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Selenenylsulfide covalent-directed chemistry for
the detection of sulfhydryl groups using
a diselenide fluorescent probefy

Chungiu Ma, Jichao Xu, Xiaolu Wang, Xuewen Wang, Lei Zhang and Su Jing@*

We report the development of a diglycosyldiselenide-based fluorescent probe for the rapid detection of
sulfhydryl-containing biomolecules. The probe facilitates a chemoselective coupling reaction with
sulfhydryl groups in aqueous buffer under ambient conditions, in the formation of
homogeneous Se-S conjugates within one hour. Using glutathione, a sulfhydryl-containing biomolecule,

resulting

as a proof of concept, the probe achieved a detection limit of 0.75 uM based on the 3¢ criterion. The
method was further extended to the fluorescent labeling of cysteine-containing peptides, proteins, and
living bacterial cells, showcasing the utility of Se—S covalent-directed chemistry as an analytical tool. This
approach underscores the considerable potential of diglycosyldiselenide-based fluorescent probes for
broader applications in biochemical research.

1. Introduction

Sulfhydryl-containing biomolecules serve as essential compo-
nents in various biological and physiological processes.”” In the
reducing intracellular environment, it is estimated that over
90% of cysteine residues are maintained in the sulfhydryl form.?
This high prevalence is due to the sulfhydryl nucleophilic
properties and their sensitivity to redox reactions.* These
properties enable sulthydryl-containing biomolecules to
participate in enzymatic catalysis, signal transduction, and
structural stabilization within cellular environments. *° Given
the importance of sulthydryl groups, their detection has become
a critical focus for understanding their functions.****

Various analytical techniques have been developed for the
detection of sulthydryl-containing biomolecules. The primary
methods include high-performance liquid chromatography,*
mass spectrometry,* electrochemical analysis," capillary elec-
trophoresis,™ and fluorescence analysis.’*™ To track the func-
tions of sulfhydryl-containing molecules in biological
processes, fluorescent probe has become a powerful tech-
nique.’®***'* These probes typically operate through mecha-
nisms such as nucleophilic substitution, Michael addition, or
cleavage reactions specific to sulfhydryl groups, which result in
the production of a measurable fluorescent signal. Despite the
development of several S-arylation-type bioconjugation chem-
istry, such as phenyloxadiazole,”*** p-chloronitrobenzene,**>”
and fluorobenzene linkages,**** most of these probes lack good
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solubility (Scheme 1, top). Consequently, the most widely-used
method for detecting of sulfhydryl-containing biomolecules still
relies heavily on maleimide-functionalized fluorophores
(Scheme 1, top). Maleimide chemistry offers high specificity and
efficiency for sulfhydryl conjugation, as well as compatibility
with a wide range of experimental conditions. **** However,
there are certain limitations and challenges associated with this
approach. One primary issue is the reversible nature of the
reaction between maleimide and sulthydryl groups,® leading to
the detachment of the fluorophore from the conjugates.®*
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Scheme 1 Comparison of typical bioconjugation strategies (top) and
the selenenylsulfide-linked (Se-S) conjugates in this work (bottom) for
the fluorescent detection of sulfhydryl groups on bimolecules.
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Additionally, the reaction process typically requires overnight
incubation for the probe conjugation with the biomolecules.**

To address these challenges, there has been a growing
interest in utilizing more robust hydrophilic conjugation
chemistry as the backbone to modify conventional fluorescent
probes.*** Galactose selenenylsulfide-linked (Se-S) chemistry,
initially introduced by the Davis group,* represents a ground-
breaking approach for the modification of sulthydryl-
containing molecules.*** Bachrach et al. conducted a compu-
tational analysis of reaction mechanisms in selenium redox-
active systems.** In an experimental study, Sarma et al
provided a detailed investigation of the kinetics and mecha-
nistic aspects of selenium-catalyzed reactions.** Mugesh and co-
authors explored the role of selenium-based compounds in
catalyzing redox reactions.”” Despite the promising nature of
this interaction, there are currently no reports detailing the
application of Se-S covalent chemistry for the fluorescent
detection of sulfhydryl-containing biomolecules.

