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Novel dual-site fluorescent probe for monitoring
cysteine and sulfite in living cellst

Xin Guo,1? Lili Xia, ° Jinxin Huang,® Yiming Wang,? Yueging Gu*® and Peng Wang  *®

Fluorescent probes have been considered to be efficient tools for the visualization of physiological and
pathological processes. Herein, a dual-site fluorescence probe denoted as LC-1 was developed for the

detection of cysteine (Cys) and its metabolite SO32~. The probe was shown to be highly sensitive to Cys

and SOz%~ with a turn-on mode fluorescence signal through two emission channels under excitations at
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wavelengths of 320 nm and 440 nm. Notably, the LC-1 probe was also observed to be satisfactorily

sensitive to Cys and SO~ in the presence of other amino acids and reactive oxygen species (ROS).

DOI: 10.1039/c8ra01683f

rsc.li/rsc-advances metabolism of Cys in living cells.

1. Introduction

Cysteine (Cys), a small-molecule sulfhydryl-containing amino
acid, plays crucial roles in intracellular signal transduction and
maintaining redox homeostasis in the biological environ-
ment." Sulfur dioxide (SO,) can be endogenously produced by
oxidation of sulthydryl-containing amino acids like Cys by
utilizing specific enzymes. Cysteine dioxygenase has been
shown to catalyze the conversion of cysteine to cys-
teinesulfinate, which is a substrate of aspartate aminotrans-
ferase. The converted p-sulfinylpyruvate decomposes to
pyruvate and SO, in mammals. These two substances exist as
aqueous sulfites (HSO;>~ and SO;>~) when used in biological
processes.*” Cys is normally present in the human body at
concentrations between about 30 and 200 pM, and acts as an
extracellular reducing agent and substrate for protein synthesis
as well as a precursor of (glutathione) GSH. A deficiency or
excess amount of Cys is implicated in edema, liver damage, skin
lesions, Parkinson's disease, Alzheimer's disease and other
pathological conditions.*** Thus achieving the normal equi-
librium concentration of Cys is of great importance for many
physiological processes.

The use of fluorescent probes has become popular because
of their noninvasiveness, high sensitivity and real-time detec-
tion."*¢ Various fluorescent probes have been designed and
reported for the detection of Cys in vitro and in vivo, and have
been used to simultaneously distinguish cysteine/
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Meanwhile, LC-1 was shown to have low cytotoxicity and was successfully applied for imaging the

homocysteine, glutathione, and hydrogen sulfide in living
cells,”?® and ratiometric fluorescent probes have been used to
quantify cysteine.”**° Our group previously designed and
synthesized several fluorescent probes for sensitively and
selectively detecting Cys over other biothiols in living cells and
mice.'*

However, few of these reported probes could visualize the
metabolic processes involving Cys.** Based on the reports of
others and our previous work, we selected a,B-unsaturated
acetonaphthone as the fluorophore and the thiol reaction site.
And the benzaldehyde moiety was employed as the sensitive
reaction site for SO;>~ through nucleophilic addition. Finally,
a dual-site probe, denoted as LC-1, for the detection of Cys and
its metabolite SO;>~ was rationally designed and synthesized.
As expected, it exhibited high selectively and a rapid response to
thiols and sulfite through two emission channels. The probe
displayed satisfactory sensitivity towards Cys and sulfite with
limits of detection of 1.5 x 10~7 M and 4.3 x 10"’ M, respec-
tively. Moreover, cell imaging studies revealed the potential of
using LC-1 to monitor Cys and its metabolite SO;>~ in living
cells.

2. Experimental
2.1 General

All solvents and other reagents were of commercial quality and
used without further purification. Absorption spectra were
recorded using a microspectrophotometer (One drop, Nanjing,
China). A PerkinElmer LS55 apparatus was utilized for
acquiring fluorescence spectra. Laser confocal fluorescence
microscopy (Fluoview™, FV1000, Olympus, Japan) was
employed for cell imaging. "H-NMR and "*C-NMR spectra were
acquired using a Bruker Advance 300-MHz spectrometer, with
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6 values in ppm relative to TMS. Mass data (ESIT) were acquired
by performing quadrupole mass spectrometry.

