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Hydrogen sulfide (H,S) is an important endogenous gasotransmitter, but the

bioorthogonal reaction triggered H,S donors are still rare. Here we show one
type of bioorthogonal H,S donors, sydnthiones (1,2,3-oxadiazol-3-ium-5-thio-
late derivatives), which was designed with the aid of density functional theory
(DFT) calculations. The reactions between sydnthiones and strained alkynes
provide a platform for controllable, tunable and mitochondria-targeted
release of H,S. We investigate the reactivity of sydnthiones-dibenzoazacy-
clooctyne (DIBAC) reactions and their orthogonality with two other bioor-
thogonal cycloaddition pairs: tetrazine-norbornene (Nor) and tetrazine—
monohydroxylated cyclooctyne (MOHO). By taking advantage of these
mutually orthogonal reactions, we can realize selective labeling or drug
release. Furthermore, we explore the role of H,S, which is released from the
sydnthione-DIBAC reaction, on doxorubicin-induced cytotoxicity. The results
demonstrate that the viability of H9¢c2 cells can be significantly improved by
pretreating with sydnthione 1b and DIBAC for 6 h prior to exposure to Dox.

M Check for updates

Bioorthogonal reactions have profoundly promoted research in che-
mical biology and medicinal chemistry over the past two decades'™.
Hydrogen sulfide (H,S), as an endogenous gasotransmitter®, plays
important roles in many physiological processes*. Carbonyl sulfide
(COS), as a precursor of H,S, can be rapidly hydrolyzed into H,S in the
presence of carbonic anhydrase (CA), which is a ubiquitous enzyme in
cells’. Although many efforts have been devoted to the development
of specific stimuli triggered COS-based H,S donors®2°, the example of
biocompatible and targeted H,S release through the bioorthogonal
click-and-release reaction is very rare'”?°. In 2017, Pluth and coworkers
used the click-and-release reaction between thiocarbamate-
functionalized trans-cyclooctene (TCO) and tetrazine to deliver H,S
through the hydrolysis of COS (Fig. 1a)". Although the TCO-tetrazine
cycloaddition is super-fast, TCO can easily isomerize in the biological
system to generate cis isomer that exhibits low reactivity toward
tetrazine®. Moreover, this H,S delivery system is invalid in living cells.
Due to the high electrophilicity of tetrazine, the released H,S can be

consumed by tetrazine'. In 2019, Taran and coworkers first introduced
1,3-dithiolium-4-olate (DTO) into bioorthogonal chemistry”. DTO can
react with strained alkynes, generating a series of thiophene com-
pounds and releasing an equivalent of COS. Leveraging the click-and-
release reaction between 5-(4-carboxyphenyl)-2-(4-diphenylamino-
phenyl)-1,3-dithiol-1-ium-4-olate (Ph,N-DTO) and bicyclo-[6.1.0]-non-
yne (BCN) (Fig. 1a), our group developed a COS-based H,S delivery
system with a fluorescent thiophene product that allows high spatio-
temporal resolution monitoring”. Recently, Xian group and Laughlin
group successively developed pyranthione-based click-and-release
reaction triggered H,S delivery systems'®*°, Pyranthiones (PyrS) can
react with BCN through a [4+2] cycloaddition, followed by a retro-
Diels-Alder reaction to release a molecule of COS (Fig. 1a). In these two
H,S release system, the introduction of a diphenylamino group into
DTO (Ph,N-DTO) and a triphenylphosphorium group into PyrS (PPhs-
PyrS2) can further realize mitochondria-targeted delivery of H,S in
living cells. However, these mitochondria-targeted H,S donors bearing
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Fig. 1| Bioorthogonal hydrogen sulfide donors. a Bioorthogonal reaction triggered COS/H,S donors reported previously'”'*?, b Our design based on the click-and-

release reaction between sydnthione and strained alkyne.

three or four phenyl rings lead to the large molecular size and poor
water solubility. In addition, the relatively poor stability of Ph,N-DTO
restrained its further biological application, with only 48% of
Ph,N-DTO retained after 24 h of incubation in 3% DMSO/PBS at 37 °C".
Mesoionics, a class of five-membered heterocycles, have been
employed in organic synthesis and click chemistry”~’. Sydnthione
(1,2,3-oxadiazol-3-ium-5-thiolate), an exocyclic sulfur substituted syd-
none analog, was first reported in 1976°. However, to the best of our
knowledge, the potential of sydnthiones as bioorthogonal reagents
has not been explored.

