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ABSTRACT: Fluorescent probes as non-invasive tools to visualize the metabolism of bio-molecules hold great potential to explore
their physiological and pathological processes. For cysteine (Cys), however, none of the reported fluorescent probes could image
the metabolic processes in living cells. To achieve this goal, we developed a coumarin derivate based on the rational design of the
dual recognition sites for Cys and its metabolite SO,, respectively. The probe displayed distinct two channels turn-on fluorescent
emission towards Cys and SO,, which were successfully applied for both A549 cells and zebra fish imagings. Further, with reversi-
ble fluorescent responses towards Cys, the probe could image the enzymatic conversion of Cys to SO, in living A549 cells though
ratiometric manner. The present work reported the first probe to image the endogenous generated SO, without incubation of the

SO, donors.

INTRODUCTION

Cysteine (Cys) is one of the sulfydryl contained small molecu-
lar amino acids playing crucial roles in many physiological
and pathological processes. In biological systems, Cys can be
generated primarily from methionine by methionineadenosyl-
transferase, adenosylhomocysteinase, cystathionine-f-
synthase, and cystathionine-y-lyase. Further for the consump-
tion of Cys, the cysteine dioxygenase which existed in almost
all of the mammals cells except erythrocyte catalyzes cysteine
to cysteinesulfinate, and further converts to S-sulfinylpyruvate
enzymatically by aspartate aminotransferase, then decomposes
to pyruvate and SO,, which existed as the equilibrium of
HSO; and SO;” in biological environments, spontaneously.'
Normal level of Cys (30-200 M) maintains the synthesis of
various proteins and the main antioxidant glutathione (GSH),
and acted as the source of sulfide in human metabolism.> Ex-
cess amount of Cys, however, is associated with diseases in-
cluding rheumatoid arthritis, Parkinson’s disease, Alzheimer’s
disease.” At the same time, the deficiency of Cys was reported
to cause slowed growth, edema, liver damage, skin lesions,
and weakness.! Thus, to visualize the metabolism of the en-
dogenous homeostasis of Cys is critical importance. Surely,
many existed thiol fluorescent probes have been broadly used,
such as determining Cys concentration from serum, or proteins,
and cell imaging, replenish intracellular cysteine. However, to
our knowledge, none of them realized the monitoring of the
metabolism processes of Cys which were essential to gain
deeper insight into the physiological and pathological roles of
Cys.’

In this respect, fluorescent probes to visualize the metabo-
lism processes of Cys should meet at least three prerequisites:
a) the reaction between the probe and Cys should be reversi-
ble®, b) the fluorescent responses of probe towards the metabo-

lite (such as SO,) of Cys should be distinct with the probe-Cys
system, c) both of the reaction processes should be fast to
promote the real-time imaging. With these criteria in mind, we
select a,f-unsaturated ethanoylcoumarin as the fluorophore
and the thiols reaction site which may feature reversible re-
sponses towards thiols with the addition of N-ethylmaleimide
(NEM), a thiols scavenge reagent.” Besides, coumarin dyes
were widely used in designing low toxicity fluorescent probes
with excellent fluorescent properties which would benefit their
biological applications.'®® Further, benzaldehyde moiety was
one of the sensitive reaction site for SO, through nucleophilic
addition reaction.” ° Combining ethanoylcoumarin with ter-
ephthalaldehyde, we develop 1 (Scheme 1 and Scheme S1) as
the designed fluorescent probe to visualize metabolism of Cys
in living cells. As expected, the dual site probe 1 can discrimi-
natively detect thiols and sulfite through two emission chan-
nels with fast responses. Cell and zebra fish imaging experi-
ments demonstrated the application of 1 serving as an appeal-
ing bioimaging probe. Further, as far as we know, 1 is the first
reported probe to image the endogenous generated sulfur diox-
ide derivatives without incubation of the SO, donors such as
Na,$,0; and 2,4-dinitrobenzene sulfonamide.'® '’
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Scheme 1. (a) The aerobic metabolism process of Cys in
mammal cells. (b) Designing of the dual-site fluorescent
probe for Cys metabolism visualizing.