2.2 Synthesis of LC-1

2-Acetyl-6-methoxynaphthalene (2 mmol, 0.4 g) and tereph-
thalaldehyde (3 mmol, 0.402 g) were dissolved in ethanol
(20 mL). Then piperidine (200 puL) was added to this solution,
and the resulting mixture was refluxed for 48 hours. The
refluxed mixture was cooled to room temperature, and then
filtrated and washed with EtOH to obtain the crude product.
The crude solid was purified by column chromatography to give
the desired yellow solid LC-1 in 65% yield. "H-NMR (300 MHz,
DMSO-d6): 6 10.12 (s, 1H), 8.95 (s, 1H), 8.32 (d, J = 15.6 Hz, 1H),
8.11-8.21 (m, 4H), 7.96-8.01 (m, 3H), 7.89 (d, J = 15.7 Hz, 1H),
7.49 (d, J = 2.5 Hz, 1H), 7.35 (dd, J = 8.9, 2.5 Hz, 1H), 3.99 (s,
3H). *C-NMR (75 MHz, DMSO-d6): 6 192.5, 188.3, 159.6, 141.7,
140.4, 137.0, 136.9, 132.5, 131.3, 130.6, 129.8, 129.5, 129.3,
127.5,127.3, 125.0, 124.7, 119.5, 106.2, 55.4. ESI-MS: 339.1 [M +
Na]".

2.3 General fluorescence spectra measurements

All of the detection experiments were conducted in PBS buffer-
DMSO (1 : 1, v/v). Analyte sample was added into a PBS buffer—
DMSO (1 : 1, v/v) solution containing 20 uM of the LC-1 probe,
and the fluorescent intensity was monitored by using a fluores-
cence spectrometer.

2.4 Cell culture and confocal fluorescence imaging

The human breast adenocarcinoma cell line MCF-7 was
purchased from American Type Culture Collection (ATCC;
Manassas, VA, USA). Cells were cultured in DMEM (Invitrogen)
supplemented with 10% fetal bovine serum (FBS, Hyclone), 100
ng mL ™" penicillin and 100 pg mL ™" streptomycin at 37 °C in
a humidified atmosphere containing 5% CO,. One day before
imaging, cells were seeded in laser scanning confocal micro-
scope (LSCM) culture dishes at a density of 5 x 10° cells per
well. The dishes were subsequently incubated at 37 °C in
a humidified atmosphere containing 5% CO,. The control
experiment involved incubating the cells with only 20 uM LC-1
for 20 min. (For this control, LC-1 was first dissolved in DMSO,
and then the DMSO solution was added it into the cell culture
medium; the concentration of DMSO was less than 0.5% in the
cell culture medium.) For imaging SO;>" in living cells, the cells
were incubated with SO;>~ (1 mM) for 20 min, and then treated
with LC-1 for 20 min. For the thiol-blocking experiment, the
cells were incubated with N-ethylmaleimide (NEM, 2 mM) for
60 min, and then co-incubated with LC-1 for 20 min. For
studying the metabolism of Cys in living cells, the cells are
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incubated with N-ethylmaleimide (NEM, 2 mM) for 60 min, then
co-incubated with Cys for 20 min, and finally incubated with LC-
1 for 180 min. The cells were washed three times with Dulbec-
co's PBS (pH 7.0) to remove free compound before analysis.
Confocal luminescence images of MCF-7 cells were acquired
using an Olympus FV1000 laser scanning confocal microscope.

