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Abstract

This study reports a benzothiazole-based fluoréaquede EPS-HS for real-time
detection of HS. The probe is characterized in a large red-goibd selectivity, high
sensitivity and favorable biocompatibility. We mesesd the detection limit of
EPS-HS in PBS buffer and fetal bovine serum. Moegow HT22 living cell imaging
studies, EPS-HS showed good cell permeability ag&l ¢duld be detected within the
cells. Furthermorein situ visualization of HS was performed on the hippocampal
slices of normal mice with EPS-HS. We were als@ dblestimate the concentration
of sulfide in mouse hippocampus tissues. The proile be applied for better

treatment of neurological deficits caused by danmadke hippocampus.

Key words: hydrogen sulfide, probe, fluorescenkgpocampus
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1. Introduction

Hydrogen sulfide (KS), an colorless gas with the characteristic fadbroof
rotten eggs, has been considered as a toxic pailéiéa more than three hundred
years. Nevertheless, recent studies indicats Ids the third gaseous signal molecule
which is almost as important as nitric oxide (NQ@acarbon monoxide (CO) in
biological systenfs®* H,S may show either protective or toxic effects ofiscat
different concentratiod. Normally, in mammalian cells, 48 is endogenously
produced by enzymes such as cystathiofisgnthetase (CBS), cystathionipdyase
(CSE), 3-mercaptopyruvate sulfurtransferase (3-M&mg cysteine lyase (CL) in
cysteine-related sources®. However,accumulating evidence has confirmed that
abnormal HS concentrations are related to various diseasekjding Alzheimer’s
diseas¥, diabete¥ and tumol®, and found within many cell lines such as porcine
oocytes* and MCF-7 cell¥.

Interestingly, several studies also provide evigesupporting the excellent role
of H,S in neuromodulatidfi'’. For example, b8 can act as a neuroprotectant, protect
neurons from oxidative stress, and produce poteti@rapeutic effects against
neurodegenerative disord&t&”. Furthermore, researchers show tha® ldan inhibit
the apoptosis of hippocampal neurons and reduceddmeage of hippocampal
neuroné?* Hence, more attention have been drawn on theipjes®le that HS
might play in neurological deficits caused by damag the hippocampus. Thus, a
highly selective and sensitive analytical measurgnfier better understanding how

this gasotransmitter contributes to convoluted dgadal processes is directly
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requestetf, which can accurately and reliably determine ti@lolically relevant
concentrations of }$ in the nervous system.

Traditional analytical techniques for,8 detection include the methylene blue
method, the monobromobimane method, gas chromatiogrand the sulfide ion
selective electrode methdd® In contrast, fluorescent probes have been widely
applied for detecting the concentrations afSHn living biological systems due to
their high selectivity and sensitivity, short respe time, non-invasive detection, and
real-time imaging*> Unfortunately, the short excitation wavelength tigfca.
350-550 nm) limits its application in deep-tissueaging because of the shallow
penetration depth. Recently, two-photon fluoresegmrobes, which can be excited by
two-photon absorption, provided an opportunity ¥@r@ome the problems originated
from the single-photon fluorescence technology cameg with cellular imaging, the
organic imaging also has iconic significance owniagts more complex structures
and research valte®™ Most recently, Cheret al.** and Liu et al.*® reported the
detection and imaging of 23 in cardiac and liver tissues. These remind us tha
histological-section researching is a breakthraaglvo detection for HS.

In the current study, an easily synthesized bemaodhe-based fluorescent probe
EPS-HS was designed. Its original group has staiblemical properties and
fluorescence spectrum is not affected by environaiefactors’. Therefore, first,
density functional theory (DFT) calculations wersfprmed to optimize the structure
of EPS-HS at the B3LYP/6-31G* level using a suifeGaussian 09 prograrfis®

Then the structure of the target compound was foltigracterized by the standard
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'H-NMR, ¥C-NMR, and high resolution mass spectrometry. lmnahe biological
application of EPS-HS was discussed using HT22djells and the hippocampus of

normal mice.

