET pairs could be chosen
flexibly for facile control of two emission wavelengths at specific
wavelength ranges. As a result, the photophysical properties of
FRET-based ratiometric probes can be tuned on as expected. To
our knowledge, no small-molecule ratiometric fluorescent probe
based on FRET effect has been reported so far for H,S detection®.
In this work, two new FRET-based ratiometric probes were success-
fully developed as efficient chemical tools for H,S detection in vivo.

Kimura has proposed a D-Cys-dependent H,S biogenesis as a
possible new pathway for H,S production in living mammalian
cells'>. Our newly developed FRET-based ratiometric probes have
been tested to visualize this new H,S biogenesis in situ in living cells.
Based on our confocal experiments, D-Cys stimulated the cells to
produce higher concentration H,S in short time than that of L-Cys,
supporting Kimura’s hypothesis that D-Cys may be immediately
metabolized to produce H,S in vivo'®. Our co-localization experi-
ments based on co-staining the cells with Mito-tracker red and
H,S-reactive SR400 implied that both L-Cys- and D-Cys-dependent
H,S production majorly occurs in mitochondria. Furthermore, we
firstly find that PPG could inhibit the endogenous H,S production in
a chiral-sensitive manner in living cells. D-PPG inhibited D-Cys-
dependent H,S production more efficiently than L-PPG, while, L-
PPG inhibited L-Cys-dependent H,S production more efficiently
than D-PPG. These results imply that chiral-pure PPG inhibitors
could be extremely useful chemical-tools in understanding H,S bio-
logy and in probing the roles of H,S in several human diseases.

Compounds that can induce the production of endogenous H,S or
act as H,S precursors are considered as potential drugs to protect
specific cells from oxidative stress or ischaemia-reperfusion
injury>®. D-Cys may may not be a good drug in some tissues, as
D-Cys-dependent H,S production in living cells is very fast, as reveal
in this work. However, the derivatives of D-Cys, which can be
digested slowly in vivo to produce D-Cys, may act as a new kind of
H,S sustained release drugs.

Methods

Synthesis of probes. Detailed description of the synthesis of probes can be found in
the Supporting Information. The compounds were characterized by high-resolution
mass spectra, 'H and >C NMR.

Spectroscopic analysis of the probe. Spectroscopic measurements were performed
in PBS (20 mM, pH 7.4) buffer. Compounds were dissolved into DMF to prepare the
stock solutions with a concentration of 10.0 to 1.0 mM. The UV-visible spectra were
recorded ona CARY 100 Bio (Varian, USA). Fluorescence study was carried out using
Varian Cary Eclipse spectrophotometer. All measurements were performedina3 mL
cuvette with 2 mL solution. For SR400, samples were excited at 400 nm with
excitation and emission slit widths of 5 nm. For SR550, samples were excited at
550 nm with excitation and emission slit widths of 10 nm and 20 nm, respectively.

Cell culture. HEK-293 and HeLa cells were cultured at 37°C, 5% CO, in DMEM/
HIGH GLUCOSE (GIBICO) supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin, 100 pg/ml streptomycin, and 4 mM L-glutamine. The cells were
maintained in exponential growth, and then seeded in glass-bottom 35 mm plate at
the density about 2 X 10*/well. Cells were passaged every 2-3 days and used between
passages 3 and 10.

Confocal Imaging Experiments. Cells were imaged on a confocal microscope
(Olympus FV1000 UPLSAPO40X) with a 40X objective lens. All images were
analyzed with Olympus FV1000-ASW. For living cell imaging, cells were first treated
with FRET-based probes at 37°C for 30 min and then incubated with Na,S (50 and
200 pM) for another 30 min. Control cells were only treated with probe at 37°C for
30 min. For double-excitation imaging, emission was collected at blue channel

(425-475 nm) and green channel (500-600 nm) with 405 nm and 488 nm
excitation, respectively, for SR400; red channel (550-600 nm) and near-infrared
(NIR) channel (640-740 nm) with 543 nm and 633 nm excitation, respectively, for
SR550.

Thiol stimulation and inhibition experiments. HEK293 cells were incubated with
thiols (GSH or Cys) for 30 min at37°Cand 5% CO,, washed, and then incubated with
SR400 for another 30 min. The media was replaced by PBS and cells were imaged
immediately after media exchange. For inhibition experiments, cells were pre-
incubated with PPG for 20 min and then with Cys for 30 min without media
exchange. After washing and incubation with SR400 as descript above, cells were used
for imaging immediately. For ratiometric imaging, emission was collected at blue
channel (425-475 nm) and green channel (500-600 nm) with only 405 nm
excitation.

Co-localization. HEK293 cells were incubated with D-Cys or L-Cys (100 pM) for
30 min, washed, and with SR400 (1 pM) for 30 min. The probe-stained cells were
further co-stained with Mito-tracker red (0.2 uM) for 20 min. The media was
replaced by PBS and cells were imaged with green channel (500-600 nm, excitation at
488 nm) and red channel (600-700 nm, excitation at 543 nm).
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