2.5 Cytotoxicity assay

MCEF-7 cells were seeded in a 96-well plate (1 x 10* cells per
well). After cultivation for 24 h, LC-1 at different concentra-
tions were added to the wells (n = 6) and incubated for 24 h.
(here, DMSO was dissolved first, and then the DMSO solution
was added into the cell culture medium). Then a stock solution
of MTT (20 uL; 5 mg mL~ ") was added to each well. After 4 h
incubation at 37 °C, the MTT solution was replaced with 150
uL DMSO in each well. The absorbance in each well was
measured at a wavelength of 570 nm with a multi-well plate
reader. Cell viability was calculated using the formula cell
viability = 100% x (mean absorbance of test wells — mean
absorbance of medium control wells)/(mean absorbance of
untreated wells — mean absorbance of medium control well).

3. Results and discussion
3.1 Synthesis of the LC-1 probe

The synthetic route to the LC-1 probe is shown in Scheme 1. The
commercial compound 2-acetyl-6-methoxynaphthalene was
reacted with terephthalaldehyde under reflux in the presence of
piperidine to give the desired LC-1. The chemical structure of
LC-1 was characterized by using "H NMR, *C NMR, and mass
spectrometry.

3.2 UV-vis spectral properties of LC-1

We determined the UV-Vis spectral properties of the LC-1 probe
(20 pM) in PBS/DMSO (1/1, v/v, pH 7.4). LC-1 displayed a wide
absorption peak at about 320 nm (Fig. 1). Addition of Cys to LC-
1yielded an obviously different UV-Vis spectrum: the maximum
absorption peak decreased markedly in intensity and showed
a hypochromatic shift to 315 nm. In contrast, upon the intro-
duction of SO;*7, the maximum absorption peak of LC-1
exhibited a bathochromic shift to 325 nm.

3.3 Spectral response of LC-1 to different concentrations of
Cys

The response of the LC-1 probe to different concentrations of
Cys was investigated (Fig. 2). LC-1 displayed almost no fluo-
rescence emission under excitation at 320 nm in PBS/DMSO (1/
1, v/v, pH 7.4). As the concentration of Cys was increased from

1) (0]
OHC@CHO _—
\O OO piperidine, ethanol, reflux \O OO O CHO

Scheme 1 Synthetic route to the LC-1 probe.
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Fig.1 UV-vis absorption spectra of 20 uM LC-1, 20 uM LC-1 with 400
1M Cys, and 20 pM LC-1 with 400 pM SO32~, each in a pH 7.4 aqueous
20 mM PBS buffer solution containing 50% DMSO.

0 to 400 pM, the fluorescence intensity of LC-1 at 440 nm
increased 150-fold. Moreover, the fluorescence intensity at this
wavelength (I440nm) Showed a highly linear relationship with the
concentration of Cys for Cys concentrations between 0 and 300
UM (r = 0.9933). The limit of detection (LOD) for Cys was
calculated to be 1.5 x 10”7 M. The detection limit was calcu-
lated to be equal to 3a/k, where ¢ is the standard deviation of
a blank measurement and k is the slope of the plot of the
fluorescence intensity at 440 nm versus the concentration of
Cys. This result suggested that our probe LC-1 could be used to
conduct a rapid quantitative analysis of Cys.

3.4 Spectral response of LC-1 to different concentrations of
S0,%~

The capability of the LC-1 probe to monitor SO;*>~ was also
studied (Fig. 3). To detect sulfite, different concentrations of
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Na,SO; were added into respective samples of a solution of
LC-1 in PBS/DMSO (1/1, v/v, pH 7.4). Similar to the detection
of Cys, the addition of Na,SO; induced a distinct fluores-
cence emission at a wavelength of 530 nm under excitation at
440 nm. And a gradual increase in fluorescence intensity at
530 nm (Is30nm) Was observed as the concentration of the
sulfite was increased. Moreover, the fluorescence intensity at
this wavelength (I530nm) showed a highly linear relationship
with the concentration of SO;>~ for SO;>~ concentrations
between 0 and 200 uM, with a linear coefficient of 0.9906.
According to the previous method, the limit of detection
(LOD) of SO;*>~ was calculated to be 4.3 x 1077 M. These
results suggested that two emission channels of LC-1 could
be used to distinguish Cys from SO;>~ and to determine their
concentrations.