Studies in complex biological systems require bioorthogonal
reactions with mutual orthogonalities. In 2012, Hilderbrand and cow-
orkers discovered mutually orthogonal cycloaddition pairs, tetrazine—
TCO and azide—cyclooctyne, and successfully realized simultaneous
imaging of two different types of cancer cells®. Since then, many groups
developed a variety of mutually orthogonal reaction pairs to achieve

multiple labeling of biomolecules and cells?**°~*%, and selective delivery
of two drugs”. Nowadays, with the aid of density functional theory
(DFT) calculations, quite a few bioorthogonal reactions and mutually
orthogonal cycloaddition pairs have been established?>*#+49-53,

In this work, we design and synthesize a type of mesoionic com-
pound sydnthiones, which holds great promise in developing bio-
compatible COS-based H,S donors. Sydnthiones can undergo
bioorthogonal click-and-release reaction with strained alkyne, and the
[3+2] cycloaddition would give rise to an equivalent of COS through the
subsequent retro-Diels-Alder reaction (Fig. 1b). We use DFT calcula-
tions to predict the reactivities of sydnthione with a series of strained
alkenes and alkynes, and discover two bioorthogonal click-and-release
reactions of sydnthione with BCN and dibenzoazacyclooctyne (DIBAC),
which provides a method for H,S delivery in living cells. More impor-
tantly, sydnthione itself shows excellent ability of mitochondrial tar-
geting without any further modification. Furthermore, we identify two

Nature Communications | (2024)15:10288


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54765-2

a

Fig. 2 | DFT calculations on the cycloadditions of N-phenyl sydnthione 1a with
strained alkenes and alkynes. a DFT-computed Gibbs free energies for the

cycloaddition of N-phenyl sydnthione 1a with DIBAC and subsequent COS release.
Energies are reported in kcal mol™ and second-order rate constants (k,) arein M™s™,
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b DFT-computed activation free energies for cycloadditions of sydnthione 1a with
strained alkenes and alkynes, and the predicted rate constants in water at 298 K.
Calculations were performed at the CPCM(water)-M06-2X/6-311+G(d,p)//M06-2X/6-
31G(d) level of theory.

bioorthogonal cycloaddition pairs, tetrazine-norbornene (Nor) and
tetrazine-monohydroxylated cyclooctyne (MOHO), which are ortho-
gonal to the sydnthione-DIBAC reaction pair. Exploring the ortho-
gonality of the sydnthione cycloadditions to other bioorthogonal
reactions would enable us to study the interactions between H,S and
other molecules in biological systems. Finally, we verify the feasibility
of our approach to release H,S in H9c2 cells and investigated the
alleviation effect of H,S on doxorubicin (Dox)-induced cytotoxicity.

Results

DFT calculations on the cycloadditions of N-phenyl

sydnthione 1a

In the beginning, we performed DFT calculations on the reaction of N-
phenyl sydnthione 1a with DIBAC (Fig. 2a). The [3+2] cycloaddition of
1a with DIBAC through transition state TSI requires an activation free
energy of 21.8 kcalmol™, and the formation of the bridged inter-
mediate 2 is exergonic by 10.2 kcal mol™. The subsequent retro-Diels-
Alder reaction converts 2 into final pyrazole derivative 3 and COS via
TS2 with a barrier of only 3.6 kcal mol™, which ensures the instanta-
neous and complete delivery of the desired release product. There-
fore, the 1,3-dipolar cycloaddition is predicted to be the rate-
determining step of this click-and-release reaction. According to the
computed reaction barrier of 21.8 kcal mol™, the second-order rate
constant was predicted to be about 0.1M™ s in water at 298 K after
the empirical energy correction, which would be suitable for a bioor-
thogonal reaction®. We further investigated cycloadditions of 1a with
different strained alkenes and alkynes. As shown in Fig. 2b, the pre-
dicted rate constants (k) range from 107 to 10°M™ s, Among the
eight 21t cycloaddends, DIBAC and BCN are competent partners with
sydnthione. However, 3,3-disubstituted cyclopropene (3,3-Cp), Nor,
and MOHO are less reactive to sydnthione than DIBAC and BCN based
on the predicted rate constants of less than 10°M™ s, In addition,
tetrazine, a widely used bioorthogonal reagent, reacts rapidly with
Nor** and MOHO® but not with DIBAC?**, In light of these results, the
sydnthione-DIBAC click-and-release reaction should be orthogonal to
the known tetrazine-Nor and tetrazine-MOHO cycloadditions.