RESULTS AND DISCUSSION

Fluorescent Responses of Probe 1 to Cys. The UV-Vis
and fluorescent responses of 1 towards Cys were firstly meas-
ured systematically upon addition of Cys with a gradually
additive concentration range of 0 ~ 400 xM to 1 in PBS-
DMSO (1/1, v/v, pH 7.4) system. As shown in Figure la, 1
displayed non-fluorescent emission in the above system, how-
ever, the addition of Cys induced a turn-on fluorescent emis-
sion at 514 nm and peaked with a 130-fold enhancement. Ac-
companied with the fluorescent changes, the maximum
absorption peak on UV-vis spectra changed from 475 nm to
450 nm (Figure S1). Time-dependent fluorescent response
(Figure 1b) of 1 towards Cys (1 eq probe 1: 20 eq Cys) at 514
nm displayed that the detection process balanced within 100 s
and the subsequent fluorescent data were all measured 2 min
after the addition of analyte. The corresponding detection limit
based on the definition by [UPAC (CDL = 3 Sb/m) was 0.46
uM from 10 blank solutions (Figure 1c). Notably, the fluores-
cent emission of Cys added 1 containing system could effec-
tively be quenched by the addition of NEM which could be re-
lighted by further addition of Cys (Figure 1d). The reversible
cycling determinations: namely, five times supplement of Cys
and subsequent NEM were caried out with negligible intensity
attenuation which promoted 1 might be used as an efficient
tool to real-time value the Cys concentrations in vitro and in
vivo.

To value the effect of various analytes including amino ac-
ids, intracellular nucleophiles and H,0, towards probe 1, 400
uM Ala, Asn, Arg, Asp, Gln, Glu, Gly, His, Ile, Leu, Lys, Met,
Phe, Pro, Ser, Thr, Trp, Tyr, Val, SH, SO,* and H,0, were
added to 1 containing PBS-DMSO (1/1, v/v, pH 7.4) system,
each. None of them could induce distinct fluorescent en-
hancement at 514 nm (4= 463 nm) (Figure S2). For the sul-
fydryl contained amino acids, 400 uM Hcy induced almost the
same fluorescent responses with 400 uM Cys (Figure S3).
Considering the physiological level of homocysteine (5-13
uM), the interference induced by homocysteine was negligible
in the detection system.”'' Besides, the reaction of probe with
1 mM GSH was hyperslow. Thus, probe 1 could detect Cys
with relatively high selectivity. Further, the pH effect was
measured upon addition of 400 uM Cys into 20 uM 1 in a
mixture of DMSO/PB (1/1, v/v) with pH change from 3 to 12
(Figure S4). The spectra displayed that all there was strong
emission at 514 nm with a 463 nm excitation in the range of
pH 5~11. The obtained result showed detection process could
realized in broad pH range.

Supported by the inert property of probe 1 towards H,0,,
we wondered whether the fluorescence of Cys-probe 1 system
could be quenched by the addition of H,0,, which could con-
sume Cys to form cystine.'” As shown in Figure S5, H,0,
addition into probe 1-Cys balanced system in PBS-DMSO (1/1,
v/v, pH 7.4) induced distinct fluorescent intensity decrease and
eventually quenched within 12 min at 514 nm. Upon the addi-
tion of Cys to the above quenched system, the fluorescent
recovered dramatically (Figure S6). Considering the antioxi-
dant nature of Cys, probe 1 might be used to monitor the redox
dynamic in cells.
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Figure 1. a) Fluorescent response of 20 M probe 1 upon addition
of 400 uM Cys in PBS/DMSO (1/1, v/v, pH 7.4) system. Insert:
the corresponding fluorescent color change under the irradiation
of a hand-held UV lamp. b) Time-dependent fluorescent emission
of the 20 uM probe 1 and 400 xuM Cys system at 514 nm. c)
Working curve of 1 to detect Cys obtained by addition of various
concentrations of Cys (0-300 xM) to 20 uM probe 1. d)
Reversibility study of 1 (20 uM) towards Cys (400 xM) upon
addition of NEM (400 uM). A = 463 nm, slit: 5 nm/5 nm.

Fluorescent Responses of Probe 1 to SO,. For the sulfite
detection, as we designed, the addition of Na,SO; into 1 con-
taining PBS-DMSO (1/1, v/v, pH 7.4) system induced signifi-
cant fluorescent emission centered at 576 nm with the excita-
tion at 510 nm and peaked with 4-fold enhancement (Figure
2a). Similar to the above mentioned Cys detection system, the
detection process of probe 1 towards Na,SO; (1 eq probe 1: 20
eq Na,S0;) balanced within 50 s which supported the follow-
ing fluorescent data to be measured 1 min after the addition of
analyte (Figure 2b). The detection limit of 1 towards Na,SO;
was calculated to be 6.5 uM (Figure 2c). Other analytes in-
cluding various amino acids, especially for Cys, Hcy and GSH,
and biological anions did not interfere the sulfite detection in
above condition (Figure 2d). Besides, pH ranging from 4 to 8
was suitable for the detection process (Figure S8). These prop-
erties promoted 1 to discriminative detect thiols and sulfite
through two emission channels.
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Figure 2. a) Fluorescent response of 20 M probe 1 upon addition
of 400 uM Na,SO; in PBS/DMSO (1/1, v/v, pH 7.4) system.
Insert: the corresponding fluorescent color change under the
irradiation of a hand-held UV lamp. b) Time-dependent
fluorescent emission of the 20 uM probe 1 and 400 xM Na,SO;
system at 576 nm. c¢) Working curve of 1 to detect Na,SO;
obtained by addition of various concentrations of Na,SO; (0-150
uM) to 20 uM probe 1. d) Fluorescent responses of probe 1
towards 400 uM Cys, Hcy, GSH, Ala, Asn, Arg, Asp, Gln, Glu,
His, Lys, Met, Ser, Trp, Tyr, SH’, F", CI', Br, SO,%, NOy’, HPO,*
, SO3%. Jor =510 nm, slit: 5 nm/5 nm.