2. Experimental
2.1. Synthesisof EPS-HS

The synthesis process of EPS-HS is showed in Rloudemixture of Compound
1 which was synthesized by means of the referencedp(0.227 g, 1.0 mmol), 2,
4-dinitrofluorobenzene (0.186 g, 1.0 mmol), triddmgine (0.303 g, 3.0 mmol) in 10
mL dry DMF (dimethyl formamide) were stirred at Btmosphere, and the solution
was stirred at 80°C for 6 - 8 h. The reaction migtwas cooled to room temperature
and poured into a mixture of ice and water (100 todfore a light yellow solid was
precipitated. The raw product was filtered andystallized from EtOAc to provide a
light yellow solid in 85 % yield. m.p. 128.2°C -139C. TLC (silica, hexane : DCM,
2:1 viv); R = 0.4;*H NMR (400 MHz, DMSOsg), & (ppm): 8.93 (dJ) = 2.8 Hz, 1H),
8.49 (dd,J;= 9.2 Hz,J,= 2.8 Hz, 1H), 8.22-8.24 (m, 2H), 8.17 (= 8.0 Hz, 1H),
8.08 (d,J = 8.0 Hz, 1H), 7.55-7.59 (m, 1H), 7.40-7.51 (m)4KC NMR (100 MHz,
DMSO-dg) & (ppm): 121.1, 121.2, 122.4, 122.9, 123.4, 12621.2, 130.1, 130.2,
130.9, 135.1, 140.4, 142.6, 154.0, 154.4, 156.8,5.61RMS (ES): (M + H)" calcd.

for EPS-HS (GoH12N305S) 394.0498; found 394.0489.
2.2 Characterization

Thin layer chromatography was performed on siliehG§ Fs4 plates (25Qum)
and column chromatography was conducted over siged (300-400 mesh).
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Visualization of the developed chromatogram wasoaqaished by a UV lamp.
UV-Vis absorption spectra were recorded on a ShanypAPADA UV-3100PC
UV-Visible spectrophotometer. All fluorescence meaments were recorded on a
Hitachi F4600 Fluorescence Spectrophotometer. Tk mpeasurements were
performed on a Mettler-Toledo Delta 320 pH metell #uorescence imaging
experiments were conducted under a FV1000 conflasar scanning microscope
(Olympus, Japan). All the solvents were of analgfade. The stock solution of
NaSOH,O (>98.0%) was prepared in doubly distilled water, whiwas freshly
prepared each time before use. All fluorescencesurements were carried out at
room temperature on a Hitachi Fluorescence Spduttometer F-4600. The samples
were excited at 285 nm with the excitation and siarsslit widths set at 5.0 nm. The
emission spectrum was scanned from 350 nm to 560anm200 nm/min. The

photomultiplier voltage was set at 900 V.

3. Resultsand discussion
3.1 Computational calculations

DFT calculations were conducted to achieve theepesfial conformation of
EPS-HS and its parent nucleus (Compound 1) (Figlkeand 1B) and to investigate
the mechanism by which EPS-HS reacted witB KFigure 1C). Results showed that
the photoexcitation of EPS-HS from SO to S1 statesnly involved electron
transitions from the highest occupied molecularitatb(HOMO) to the lowest

occupied molecular orbital (LUMO). The HOMO of EPS was mainly located at
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the benzothiazolyl part, but the LUMO were mostgdted at the nitrobenzene part.
It can be seen in the frontier molecular orbitahgdam that the HOMO did not
overlap with the LUMO.

Based on the frontier molecular orbital theory, twmputational results of
EPS-HS indicate that the increased electric denarga is mainly within the
nitrobenzene part. The ether linkage becomes thettaf nucleophilic reagent ¢8).
There was no obvious difference as to average grmtyveen the LUMO and the
HOMO.

3.2 Fluorescence and absor ption spectroscopy

The changes in the fluorescence and absorptiorirepeopy of EPS-HS (1,0M)
was tested at 37°C in 20 mM PBS buffer (pH 7.4hgs$iaS (100uM) as a sulfide
source. Results showed that the maximum absorpgak of EPS-HS was shifted
which was similar to Compound 1 (Figure 2A). Meaileha robust increase in
fluorescence intensity (> 40-fold) was found witle tmaximum emission peak at 470
nm when excited at 285 nm, which was completediwi#® min (Figure 2B). These
data indicated that our experimental results wersistent with the frontier orbital
theory.

Next, we examined the sensitivity of EPS-HS forSHusing various
concentrations of N& (0 - 300uM) (Figure 3A). Upon exposure to,H, the probe
was cleaved to release fluorophores. The fluorescernensity was increased about O
- 40 folds. Then, EPS-HS was further reacted wiiflergént concentrations of N& (0

- 60 uM), showing a linear relationship of emission irgigy versus sulfide
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concentration in PBS buffer and fetal bovine se(kigure S1, ESIT).

The fluorescence intensity of EPS-HS (@) in PBS and fetal bovine serum
was assessed with the presence of different camatems of NaS for 20 min (Figure
S1, Supporting Information). But, the fluorescenegponse in serum was lower than
that observed in PBS buffer, which may attributehte® fast metabolism of sulfide in
plasma. The fast responses and excellent lineatioeship provided a real-time
quantitative method for detecting sulfide in biat@aj samples. The detection limit
was calculated to be 108 nM in PBS butter and 1M84mfetal bovine serum. After
the addition of 10(uM Na,S buffered solution, a significant fluorescenceréase
was observed between 0 to 45 min after mixture, thedreaction was completed at
37°C within 20 min (Figure 3B). Further studiesiogaded that the emission intensity
reached the peak from pH 7.0 to 9.0 (Figure S3,p8udmg Information), which
meets the requirement of real-time detection £8 kh the living body.