Synthesis and reactivities of sydnthiones

Inspired by these predictions, we started to synthesize sydnthiones
(Fig. 3). First, sydnones 4a-c were alkylated by the treatment of trie-
thyloxonium tetrafluoroborate. The generated O-ethyl sydnones 5a-c
reacted with NaHS in ethanol at =80 °C to give the desired sydnthiones
1a-c (Fig. 3a). With three different N-substituted sydnthiones in hand,
we further investigated their reactivities toward DIBAC, BCN, MOHO,
and Nor. The kinetics of sydnthiones 1a-c with DIBAC and BCN are
summarized in Table 1. It is found that, for the same sydnthione, DIBAC
shows better reactivity (about 3-fold) than BCN. When using the same
strained alkyne, sydnthione 1b with an electron-withdrawing N-phenyl
group reacts about 6 times faster than sydnthione 1c with an electron-
donating N-phenyl group. Overall, the reaction of 1b with DIBAC has a
largest second-order rate constant of 0.113 M s in 20% DMSO/H,0 at
298 K, while the reaction of 1c with BCN has a smallest value of 5.2 x
10°M™s™. This means that the release rate of COS can be easily tuned
by the electron property of sydnthiones and the employed strained
alkynes. Additionally, when sydnthione 1b was incubated with equi-
molar amounts of MOHO or Nor in 90% DMSO-d¢/D,0 at 298K, no
reaction was observed even after 24 h (Supplementary Fig. 7). All these
experimental results are in good agreement with computational
predictions.

Measurement of H,S release by using the methylene blue assay
In order to confirm the feasibility of the sydnthione as a click-and-
release reaction triggered H,S donor, we measured H,S release from
sydnthione 1b and DIBAC by using the methylene blue (MB) assay. As
shown in bar 1-2 of Fig. 4, 1b itself cannot spontaneously release H,S in
20% DMSO/phosphate-buffered saline (PBS, pH 7.4, 10 mM) with or
without CA. When sydnthione 1b (100 pM) was incubated with dif-
ferent equivalents of DIBAC (1-25 eq.) in 20% DMSO/PBS containing
CA (25 pg mL™) at 37 °C, the concentration of released H,S was
enhanced significantly as the equivalents of DIBAC increased (Fig. 4,
bar 3-8). Moreover, in the absence of CA or CA being inhibited, much
less H,S was observed (Fig. 4, bar 9-10), indicating the H,S generation
from the hydrolysis of COS.
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Table 1| Measured rate constants for reactions between sydnthiones and strained alkynes
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Fig. 4 | H,S release from the click-and-release reaction between sydnthione 1b
and DIBAC. 1b (100 pM) with different reagents in 20% DMSO/PBS (pH 7.4,10 mM)
at 37 °C during 30 min. (1) 1b only; (2) carbonic anhydrase (CA) (25 pg mL™); (3)
DIBAC (100 pM), CA (25 pg mL™); (4) DIBAC (500 pM), CA (25 pg mL™); (5) DIBAC
(1.0 mM), CA (25 pg mL™); (6) DIBAC (1.5 mM), CA (25 ug mL™); (7) DIBAC (2.0 mM),
CA (25 pg mL™); (8) DIBAC (2.5mM), CA (25 pg mL™); (9) DIBAC (1.0 mM); (10)
DIBAC (1.0 mM), CA (25 pg mL™), acetazolamide (AAA) (2.5 pM). Experiments were
conducted in triplicate and results are expressed as mean + SD (n =3 independent
samples). Source data are provided as a Source Data file.