Mechanism of Probe 1 Responding to Cys and SO,. To
verify whether the spectroscopic differences of 1 towards Cys
and sulfite were caused by the different sensing mechanisms
designed initially, we synthesized a probe-thiols adduct ana-
logue 1-ME and measured 'H NMR titration experiments. 'H
NMR comparison data of 1 and 1-ME in DMSO-dg displayed
that the original signals at 8.09 and 7.73 which belong to the
o,p-unsaturated ketone protons of 1 disappeared, and new
signals at 4.56, 3.71 and 3.61 appeared (Figure S10). At the
same time, the signal of aldehyde hydrogen still existed. Fur-
ther, the fluorescent emission spectra of 1-Cys and 1-ME in
PBS/DMSO system are similar (Figure S11). These results
demonstrated that -SH induced fluorescent enhancement was
caused by the nucleophilic addition reaction of sulfydryl to-
wards the a,f-unsaturated ketone in 1. Furthermore, the HR-
MS data of the Cys-probe 1 system in Figure S13 also sup-
ported the same aforementioned mechanism. For Na,SO; de-
tection system, 'H NMR titration experiments upon addition of
Na,SO; to the solution of 1 in DMSO-d; displayed that the
original aldehyde hydrogen signal at 10.04 shifted to upfield at
4.99 which attributed to the addition of SO;” to the aldehyde
group of 1 (Figure S14). HR-MS data of SO;*-probe 1 system
further demonstrated the sensing mechanism (Figure S15).
These results certified the predication of the probe to detect
thiols and SO, through two reaction sites.

Fluorescent Imaging of Thiols and SO, in Living Cells.
Cytotoxicity experiments displayed minimal cytotoxicity of
probe 1 towards A549 cells at a concentration of 50 uM (81.4 %
viability, Figure S16). The application of probe for cellular
imaging was then measured using A549 cells. Figure 3a dis-
played that thiols scavenged A549 cells stained with 1 exhibit-
ed no fluorescent emission in both the green and orange chan-
nels. However, cells directly stained with 1 emerged apparent
fluorescent emission in the green channel within 4 min (Figure
3b). Further, exogenous SO,” in the thiols scavenged A549
cells exhibited distinct fluorescent emission in the orange
channel when incubated with 1 for 4 min (Figure 3c). The
above data indicated that 1 was cytolemma-permeable and
could image the endogenous thiols and exogenous SO;~
through two emission channels with high selectivity in living
A549 cells. Besides, the fast signal out-put further supported
the probe to be used for real-time thiols imaging in cells.

Journal of the American Chemical Society
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Figure 3. Time-dependent confocal images of endogenous thiols
and exogenous SO;” in A549 cells. a) A549 cells pre-treated with
1 mM NEM, then incubated with 1 (10 uM). b) A549 cells
incubated with 1 (10 uM). c¢) A549 cells pre-treated with 1 mM
NEM, then incubated with 200 M Na,SO; for 20 min, and fur-
ther incubated with 1 (10 #M). Green channel: 1., = 490-520 nm
(Aex = 405 nm); Orange channel: A, = 550-590 nm (L = 514
nm). Scale bar: 20 gum.

Fluorescent Imaging of Cys and SO, in Zebrafish. To
validate the feasibility of 1 to image Cys and SO5” in vivo, we
applied 1 in living zebrafish imaging. As shown in Figure 4,
NEM pre-treated 5-day-old zebrafish to load 1 display nearly
no fluorescence emission in both the green and orange chan-
nels (A1-A3). However, the NEM pre-treated zebrafish further
treated with Cys (B1-B3) and SO;> (C1-C3) induced signifi-
cant fluorescent emission after stained with 1 in the green and
orange channels, respectively. D1-D3 displayed that 1 could
visualize the distribution of thiols in living zebrafish. These
results implied that 1 was tissue-permeable and could detect
Cys and SO,> through two emission channels in living bodies,
respectively.
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Figure 4. Confocal images of 1 responded to exogenous Cys and
SO;*, endogenous thiols in 5-day-old zebrafish. (A1-A3):
Zebrafish was pre-treated with NEM (200 M) for 15 min and
then incubated with 1 (10 gM) for 30 min. (B1-B3), (C1-C3):
Zebrafish was pre-treated with NEM (200 gM) for 15 min and
then incubated with Cys and Na,SO; (100 xM) for 30 min, re-
spectively, and finally incubated with 1 (10 M) for 30 min. (D1-
D2): Zebrafish was incubated with 1 (10 xM) for 30 min. From
top to bottom: Green channel: 4., = 490-520 nm (4., = 405 nm);
Orange channel: 4., = 550-590 nm (4., = 488 nm); Bright field.
Scale bar: 400 ym.