3.3 Selectivity of EPS-HS

Moreover, according to turn-on fluorescence respenEPS-HS was found to be
more selective for sulfide than other biologicalyevant thiols such as GSH, Cys and
Hcy et al.(Figure 4A), amino acids (Figure 4B) and other sgedqFigure S2,
Supporting Information) in PBS buffer. This may aese that b5 is a small gas
molecule, its pKais about 6.9, while pKa value of other thiol (stahGSH, Cys) in
cell is higher (about 8.5). The design principldho$ type probe is based on thiol pKa
values to distinguish each other. The recognizingugs of probe EPS-HS we

designed is m-dinitrobenzene. The m-dinitrobenzsher is used to protect tyrosine
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in synthesis of peptide chain. In weak alkali cdiodsis, using thiol as sulfur agent can
remove the protection group. Therefore under thesiplogical conditions, the probe
EPS-HS could detect hydrogen sulfide selectivatper than thiols like GSH and
Hcy.
3.4 Application of EPS-HS in live-cell imaging

Then, the potential ability of EPS-HS to dete¢gSHvas tested in HT22 cells
using confocal microscopy imaging (Figure 5). Fiddt all, the cytotoxicity of
EPS-HS toward HT22 cells was examined by MTT assB®B-HS exhibited an kg
of 58.99 + 1.7uM, which demonstrated that EPS-HS was of low toyxi¢oward
cultured cell lines (Figure 5). Then, to assess dhdity of EPS-HS for HS
fluorescence imaging, HT22 cells were incubatedh id uM EPS-HS alone at 37°C
for 20 min (Figure 6, 1A) which is equivalent toettntracellular basal level of
endogenous 6. As expected, incrementally stronger yellowisbegr fluorescence
was detected in HT22 cells treated withii EPS-HS and 1QM or 100uM Na;S
(Figure 6, 2B and 3B). These results indicate BRS-HS is readily internalized into
living cells and act as a fluorescent probe toaédtee concentration of 43 in living
cells (Figure 6C). Subsequently, cells were prétctawith ZnCh (an effcient
eliminator of HS) and then incubated with EPS-HS @d) for 10 min. With the
addition of NaS (100 uM) and GSH (100uM) to the ZnCj-pretreated cells, no
fluorescence intensity increases were observed r@-igu4B). The results indicated
that the fluorescence change of EPS-HS in the ae#ies from HS.

3.5Application of EPS-HS in mouse hippocampusimaging



184 We further evaluated the visualization ofSHin KM mice hippocampal tissues
185 using EPS-HS. The mouse brains were rapidly takew dixed in 4%
186 paraformaldehyde for 30 min. Then the tissues wemebedded in ornithine
187 carbamoyltransferase (OCT), and serially sectiaatedum for fluorescent detection
188 analysis (Figure 7). As shown in Figure 7A, ther@swo background fluorescence
189  emission for hippocampal tissue slices after intiobawith PBS working fluid. When
190 the slices pretreated with p& (10uM) (Figure 7B) and Ngs (100uM) (Figure 7C)
191 were incubated with EPS-HS (10M) working fluid at 37°C for 20 min,
192 vyellowish-green fluorescence signals were obvioushserved. When the slices
193 pretreated with GSH (10QM) (Figure 7D) were incubated with EPS-HS ({1B1)
194  working fluid at 37°C for 20 min, yellowish-greeludrescence signals were hardly
195 observed. These findings demonstrated that EP S ld&piable of detecting,H in the
196  tissues.

197 3.6 Detection of sulfidein mouse hippocampus

198 Finally, EPS-HS was added to measure sulfide cdratgons in mouse
199 hippocampal tissues, where the spikedINX, X+0.2, X+0.4, X+0.6, X+0.8M) were
200 used as internaktandard The spiked homogenate samples were subsequently
201 precipitated by DMSO to remove proteins. To the esnptant of the spiked
202 hippocampus homogenates, EPS-HS () was added. The mixture was incubated
203 in PBS buffer at 37°C for 20 min before analysie Wund that the average sulfide
204  concentration in fresh mouse hippocampus was 1+26.020umol/g protein (Table

205 1). Overall, these findings demonstrated that EFSSidisuitable to detect sulfide in

10
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real biological samples in a rapid manner. Impdlyahydrogen sulfide is recognized
as a neuromodulator as well as neuroprotectartti@rbtain. Then, we repeated the
measurement with probe NAP21The concentration of sulfide was determined to be
1.242 + 0.047umol g* protein, which was consistent with the resultsrflePS-HS .
4. Conclusions