Measurement of H,S release in living cells

After investigating H,S release from sydnthione 1b and DIBAC in vitro,
we next demonstrated whether the click-and-release reaction could
successfully deliver H,S in cellular environments. First, we evaluated
the stability and toxicity of sydnthione 1b. After incubating in 10% fetal
bovine serum (FBS)/Dulbecco’s Modified Eagle Media (DMEM) or H9¢c2
cell lysate at 37 °C for 24 h, 82% and 89% of sydnthione 1b remained,
respectively (Supplementary Table 1), indicating the excellent stability
of 1b. The incubation of HeLa cells with 1b did not show cytotoxicity
after 24 h even at concentration of 100 pM (Supplementary Fig. 12).
Different from in vitro experiments, we used a fluorogenic H,S probe
DCI-CHO-DNP to monitor the liberation of H,S in cells*®. DCI-CHO-DNP
reacts rapidly with H,S, inducing the cleavage of diaryl ether to gen-
erate 2,4-dinitrobenzenethiol and a fluorescence turn-on product DCI-
CHO-OH. Hela cells were pre-incubated with different concentrations
of sydnthione 1b (0-30 pM) and DCI-CHO-DNP (10 pM) for 30 min, and
then treated with 10 equivalents of DIBAC for another 3 h at 37 °C. As
depicted in Fig. 5a, when compared with the endogenous H,S induced
red fluorescence, much stronger signals were observed after sydn-
thione 1b reacting with DIBAC. An increase in concentrations of
sydnthione 1b resulted in an enhancement of fluorescence intensities,
and there is an excellent linear relationship between them (Supple-
mentary Fig. 18, R?=0.994). Furthermore, we measured H,S release
from different substituted sydnthiones 1a-c. As shown in Fig. 5b, the
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Fig. 5 | Fluorescence images of H,S release from sydnthione. a Fluorescence
images of H,S release from different concentrations of sydnthione 1b. HelLa cells
were incubated with different concentrations of sydnthione 1b (0-30 pM) and DCI-
CHO-DNP (10 puM) for 30 min, and then treated with 10 eq. of DIBAC for 3 h at 37 °C.
b Fluorescence images of H,S release from different sydnthiones. HeLa cells were

incubated with sydnthione 1a-c (30 uM) and DCI-CHO-DNP (10 uM) for 30 min and
then treated with 10 eq. of DIBAC for 3 h at 37 °C. Blank: HeLa only treated with
10 pM DCI-CHO-DNP for 3.5 h. Scale bar = 10 pm. The experiment was indepen-
dently repeated three times with similar results.

1d 1a 1b 1c
o - - - -

Green channel

Fig. 6 | Mitochondria-targeted delivery of H,S in HeLa cells. HeLa cells were pre-
incubated with 1a-d (30 pM) and DCI-CHO-DNP (10 pM) for 30 min, treated with 10
eq. of DIBAC for 3 h at 37 °C, washed, and treated with mito-tracker green (100 nM)

for another 30 min. Scale bar =10 um. The experiment was independently repeated
three times with similar results.

click-and-release reactions between three sydnthiones and DIBAC are
all able to deliver exogenous H,S in HeLa cells. Under the same reac-
tion conditions, sydnthione 1b showed the strongest red fluorescence,
and sydnthione 1c exhibited the weakest signal. This is consistent with
the tendency of measured rate constants shown in Table 1. The relative
slow kinetics of sydnthione 1c and its excellent stability (Supplemen-
tary Table 1) makes it a promising slow-releasing H,S donor for simu-
lating the generation of endogenous H,S, which has potential
applications in H,S-based therapeutics® .