3.5 Response time and effect of pH

Then time-dependent changes of the fluorescence intensity of
the LC-1 probe in the presence of Cys or SO;>~ were evaluated
(Fig. S1}). The reaction between LC-1 and Cys reached equilib-
rium within 5 min, while the detection of SO;>~ by LC-1 reached
a plateau essentially instantly when monitoring the fluores-
cence at 530 nm. This difference showed that LC-1 can be used
to rapidly detect Cys and its decomposition product SO;>~ and
to identify which of these species is being detected.

To investigate the effects of pH on the fluorescence response
of LC-1 to Cys and SO;” ", the changes in the fluorescence of LC-
1 induced by Cys and SO;>~ were each measured from pH 3 to
11 (Fig. S21). The fluorescence intensity of LC-1 at a wavelength
of 440 nm was low. After the addition of Cys, the emission at
440 nm increased dramatically for the pH range 6-8. When
SO;>~ was added instead, the fluorescence intensity at 530 nm
was strong for the pH range 4-8. These results revealed LC-1 to
be generally suitable for detecting Cys and SO;>~ in physiolog-
ical conditions.
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(a) Fluorescence response of the LC-1 probe (20 pM) to various concentrations (0—-400 pM) of Cys, each in an aqueous solution (pH 7.4,

20 mM PBS buffer solution containing 50% DMSOQO). (b) Plot of /440nm Vversus the concentration of Cys. Inspection of this plot revealed a linear

relationship for Cys concentrations between 0 and 300 pM.
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(a) Fluorescence response of the LC-1 probe (20 uM) to various concentrations (0-400 puM) of Na,SOs, each in an agqueous solution (pH

7.4, 20 mM PBS buffer solution containing 50% DMSOQO). (b) Plot of /s30nm Versus the concentration of SO5%~. Inspection of this plot revealed

a linear relationship for SO+%~ concentrations between 0 and 200 pM.

3.6 Selectivity experiments

To further demonstrate the selectivity of the LC-1 probe toward
different analytes, the fluorescence spectra were recorded in the
presence of various amino acids and reactive oxygen species
(ROS) under simulated physiological conditions (Fig. 4). Only
Cys resulted in an obvious emission peak when excited at
320 nm while SO;*> induced an intense fluorescence when
a 440 nm excitation wavelength was used. These results showed
the excellent selectivity of LC-1 towards Cys and SO;*~
other species.

over

3.7 Study of reaction mechanism

Based on our previous findings and other reports,*"** a mecha-
nism for the response of the LC-1 probe to Cys and SO;>~ was
derived, and is shown in Scheme 2. The mechanism of the
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response of LC-1 to Cys was proposed to be based on the
nucleophilic addition of the thiol in Cys to the a,B-unsaturated
ketone in LC-1 to form a thioether exhibiting blue fluorescence
under excitation at 320 nm. The MS data for the Cys-LC-1
system demonstrated this sensing mechanism (Fig. S37). For
the Na,SO; detection system, the fluorescence change was
proposed to be due to the addition of SO;>" to the aldehyde
group of LC-1 leading to the turning on of green fluorescence.
This sensing mechanism of the SO;*> -LC-1 system was sup-
ported by the MS data, which showed a mass-to-charge (m/z)
peak of 397.

3.8 Toxicity of LC-1 to cells

The cytotoxicity of the LC-1 probe, specifically to MCF-7 cells,
was assessed by carrying out the standard MTT assay (Fig. S41).
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Fig. 4 Fluorescence responses of the LC-1 probe (20 uM) to various relevant species (400 uM Thr, Ser, Leu, Pro, Ala, Gln, Met, Gly, lle, Val, Glu,
Asn, H>0O,, NaS, Na,SO3, GSH, Cys and 10 uM Hcy), each in an aqueous solution (pH 7.4, 20 mM PBS buffer solution containing 50% DMSO). Aex

= 320 nm (a) and 440 nm (b).
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Scheme 2 Proposal for the mechanism used by the LC-1 probe to detect Cys and SOz°.