In summary, EPS-HS was designed as a benzothiazmeed HS fluorescent
probe, which shows a significant emission incre@séhe fast response to sulfide
within the biologically relevant pH range. EPS-Hf®quces a turn-on fluorescence
signal for responding #5. It can be applied for parallel measurement dfidgu
concentrations in HT22 cells and mouse hippocampus.
Acknowledgements

This study was financially supported by the Natldwatural Science Foundation
of China (81671069 to Y. L.), the Postdoctoral Scee Foundation of China
(2012M521125 to L. Y) and the Open Program of Kegbdratory of Nuclear
Medicine, Ministry of Health and Jiangsu Key Lalkorg of Molecular Nuclear
Medicine (KF201503).

Notes and references

1 Liu, C. et al. Capture and Visualization of Hydrogen Sulfide byFmorescent Probe.
Angewandte Chemie International Edition 50, 10327-10329 (2011).

2 Wang, X.et al. A near-infrared ratiometric fluorescent probe fapid and highly sensitive
imaging of endogenous hydrogen sulfide in livindlsceChemical Science 4, 2551-2556
(2013).

3 Li, L., Rose, P. & Moore, P. K. Hydrogen Sulfidad Cell SignalingAnnual Review of
Pharmacology & Toxicology 51, 169-187 (2011).

4 Han, Y., Qin, J., Chang, X., Yang, Z. & Du, J.dfggen sulfide and carbon monoxide are in

synergy with each other in the pathogenesis of rrenti febrile seizuresCellular &
Molecular Neurobiology 26, 101-107 (2006).

n



233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Shim, H. S. & Longo, V. A Protein Restriction-Bement Sulfur Code for Longevit@ell 160,
15-17 (2015).

Yi, L. et al. A Dual-Response Fluorescent Probe Reveals the H2rduced H2 S Biogenesis
through a Cystathionine beta-Synthase PathvZgmistry (Weinheim an der Bergstrasse,
Germany) 21, 15167-15172, doi:10.1002/chem.201502832 (2015)

Reiffenstein, R. J., Hulbert, W. C. & Roth, S. Foxicology of hydrogen sulfideAnnual
Review of Pharmacology & Toxicology 32, 109-134 (1992).

Szabo, Cet al. Tumor-derived hydrogen sulfide, produced by cystatine-{beta}-synthase,
stimulates bioenergetics, cell proliferation, amgjiagenesis in colon cancer [Pharmacology].
(2013).

Ruth, P., Elddie, R. M. & Juan, L. G. Hydrogerfide and hemeproteins: knowledge and
mysteriesAntioxidants & Redox Sgnaling 15, 393-404 (2011).

Shibuya, N.et al. 3-Mercaptopyruvate Sulfurtransferase Produces égehm Sulfide and
Bound Sulfane Sulfur in the Brain | Abstrabtary Ann Liebert Inc Huguenot Sreet Floor
New Rochelle Ny Usa.

Eto, K., Asada, T., Arima, K., Makifuchi, T. &kura, H. Brain hydrogen sulfide is severely
decreased in Alzheimer&#039;s diseas®iochemical & Biophysical Research
Communications 293, 1485-1488 (2002).

Wu, L.et al. Pancreatic islet overproduction of H2S and suma@s$nsulin release in Zucker
diabetic ratsLaboratory Investigation 89, 59-67 (2008).

Emanuela, Rt al. Hydrogen sulfide promotes calcium signals and atign in tumor-derived
endothelial cellsFree Radical Biology & Medicine 51, 1765-1773 (2011).

Nevoral, Jet al. Endogenously produced hydrogen sulfide is involuedorcine oocyte
maturation in vitroNitric Oxide 51, 24-35 (2015).

Li, H. D. et al. A fluorescent probe for H2S in vivo with fast resge and high sensitivity.
Chemical Communications 51, 16225-16228 (2015).

Lu, M. et al. Hydrogen sulfide regulates intracellular pH in paimary cultured glia cells.
Neuroscience Research 66, 92-98 (2010).

ZHOU, Cheng-fang, TANG & Xiao-qing. Hydrogen fad¢ and nervous system regulation.
Chinese Medical Journal 124, 3576-3582 (2011).

Schreier, S. Met al. Hydrogen Sulfide Scavenges the Cytotoxic Lipid dation Product
4-HNE. Neurotoxicity Research 17, 249-256 (2010).

Tiong, C. X., Lu, M. & Bian, J. S. Protectivefesft of hydrogen sulphide against
6-OHDA-induced cell injury in SH-SY5Y cells involsePKC/PI3K/Akt pathwayBritish
Journal of Pharmacology 168, 2011-2012 (2013).

Kida, K.et al. Inhaled hydrogen sulfide prevents neurodegeneratial movement disorder
in a mouse model of Parkinson's dised®éish Journal of Industrial Relations 50, 590-592
(2011).