Mitochondria-targeted H,S release in living cells

Previous studies have demonstrated that the role of H,S in cardio-
protection is related to mitochondria®®. However, the reported
mitochondria-targeted H,S donors are rare. AP39, as a known H,S
donor, is targeting to mitochondria by the modification of a triphe-
nylphosphorium group®. We introduced a triphenylphosphorium
group into the side chain of sydnthione to construct a mitochondria-
targeted H,S donor 1d (Fig. 3b). As expected, the H,S release triggered
by sydnthione 1d and DIBAC showed a significant colocalization with
the commercial mitochondria-targeting probe mito-tracker green with
a Pearson’s correlation coefficient of 0.88 (Fig. 6, column 1). To our
surprise, the H,S releases from sydnthiones 1a-c were also targeting to

mitochondria with Pearson’s correlation coefficients of 0.79, 0.78, and
0.74, respectively (Fig. 6, column 2-4). To further evaluate the
mitochondria-targeting ability of sydnthione, we synthesized a
fluorophore-attached sydnthione 1e (Fig. 3b). Sydnthione 1e has a
distinct mitochondrial distribution with a Pearson’s correlation coef-
ficient of 0.79, demonstrating that sydnthione itself is mitochondria-
targeting and has minor accumulations in other cellular compartments
(Supplementary Fig. 25). Experiments above demonstrated that
sydnthiones have great mitochondrial affinity. This feature, combined
with the good biocompatibility and small size, will expand the use of
sydnthione unit as a structural modification in the mitochondria-
targeted research.

Dual labeling in living cells

To apply the mutual orthogonality between sydnthione-DIBAC and
tetrazine-Nor cycloaddition pairs in living cells (Fig. 7a), we synthe-
sized norbornene attached sydnthione 1f (Fig. 3b). When cells were
only treated with sydnthione 1f (Fig. 7b, I), we can only detect faint red
fluorescence, as a response to the intrinsic endogenous H,S. When we
incubated HelLa cells with Tz-504 and DIBAC (Fig. 7b, II), only weak
background signals could be detected either. These results demon-
strate that no reaction occurs either between sydnthione and Nor or
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and then treated with DIBAC (300 pM) for 3 h at 37 °C. llI-V: HelLa cells were
incubated with 1f (30 pM) and DCI-CHO-DNP (10 pM) for 30 min, then treated with
either DIBAC (300 pM, IIl) or Tz-504 (30 puM, 1V) or both (V) for 3 h at 37 °C. Scale
bar =10 pm. The experiment was independently repeated three times with similar
results.

between tetrazine and DIBAC. As shown in Fig. 7a, in the reaction of
norbornene-attached sydnthione 1f with DIBAC, only the click-and-
release reaction takes place, as evidenced by the distinct red fluores-
cence in Hela cells (Fig. 7b, IlI). Bright green fluorescence can be
successfully turned on by the reaction of Tz-504 and 1f (Fig. 7a, b, IV).
The joint incubation with 1f, DIBAC, and Tz-504 resulted in both red
and green fluorescence labeling in Hela cells (Fig. 7b, V). These
experiments indicated the good selectivity of the H,S release from the
sydnthione-DIBAC reaction in the presence of other bioorthogonal
reagents, such as tetrazine and norbornene. Furthermore, the inverse-
electron-demand Diels-Alder reactions between tetrazine and nor-
bornene have been employed in the delivery of drugs®*®* and
radiopharmaceuticals® for cancer therapy. Since these approaches are
orthogonal to our H,S-releasing method, dual-release strategy® would
provide opportunities to investigate the synergistic effect of H,S in
therapeutic research.

Mutually orthogonal release of H,S and Dox in living cells

In 2018, Wang and coworkers utilized the click-and-release reaction
between Doxorubicin (Dox)-attached tetrazine (Tz-Dox) and MOHO to
liberate Dox®. Our DFT calculations predicted a rate constant of
10™*M™ s for the reaction between sydnthione and MOHO (Fig. 2b).
This implied a relatively low reactivity, which was later validated by
NMR experiments (Supplementary Fig. 7). Therefore, we leveraged the
orthogonality between the sydnthione-DIBAC and tetrazine-MOHO
reaction pairs toward the selective or simultaneous release of H,S and
Dox in living cells (Fig. 8a). Before the intracellular experiments, we
measured the fluorescence property of Tz-Dox. As the click-and-
release reaction between Tz-Dox and MOHO proceeded, fluorescence
signals gradually increased (Supplementary Fig. 30), which indicated
that the release of Dox can be visualized in living cells. Then we con-
ducted fluorescence imaging experiments to monitor the mutually