The cell viability was still over 85% after incubation even with
a high 50 pM concentration of LC-1, indicating the good
biocompatibility of LC-1 with cells.

3.9 Fluorescence imaging in living cells

The applicability of the LC-1 probe for cellular imaging was then
assessed by using a confocal fluorescence microscope to
simultaneously investigate whether LC-1 can selectively detect
Cys and SO;> in living cells. As shown in Fig. 5 and 6, bright-
field measurements confirmed the viability of the cells in the
experimental environment. Cells whose thiols were scavenged
by NEM (a well-known thiol-blocking reagent that was used to
decrease the concentration of Cys in the control experiments)
showed almost no fluorescence signals in both the blue and
green channels when incubated with LC-1 directly (Fig. 5b and
6b). The cells treated only with the LC-1 probe exhibited strong
fluorescence signals in the blue channel, owing to the endoge-
nous Cys in living cells (Fig. 5e). And weak green fluorescence

Bright Field

NEM-+probe|

probe

AL
SO;>+probe ’33

|
o 7

g’

#

from endogenous sulfite was also observed (Fig. 6e). When
MCEF-7 cells were incubated with the probe and SO;>~, a strong
fluorescence emission was observed in the green channel
(Fig. 6h). The present experiment provided additional evidence
for the ability to use LC-1 to selectively image Cys and SO3>~
through two emission channels.

A long-duration imaging of Cys-loaded MCF-7 cells was also
performed to monitor the metabolism of Cys in living cells
(Fig. 7). After the cells were treated with NEM (2 mM), Cys (100
uM), and LC-1 (10 pM) successively, a strong blue fluorescence
was initially observed, but its intensity gradually decreased in
the following 180 minutes, which indicated the consumption of
Cys in the living cells. Correspondingly, the fluorescence
emission in the green channel increased obviously, which re-
flected the endogenous production of sulfinate. The merged
images also exhibited the concentration changes of Cys and
sulfinate. These results indicated the ability to use LC-1 to
image the metabolism of Cys into SO;>~ in living cells.

Blue Channel Merge

Fig. 5 Bright-field and fluorescence images of MCF-7 cells stained with the LC-1 probe (A¢, = 405 nm, Aeyy = 430-470 nm). (a—c) Bright-field
and fluorescence images of the cells incubated with N-ethylmaleimide (NEM, 2 mM) for 60 min, and then co-incubated with the LC-1 probe for
20 min. (d—f) Bright-field and fluorescence images of cells incubated only with the probe for 20 min. (g—i) Bright-field and fluorescence images
of cells incubated with Na,SOs for 20 min, and then treated with the probe for 20 min.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Bright-field and fluorescence images of MCF-7 cells stained with the LC-1 probe (Ao = 488 nm, Aem = 490-560 nm). (a—c) Bright-field
and fluorescence images of the cells incubated with N-ethylmaleimide (NEM, 2 mM) for 60 min, and then co-incubated with the LC-1 probe for
20 min. (d—f) Bright-field and fluorescence images of cells incubated only with the probe for 20 min. (g—i) Bright-field and fluorescence images
of cells incubated with Na,SO3 for 20 min, and then treated with the probe for 20 min.

Merge

Fig. 7 Fluorescence images of MCF-7 cells incubated for two different durations with NEM, Cys, and probe successively. Blue channel: Ao, =
405 nm, Aem = 430-470 nm. Green channel: ey, = 488 nm, Aemy = 490-560 nm.

4. Conclusions

We have successfully designed and synthesized a dual-site
fluorescent probe, denoted as LC-1, and showed it to emit
different fluorescence signals through two emission channels
for Cys and its metabolite SO;>". The probe showed excellent

21052 | RSC Adv., 2018, 8, 21047-21053

sensitivity and selectivity for visualizing the metabolism of Cys.
Experiments using cells demonstrated the satisfactory cell
membrane permeability and low cytotoxicity of the probe, as
well as the ability to use it to image Cys and SO;>~ in living cells.
We suggest that this probe may serve as an effective tool for
investigations and diagnosis of Cys-associated diseases.
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