Lefer, D. J. A new gaseous signaling moleculerges: cardioprotective role of hydrogen
sulfide. Proceedings of the National Academy of Sciences 104, 17907-17908 (2007).

Zanardo, R. Cet al. Hydrogen sulfide is an endogenous modulator okdeyte-mediated
inflammation.Faseb Journal Official Publication of the Federation of American Societies for
Experimental Biology 20, 2118-2120 (2006).

JW, E.et al. Hydrogen sulfide attenuates myocardial ischempemeision injury by

12



277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39
40

41

preservation of mitochondrial functioRroceedings of the National Academy of Sciences of
the United Sates of America 104, 15560-15565 (2007).

Y, K., Y, K, H, K. & I, N. L-cysteine inhibit$nsulin release from the pancreatic beta-cell:
possible involvement of metabolic production of togkn sulfide, a novel gasotransmitter.
Diabetes 55, 1391-1397 (2006).

Chem., A. Visualization of In Vivo Hydrogen Sdi Production by a Novel Bioluminescence
Probe in Cancer Cells and Nude Migé@alytical Chemistry (2015).

Ishigami, M.et al. A source of hydrogen sulfide and a mechanismsfdtease in the brain.
Antioxidants & Redox Sgnaling 11, 205-214 (2009).

Doeller, J. E.et al. Polarographic measurement of hydrogen sulfide ywotion and
consumption by mammalian tissu@salytical Biochemistry 341, 40-51 (2005).

Lawrence, N. St al. The Electrochemical Analog of the Methylene BlusaBtion: A Novel
Amperometric Approach to the Detection of Hydro@iifide. Electroanalysis 12, 1453-1460
(2000).

Zhou, X., Lee, S., Xu, Z. & Yoon, J. Recent RPesg on the Development of Chemosensors
for GasesChemical Reviews 115, 7944-8000 (2015).

Zhang, H.et al. An iminocoumarin benzothiazole-based fluorescerbe for imaging
hydrogen sulfide in living cellslalanta 135, 2310-2313 (2015).

Zhang, C.et al. A Redox-Nucleophilic Dual-Reactable Probe for Hygiselective and
Sensitive Detection of H2S: Synthesis, SpectraBindnaging.Scientific Reports 6 (2016).
Sajal Kumar, D., Su, L. C., Young, Y. S., Hee, H & Bong Rae, C. A small molecule
two-photon probe for hydrogen sulfide in live tissuCheminform 48, 8395-8397 (2012).

Sung Keun, Bet al. A ratiometric two-photon fluorescent probe reveatsluction in
mitochondrial H2S production in Parkinson's disegesee knockout astrocytekournal of the
American Chemical Society 135, 9915-9923 (2013).

Chen, B.et al. Fluorescent probe for highly selective and seresitietection of hydrogen
sulfide in living cells and cardiac tissuésalyst 138, 946-951 (2013).

Gryko, D. T.et al. Dipolar Dyes with Pyrrolo[2,3 b]quinoxaline Skeleton Containing a
Cyano Group and a Bridged Tertiary Amino Group Synthesis, Solvatofluorochromism
and BioimagingChemistry An Asian Journal 11 (2016).

Liu, Y., Meng, F., He, L., Liu, K. & Lin, W. A whl-site two-photon fluorescent probe for
visualizing lysosomes and tracking lysosomal hydrogulfide with two different sets of
fluorescence signals in the living cells and mdiss tissuesChemical Communications 52,
7016-7019 (2016).

Riswan Ahamed, M. A., Azarudeen, R. S. & Kani, M. Antimicrobial Applications of
Transition Metal Complexes of Benzothiazole Baserpdlymer: Synthesis, Characterization,
and Effect on Bacterial and Fungal StraiBsoinorganic Chemistry & Applications 2014,
764085-764085 (2014).

Frisch, M.et al. Gaussian 09, revision A. 02; Gaussian, Méllingford, CT 19, 227-238
(2009).

Frisch, Met al. (Gaussian, Inc. Wallingford, CT, 2009).

Liu, S. D., Zhang, L. W. & Liu, X. A highly seitive and selective fluorescent probe for Fe3+
based on 2-(2-hydroxyphenyl)benzothiazdlew Journal of Chemistry 37, 821-826 (2013).
Pratap, U. R., Mali, J. R., Jawale, D. V. & MaRe A. Bakers’ yeast catalyzed synthesis of

13



321
322
323
324

325

42

benzothiazoles in an organic mediufetrahedron Letters 50, 1352-1354 (2009).

Ling, Z.et al. A colorimetric and ratiometric fluorescent proloe the imaging of endogenous
hydrogen sulphide in living cells and sulphide deti@ation in mouse hippocampuBrganic

& Biomolecular Chemistry 12, 5115-5125 (2014).