Fluorescent Imaging of H,O, Induced Redox Dynamic in
Living Cells. Promoted by the H,0, induced reversibility of
the Cys-probe 1 system in vitro, we valued the performance of
1 to monitor the redox dynamic in A549 cells stimulated by
H,0,. Figure 5b and Sc displayed that 1 loaded A549 cells
featured stable fluorescent emission in the green channel with-
in 60 min. However, H,0, incubation of the 1 loaded A549
cells displayed distinct fluorescent quenching in the following
60 min, especially after 20 min incubating (Figure 5a and 5c).
This result might be caused by the consumption of H,0, by
the original existed GSH in cells in the initially 20 min, which
did not cause apparent fluorescent changes. After equilibrium,

1-Cys was reduced and the fluorescent emission was quenched.

These results indicated that the probe could image thiols in
A549 cells with good photostability and could be used to im-
aging the redox dynamic in A549 cells.
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Figure 5. Time-dependent thiols imaging with 1 (10 xM) in A549
cells upon H,0, treatment. a) A549 cells were pre-treated with 1
(10 gM) for 20 min, then washed by PBS (10 mM, pH = 7.4)
three times, then H,0, (200 M) was added. b) A549 cells were
treated with 1 (10 M) for 20 min, then washed by PBS (10 mM,
pH = 7.4) three times. Confocal images were then obtained. From
top to bottom: Green channel: A.,, = 490-520 nm (4., = 405 nm),
Bright field. Scale bar: 20 um. c¢) The corresponding time-
dependent arithmetic mean intensity changes of the H,O, or PBS
treated cell images.

Fluorescent Imaging of Cys Metabolism in Living Cells.
Supported by the former cellular experiments, we assumed
that long time imaging of Cys loaded A549 cells might moni-
tor the metabolism of Cys. Thus, we performed time-
dependent cell experiments using A549 cells. As shown in
Figure 6a, after treated with 1 mM NEM, 100 gM Cys and 10
uM 1 successively, the strong fluorescent emission in the
green channel quenched gradually in the following 240 min
which reflected the consumption of Cys in cells. Correspond-
ingly, the initial dim fluorescent emission in the orange chan-
nel increased which meant the endogeny of SO, (Figure 6b).
The ratio images (Ro,g) established by fluorescent detection of
orange channel and green channel using Carestream software
displayed the concentration changes of Cys and SO,. The pre-
sent experiments substantiated the Cys metabolism to produce
SO, in living A549 cells. Further, as far as we know, this was
the first time for fluorescent probes to imaging the endogenous
generated SO, without incubation of the SO, donors such as
Na,S,05 and 2,4-dinitrobenzene sulfonamide.
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Figure 6. Cys metabolism imaging with 1 (10 M) in A549 cells.
a) A549 cells incubated with 1 mM NEM for 30 min, 100 uM Cys
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for 30 min and 10 xuM 1 for 20 min, successively. After washing
with PBS, confocal images were obtained. From top to bottom:
Green channel: A, = 490-520 nm (4., = 405 nm), Orange chan-
nel: Ao, = 550-590 nm (4., = 488 nm), Ratio images (Rog)- b) The
corresponding time-dependent arithmetic mean intensity changes
of the obtained images.

CONCLUSION

In conclusion, we have developed the first fluorescent probe
for Cys metabolism visualization based on the rational design
of the dual recognition sites for Cys and its metabolite SO,,
respectively. The probe featured fast and reversible fluorescent
responses towards Cys which promoted the probe to monitor
the Cys concentration alterations induced by NEM and H,0,
in vitro. Further, with high selectivity towards thiols and SO,,
the probe was successfully applied for exogenous Cys and SO,
imaging in zebrafish. Cellular experiments demonstrated that
the probe could be used for redox dynamic imaging in A549
cells. Importantly, with ratiometric fluorescent responses, the
probe could visualize the enzymatic conversion of Cys to SO,
in living A549 cells which provided a deeper insight into the
physiological processes of Cys. Supported by the present work,
fluorescent probes to image the metabolism of other important
thiols are developing in our lab, and we believe that these
probes will bring a better understanding to the pathological
roles of biothiols.
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CDO : cysteine dioxygenase
AAT : aspartate aminotransferase

Page 6 of 6

ACS Paragon Plus Environment