orthogonal release of H,S and Dox in H9¢2 cells (Fig. 8b). Selective
release of H,S was achieved when H9c2 cells were incubated with 1b,
Tz-Dox, and DIBAC, showing strong red fluorescence of H,S in the
presence of probe DCI-CHO-DNP (Fig. 8b, II). Bright green fluores-
cence signal of Dox was observed by treating H9c2 cells with 1b, Tz-
Dox, and MOHO (Fig. 8b, IlI). If we co-treated the cells with 1b, Tz-Dox,
DIBAC, and MOHO, it will result in the concurrent delivery of H,S (red
fluorescence) and Dox (green fluorescence) (Fig. 8b, IV). Taken toge-
ther, we have identified the first example of mutually orthogonal
release of gasotransmitter and drug in living cells.

Sydnthione as H,S donor in attenuating Dox-induced
cardiotoxicity

Dox is a widely used broad-spectrum antineoplastic agent. Its clinical
use is often limited by the side effect of cardiotoxicity. Previous studies
have demonstrated the potential of H,S to attenuate Dox-induced
toxicity, when co-delivered or released in advance with the adminis-
tration of Dox®*"°, Here we conducted experiments to investigate the
performance of our H,S delivery system in alleviating Dox-induced
cardiotoxicity. First, we tested the cytotoxicity of the reaction between
1b and DIBAC on H9c2 cells and showed that it had no obvious effects
on cell viability under experimental concentrations (Fig. 9a). Then the
effects of simultaneous release of H,S and Dox were explored. H9c2
cells were treated with different concentrations of sydnthione 1b
(0-12.5 pM) for 30 min before adding 10 equivalents of DIBAC and
10 pM Dox, and then incubated for additional 24 h. As shown in Fig. 9b,
10 pM Dox would lead to around 30-40% cell loss, while co-releasing
H,S was not very efficient to protect cells from Dox toxicity. To our
delight, significant improvements in cell viability were observed when
H9c2 cells were pretreated with H,S released from 1b and DIBAC for
3 h or 6 h prior to exposure to Dox. (Fig. 9¢, d). It was found that the
toxicity was distinctly attenuated at concentrations as low as 0.8 pM
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Fig. 8 | Mutually orthogonal release of H,S and Dox in H9¢2 cells based on
mutual orthogonality between sydnthione-DIBAC and tetrazine-MOHO
bioorthogonal cycloaddition pairs. a Mutual orthogonality between 1b-DIBAC
and Tz-Dox-MOHO reaction pairs. b Images of orthogonal release of H,S and Dox
in H9¢2 cells. I: H9¢c2 cells were incubated with 1b (30 pM), Tz-Dox (30 pM), and

No Reaction
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10% DMSO/PBS, 37 °C
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DCI-CHO-DNP (10 pM) for 3.5 h at 37 °C. II-IV: H9¢2 cells were incubated with 1b (30
M), Tz-Dox (30 pM), and DCI-CHO-DNP (10 pM) for 30 min, and then treated with
either DIBAC (300 pM, II) or MOHO (300 pM, III) or both (IV) for 3 h at 37 °C. Scale
bar = 10 pm. The experiment was independently repeated three times with similar
results.

when pretreated H9c2 cells for 6 h, and with 12.5 pM 1b with DIBAC can
almost repair Dox-induced damage. This high efficacy may be due to
the mitochondria-targeting H,S release through our delivery system.

Discussion

In summary, we have developed a type of click-and-release reactions
between sydnthiones and strained alkynes, which can be used as a H,S
delivery system with tunable kinetics. We found that sydnthiones
exhibit good mitochondria-targeting ability with high stability, low
toxicity and small molecular size. Using this H,S delivery system, we
explored the alleviation effects of H,S on Dox-induced toxicity on
H9c2 cells. We found that the toxicity was largely reduced after pre-
treatment with low concentrations (down to 0.8 pM) of 1b and DIBAC
for 6 h, it may owe to the advantages of mitochondria-targeted H,S
release through our approach. Furthermore, we demonstrated that the
sydnthione-DIBAC reaction is orthogonal to both tetrazine-Nor and
tetrazine-MOHO cycloadditions, and applied these reactions to
selective or simultaneous cell imaging and drug delivery. Overall, we

systematically studied the reactivity of sydnthiones and developed a
mitochondria-targeting H,S delivery strategy. We believe that sydn-
thiones will find diverse applications in chemical biology and hold
great promise for therapeutics in the future.