14



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

Article---Figure L egends

Figure 1. Optimized, low-energy conformations of the benzothiazole rings using DFT
(B3LYP/6-31G*) calculations: (A) Compound 1. (B) EPS-HS. (C) the structure 8fSEHS on

the HOMO and LUMO.
Route 1. The synthetic route of EPS-HS.

Figure 2. Fluorescence spectra (A) and absorption spectraf{BPS-HS (1QuM), Compound 1
(10 uM) and EPS-HS (10M) + Na,S (100uM) in PBS buffer (20 mM, pH = 7.4, 5% DMSO).
Figure 3. Fluorescence spectra of EPS-HS jiM) in PBS buffer (20 mM, pH 7.4, 5% DMSO) at
37°C for 20 min. Excitation: 285 nm, emission: 35660 nm. (A) Incubated with different
concentrations of N& (0, 1.0, 2.0, 5.0, 10, 20, 30, 40, 50, 60, 80, 160, 200 and 30QM) for
20 min. (B) Incubated with 100M NayS after 0, 4, 6, 8, 10, 12, 14, 16, 18, 20, 25,430min.
Excitation: 285 nm, emission: 350 - 560 nm. Datamesented as the mean + SD (n = 3).
Figure 4. Fluorescence responses of EPS-HS (M) towards NaS (100 uM) and various
biothiols after 20 min of treatment. (A) (1) }Ma(0uM); (2) NaS (100uM); (3) Hey (100uM);
(4) GSH (100uM); (5) Cys (100uM); (6) Hcy (1 mM); (7) GSH (1 mM); (8) Cys (1 mMJ9)
NaS (100uM)+Hcey (100uM); (10) NaS (100uM) +Hey (1 mM); (11) NaS (100uM) + GSH
(100 uM); (12) NaS (100uM) + GSH (1 mM); (13) Ng5 (100uM) + Cys (100uM); and (14)
NaS (100uM) + Cys (1 mM). (B) Fluorescence responses of ESS(10uM) towards NaS
(100uM) and amino acids. Data are presented as the n&an(n = 3).

Figure5. (A) The inhibitory effect of EPS-HS on the cell gith of HT22 cells after treatment for
24 h. (B) The viability of HT22 cells after exposuo EPS-HS (10.aM) for different times. Data

are presented as the mean = SD (n = 3).
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Figure 6. Confocal fluorescence imagesin living cells. HT22 cells were incubated with EPS-HS
alone (10uM) for 20 min (1A and 1B). The cells were exposedEPS-HS (1QuM) followed by
Na:S (10uM) at 37C for 20 min (2A). The cells were exposed to EPS{H®uM) followed by
Na:S (100uM) at 37°C for 20 min (3A). Cells were pretreated with 1 i@Cl, for 10 min, then
incubated with EPS-HS (3M) for 10 min and then incubated with §a(10QuM) and GSH (100
uM) at 37°C for 20 min (4A); Overlay of the brighéld image and the green channel (2B, 3B and
4B). Fluorescence intensity per one cell. Fluoreseeimages were acquired by confocal
microscopy (C). Scale bars = fifh. Data are presented as the mean + SD (n = 3).

Figure7. In situ visualization of hippocampal tissues of the brainswith EPS-HS. An image of
frozen mouse hippocampal slices incubated with ®Bf&king fluid (A); an image of frozen

mouse hippocampal slices incubated with EPS-HSWA)Pworking fluid after pretreatment with
Na:S (10uM) (B) and NaS (100uM) (C) at 37C for 20 min; Slices pretreated with GSH (100
uM) were incubated with EPS-HS (M) working fluid at 37°C for 20 min (D). Scale bax<20

um. The mean fluorescence intensity was obtaineld 6+8 slices from different mice.

Table 1. Measurement of sulfide concentrations in fresh geduppocampus tissues
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1. General information
2. Preparation of thetest solutions

3. Routes and characterization of Compound 1

4. Evidence of mechanism detection

5. UV-Vis absor ption spectrogram

6. Deter mination of the detection limit

7.MTT Assay

8. Fluorescenceimaging in living HT 22 cells

9. In situ fluorescent detection of H,S in the hippocampal tissues of the brains
Figure S1. EPS-HS probeincubated with different concentrations of Na,S
Figure S2. Selectivity of EPS-HS towar ds other species

Figure S3. Fluorescence spectra of EPS-HS with the presence of Na,S in buffer
solutions at different pH values

Figure $4. 'H NMR spectrum of Compound 1

Figure S5. HR-M S spectrum of EPS-HS

Figure S6. 'H NMR spectrum of EPS-HS

Figure S7. *C NMR spectrum of EPS-HS
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1. Preparation of the test solutions
1.1 EPS-HS stock solution
EPS-HS (3.93 mg, 1 mmol) was dissolved into DMSQ 1fiL) to get 1.0 mM
stock solution for general use.
1.2 Nay,S stock solution
5 mg EDTA was dissolved in 10 mL DI,8 in a 25 mL volumetric flask. The
solution was purged vigorously with nitrogen gas I& min. Then 48 mg sodium
sulfide (NaS-9H0) was dissolved in the solution under nitrogen Jdm resulting
solution was 20 mM N&, which was then diluted to 1.0 - 2.0 mM stockusoh for

general use.