Methods
General information
All chemical reagents were obtained from commercial sources and
used without further purification. Thin layer chromatography (TLC)
analysis was performed with silica gel-coated plates with 0.2 mm silica
gel-coated HSGF 254 plates. Compounds were purified by column
chromatography on silica gel (200-300 mesh).

'H NMR and C NMR spectra were recorded on a Bruker Avance IlI
500 MHz or 400 MHz spectrometer. Chemical shifts for 'H NMR
spectra are reported as & in units of parts per million (ppm) downfield
from SiMe, (6 0.0) and relative to the signal of chloroform-d (CDCl5) (6
7.26, singlet). Multiplicities were given as: s (singlet); d (doublet); t
(triplet); q (quartet); dd (doublets of doublet) or m (multiplets). The
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Fig. 9 | Effects on cell viability through the release of H,S from sydnthione 1b in
Dox-treated H9c2 cells. a H9c2 cells were treated with 1b (0-12.5 pM) at 37 °C for
30 min, then incubated with 10 eq. DIBAC for 6 h. Cells were then treated with

DMSO for additional 24 h. b H9¢2 cells were treated with 1b (0-12.5 uM) at 37 °C for
30 min, then incubated with 10 eq. DIBAC and 10 uM Dox for 24 h. ¢, d H9¢2 cells
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were treated with 1b (0-12.5 pM) at 37 °C for 30 min, then incubated with 10 eq.
DIBAC for ¢ 3 h ord 6 h. Cells were then treated with 10 uM Dox for additional 24 h.
Data are presented as mean + SD (n=3 independent cell pellets). Statistical dif-
ferences were analyzed by Student’s two-sided t-test between Ctrl and indicated
groups. ns, not significant. Source data are provided as a Source Data file.

number of protons (n) for a given resonance is indicated by nH. Cou-
pling constants are reported as a/ value in Hertz. Chemical shifts for *C
NMR spectra are reported as & in units of ppm downfield from SiMe, (6
0.0) and relative to the signal of CDCl; (8§ 77.16, triplet). High-
resolution mass spectra (HRMS) analyses were performed on an Agi-
lent quadrupole time flight high-resolution mass spectrometer mass
spectrometer (6540 Q-TOF LC/MS). Liquid chromatogram was detec-
ted by Shimadzu HPLC (LC-20AD, SPD-M20A detector). Analyses were
performed using an ACE Excel 5 C18-Amide column (250 x 4.6 mm, id)
at a flow rate of 1mLmin™. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltertrazolium bromide (MTT) assay was performed on a microplate
reader (Tcan). Fluorescence spectra were recorded at room tempera-
ture by LS55 (PE, America) spectrophotometer from molecular devices
using a cuvette with 1cm path length. Fluorescence microscopy ima-
ges were taken on an Olympus IX73 fluorescent inverted microscope.
Flow cytometry was conducted with Agilent NovoCyte, and data were
analyzed and processed using Flowjo.

Computational details

All calculations were performed with Gaussian 09”'. Geometry opti-
mizations of all the minima and transition structures were carried out
at the M06-2X level of theory’””* with the 6-31 G(d) basis set. Vibra-
tional frequencies were evaluated at the same level to verify that
optimized structure is an energy minimum or a transition state and to
compute zero-point vibrational energies (ZPVE) and thermal correc-
tions at 298 K. Solvent effects in water were calculated at the M06-2X/

6-311+G(d,p) level using the gas-phase optimized structures with the
CPCM model””’, where UFF radii were used. The predicted second-
order rate constants shown in Fig. 2 were calculated by using the
corrected activation free energies [AG'cor = (AG'compe + 8.4)/1.617,
according to Eyring equation at 298 K.