2. Route and characterization of Compound 1

2-Aminothiophenol (0.625 g, 5 mmol) and 4-hydroxybaldehyde (0.611 g, 5
mmol) which was dissolved in 20 mL dry ethanol wexdded to a 250 mL
eggplant-shape flask equipped with a magneticestitkq 37% HCI (15.0 mmol) and
ag 30% HO, (30 mmol) were added and the mixture was stircedlf5 h at room
temperature. A light yellow crystal was got byralion. Then, the crude product was
purified by flash chromatography on silica gel afhitag at a yield of 92%. m.p.
188°C - 189.2°C. TLC (silica, hexane : EtOAc, 3/t)vR; = 0.3.

'H NMR (400 MHz, DMSOdg) 5 (ppm): 12.54 (s, 1H), 8.02 (d,= 8.0 Hz, 1H),
7.93 (d,J = 8.0 Hz, 1H), 7.72 (dd};= 8.0 Hz,J,= 1.6 Hz, 1H), 7.51-7.55 (m, 1H),

7.39-7.46 (m, 2H), 7.13-7.15 (m, 1H), 6.97-7.01 {H). ESI-MS (m/z): 228.1 [M +
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H]*, calcd. for G3HgNOS = 227.04.

3. Evidence of mechanism detection

EPS-HS (78.6 mg, 0.2 mmol) was dissolved in DMS®I(L), followed by the
addition of NaS - 9H0 (240 mg, 1.0 mmol) in PBS buffer (15mL, 20 mM, pH .4).
The resultant mixture was stirred at room tempeeator 3 h. Subsequently, EtOAc
(3 x 10 mL) was added into the solution for exiiact The thiolysis product was

characterized by HRMS arfti NMR.

4. UV-Vis absor ption spectrogram

N&S is widely recognized as,BH donor. EPS-HS (10.,0M) was dissolved in
DMSO, which was then diluted in PBS buffer (2:3y,v20 mM, pH 7.4) with 5%
DMSO. Before the addition of N&, EPS-HS (1@M) displayed an absorption peak
at 285 nm. After incubated with B& (100uM) in doubly distilled water for 20 min, a

new absorption peak was presented at 386 nm.

5. Determination of the detection limit

The detection limit was calculated based on thehotetreported in previous
literature. The fluorescence emission spectrum ©SHS without NgE was
measured by 10 times and the standard deviatiblaok measurement was obtained.
Then, the solution was treated withSaat concentrations from O to GM. A linear
regression curve was then achieved. The detectioit Was calculated with the

following equation: Detection limit =a3k, wherec is the standard deviation of blank
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measurements, aridis the slope between the fluorescence intensitgsgand NaS
concentrations. The detection limit was 108 nM BSPbuffer and 154 nM in fetal

bovine serum, respectively.

6. MTT assay

The effect of EPS-HS on cell growth was measuredgua colorimetric MTT
assay kit (Sigma-Aldrich). HT22 cells were seede®6-well plates at a density of
50,000 cells/well and then maintained in DMEM mediwith 10% fetal bovine
serum/penicillin/streptomycin in a 5 % g@tmosphere at 37°C. The cells were
incubated with different concentrations of EPS-l8634 h, respectively. HT22 cells
in culture medium without EPS-HS were used as obnfihen, 20uL of MTT dye
(3-[4, 5-dimethylthiazol-2-yl]- 2, 5-diphenyl tetzalium bromide, 5 mg/mL in
phosphate buffered saline), was added to each amell the plates were incubated at
37 °C for 4 h. Then, the remaining MTT solution wasioved, and 150L of DMSO
was added to each well to dissolve the formazastaly, The plate was shaken for 10
min and the absorbance was measured at 570 nnmuer@plate reader (ELX808IU,
Bio-tek Instruments Inc, USA). Each sample was grenéd in triplicate, and the
entire experiment was repeated three times. Caionlaf 1C5p values was done

according to Huber and Koetla

7. Fluorescenceimaging in living HT 22 cells

HT22 cells were seeded in a 6-well plate in DMEMy@emented with 10 %
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fetal bovine serum in an environment of 5 % ;G4 37°C for 24 h. For a control
experiment, HT22 cells were incubated with EPS-HS& (M) at 37°C for 60 min.