Kinetics measurement

The kinetics of cycloadditions of sydnthione 1 with DIBAC or BCN were
measured by HPLC in 20% DMSO/H,0 at room temperature. Stock
solutions of sydnthione 1, DIBAC, BCN and internal standard in DMSO
were prepared. Prepared respective concentration solutions in 20%
DMSO/H,0, leading to the final concentration of sydnthione 1 and
internal standard were 25 pM, DIBAC and BCN were 250 pM. Reactions
were monitored by the absorption peak area of sydnthione 1 as com-
pared with the internal standard. Consumption of materials followed a
second-order equation (Eq. (1)) and the second-order rate constants
were obtained by least squares fitting of the data to a linear equation.
Experiments were conducted in triplicate, and results are expressed as
mean * standard derivation (SD) (n=23).

—In[A]=k,[B],t + const @

[A]: concentration of sydnthione 1 (M)
[B]o: initial concentration of DIBAC (M)
k>: second-order rate constant (M s™)
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The kinetics of cycloaddition of sydnthione 1b with DIBAC at 37 °C
was measured by HPLC in 20% DMSO/PBS (pH 7.4, 10 mM). Stock
solutions of sydnthione 1b and DIBAC in DMSO were prepared. Pre-
pared respective concentration solutions in 20% DMSO/PBS (pH 7.4,
10 mM), leading to the final concentration of sydnthione 1b was 100
1M and DIBAC was 1 mM. Reactions were monitored by the absorption
peak area of sydnthione 1b. Consumption of materials followed a
second-order equation (Eq. (1)) and the second-order rate constants
were obtained by least squares fitting of the data to a linear equation.
Experiments were conducted in triplicate, and results are expressed as
mean * standard derivation (SD) (n =3 independent samples).

Detection of H,S release in living cells

Cells were seeded in 4-Chamber Glass Bottom Dish and incubated
overnight at 37 °C with 5% CO,. Test compound was dissolved in DMSO
to prepare a stock solution. After attachment, HeLa cells were pre-
incubated with sydnthione and DCI-CHO-DNP for 30 min, then treated
with DIBAC at 37 °C. Then the cells were washed and the microscopy
images were taken on using the red channel (excitation: 540-580 nm,
emission: 590 nm to near-infrared) with 60x magnification on an
Olympus IX73 fluorescent inverted microscope.

Mitochondria-targeted delivery of H,S in HeLa cells

Cells were seeded in 4-Chamber Glass Bottom Dish and incubated
overnight at 37 °C with 5% CO,. Test compound was dissolved in DMSO
to prepare a stock solution. After attachment, HeLa cells were pre-
incubated with 30 pM sydnthione and 10 pM DCI-CHO-DNP for
30 min, then treated with 10 eq. of DIBAC for 3 h at 37 °C, washed and
treated with 100 nM mito-tracker green for another 30 min. Then the
cells were washed, and the microscopy images were taken using the
green channel (excitation: 470-495 nm, emission: 510-550 nm) and
the red channel (excitation: 540-580 nm, emission: 590 nm to near-
infrared) with 60x magnification on an Olympus 1X73 fluorescent
inverted microscope.

Sydnthione in attenuating Dox-induced cardiotoxicity

H9c2 cells (1 x 10*/well) were seeded into 96-well plates and cultured for
24 h. For H,S and Dox were delivered simultaneously, the cells were
treated with 1b (0-12.5 pM) at 37 °C for 30 min, then incubated with
10 eq. DIBAC and 10 pM Dox for 24 h. For H,S was delivered first, the cells
were treated with 1b (0-12.5 pM) at 37 °C for 30 min, then incubated with
10 eq. DIBAC for 3 h or 6 h. Cells were then treated with 10 uM Dox or
DMSO for an additional 24 h. Cell viability was tested by MTT kit (Keygen
Biotech Co., Ltd., Nanjing, China). 50 pL 1x MTT was added to each well.
After incubating at 37 °C in 5% CO, for another 4 h, the medium was
replaced with 150 pL. DMSO. Then, absorbance at 490 nm was measured.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The experimental data supporting the findings of this study are avail-
able within the article and Supplementary Information, and from the
corresponding author(s) upon request. The data for all graphs gener-
ated in this study are provided in the Source Data files. The source data
for fluorescence images are available in Figshare https://figshare.com/
s/6cc272aa2d58e90ed26d. The Supplementary Calculation Data for
this article is available as a separate Supplementary Data file. The HPLC
profiles for the stability studies are available as a separate Supple-
mentary Data file. Source data are provided with this paper.
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