After washing with PBS three times to remove theaming dyes, the cells were then
incubated with Ng& (10uM) or N&S (100uM) for another 20 min. The fluorescence

imaging was carried out after washing with PBS éufbr three times.

8. In situ fluor escent detection of H,Sin the hippocampal tissues of
the brains

The mouse brains were rapidly taken and fixed ¥ paraformaldehyde. Then
the tissues were embedded in ornithine carbamogltesase (OCT), and serially
sectioned at fum using a Leica CM1950 cryostat (Leica MicrosystemM&tzlar,
Germany) for fluorescence detection. After dried foh, the frozen sections were
washed for 3 times with 10 mM PBS for 3 min. Theesd treated with N& (100uM)
were incubated with EPS-HS working fluid (1M ) at 37°C for 20 min and
subsequently rinsed in PBS for 3 times for 3 mime Flices were mounted with 50 %
buffered glycerol before observation under a flsoesce microscope in time. The

mean fluorescence intensity was obtained using 6lices from different mice.
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Figure Legends
Figure S1. EPS-HS probe (1QM) incubated with 0, 1.0, 2.0, 5.0, 10, 20, 30, 80, and 6QuM
NaS at 37°C for 20 min in PBS buffer (A) and fetal/im@ serum (B) (5 % DMSO). The insert: A
graph of the fluorescence intensity trend of EPS{H® uM) with the presence of different
concentrations of N& for 20 min in PBS buffer (20 mM, pH = 7.4, 5 % BM) and fetal bovine
serum (5 % DMSO), respectively. Data are preseasdtie mean + SD (n = 3).
Figure S2. (A) Fluorescence spectra of EPS-HS (M) with NaS (100uM) and biologically
relevant species in 20 mM PBS (pH 7.4) af@7or 20 min. (B) Fluorescence responses of
EPS-HS (1QuM) towards NaS (100uM) and biologically relevant species. (1) Blank) &S,
(3) H0,, (4) OCI, (5) O, (6) -OH, (7)BUOOH, (8) NQ, (9) NO, (10) S-nitroso glutathione, (11)
KCI, (12) ZnSQ, (13) CaC}, (14) MgCh, (15) FeC}, (16) NaCl, (17) NabPO,, (18) NADH, (19)

Glucose, (20) $5%, (21)S0s7,(22) SO/, (23) SQ?, (24) SQ?, and (25) SCN

Figure S3. (A) Fluorescence spectra of EPS-HS (M) with Na,S (100uM) in buffer solutions

at different pH vlues (20 mM, pH 5.8, 6.2, 6.6,,7/04, 7.8, 8.2, 8.6, and 9.0, 5 % DMSO) at
37°C for 20 min. (B) Fluorescence responses of EPSHSu) with Na,S (100uM) in buffer
solutions at different pH values (20 mM, pH 5.8,6.6, 7.0, 7.4, 7.8, 8.2, 8.6, and 9.0, 5 %
DMSO) at 37C for 20 min.

Figure S4. 'H NMR spectrum of Compound 1.

Figure S5. HR-MS spectrum of EPS-HS.

Figure S6. 'H NMR spectrum of EPS-HS.

Figure S7. *C NMR spectrum of EPS-HS.
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Table 1.

H,S* H,SP
Sample (1 mol g* protein) (n mol g* protein)
1 1.275 1.201
2 1.245 1.231
3 1.282 1.294
Mean + SD 1.267 £ 0.020 1.242 £0.047

“Measurement of pB concentrations in mouse hippocampus with EPSMH@easurement of

H,S concentrations in mouse hippocampus with NAPala dre presented as mean + SD.
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Figure S4.
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Figure S6.

75

8ER”
Zre’
GG
09r”
Lok”
S8%”
E0G”
5056°
8ys”
166°
696°
986"
685°
690°
680°
LGT*
LLte
s1e’
e
9zZe”
6eZ”
wwe”
6Lb”
98"
EDS”
016*

8%6°
SE6”

B e Ve N7

s
e

oo oooooOoooooooor~rr~~C~r~A~NMNMEEE

Vv

2

N
oo
S

&

T
78

82 8.0
Nlﬁh‘r
===
SNl

|

|

o
<

|

P

=
]
=1

|

76
77
78
79
80
81
82
83
84
85
86
87
88
89



90 Figure S7.
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Resear ch highlights

1. We designed and synthesized a benzothiazole-based fluorescent probe EPS-HS for
sel ective detection of H,S.

2. The probe EPS-HS showed good cell permeability and H2S could be detected
within the cells

3. lin situ visualization of H,S was performed on the hippocampal slices of normal
mice with probe EPS-HS.

4. The probe will be applied for better treatment of neurological deficits caused by

damage to the hippocampus.