In this study, we developed a diglycosyl diselenide fluores-
cent probe specifically tailored for Se-S directed conjugation for
sulfhydryl group detection (Scheme 1, bottom). The probe was
constructed from galactose diselenide with an anthracene flu-
orophore attached to each galactose moiety. We conducted
extensive investigations into its spectroscopic properties and
subsequently applied it to detect sulthydryl-containing small
molecules, peptides and proteins, as well as living bacterial
cells, all within a rapid timeframe of just one hour. The devel-
opment of Se-S directed glycosylation of sulfhydryl-containing
biomolecules holds significant potential as a versatile linker
in biocompatible materials.

2. Experimental section
2.1 Reagents

1,2,3,4,6-Penta-O-acetyl-o-p-galactose, selenium powder and 9-
anthraldehyde was procured from Bidepharm, Shanghai.
Bovine serum albumin was sourced from Sigma-Aldrich, Merck,
USA. The peptides CAWSNAG, GAWSANG and CSWSANG
utilized in this study were acquired from Sangon Biotech. 1,4-
Dithiothreitol (DTT), papain, thioredoxin protein (TXN),
oxidized glutathione (GSSG), glutathione (GSH), GSH inhibitor
and B-nicotinamide-adenine dinucleotide phosphate (NADPH)
were acquired from Sangon Biotech. Caspase-3 was acquired
from MedChemExpress LLC. Escherichia coli (BL21) was
employed as the bacterial strain.

2.2 Characterizations

The 'H, *C, and 7’Se NMR spectra of the products were recor-
ded using a Bruker DRX 400 MHz NMR spectrometer (Bruker,
Germany). The fluorescence properties of compound 5 were
analyzed using a fluorescence spectrometer (FS5, Edinburgh
Instruments, UK) and fluorescence microplate reader (Spec-
traMax Gemini EM, Molecular Devices). The labeling of
compounds with CAWSNAG, GAWSANG, and CSWSANG was
monitored using LC-MS (MSQ PLUS/U3000). The molecular
weight of compound 5 labeled with the peptide was detected
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using matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry on an UltrafleXtreme mass
spectrometer (Bruker). The fluorescence imaging of Escherichia
coli was characterized using a confocal fluorescence microscope
(Zeiss LSM88ONLO, Carl Zeiss, Germany).

2.3 Preparation of compound 2

Compound 2 was synthesized following a procedure similar to
those described in the literature.*®*® Briefly, 1,2,3,4,6-penta-O-
acetyl-o-p-galactose (5.0 g, 12.8 mmol) was added to anhydrous
toluene (10 mL) along with 5-bromo-1-pentanol (2.84 g, 17.0
mmol) and dried ZnCl, (2.34 g, 17.1 mmol). The suspension was
stirred at 60 °C for 8 hours. The dark brown reaction mixture
was then quenched with 40 mL of ethyl acetate (EtOAc) and
20 mL of saturated sodium bicarbonate (NaHCOj;) aqueous
solution. The organic phase was separated and dried over
anhydrous magnesium sulfate (MgSO,), followed by solvent
removal. The resulting residue was purified by silica gel column
chromatography, using a mixture of hexane and EtOAc (10: 1 to
8:1 by volume), to afford the target product, compound 2 as
a yellow sticky liquid (1.38 g, yield 21.6%).

"H NMR (CDCl3, 400 MHz): 6 5.40 (dd, J = 3.4, 1.3 Hz, 1H),
5.34-5.24 (m, 1H), 5.08-5.04 (m, 2H), 4.17 (ddd, J = 7.4, 6.1,
1.4 Hz, 1H), 4.11-3.98 (m, 2H), 3.67 (dt, ] = 9.9, 6.2 Hz, 1H),
3.45-3.32 (m, 3H), 2.10 (s, 3H), 2.03 (s, 3H), 2.00 (s, 3H), 1.94 (s,
3H), 1.87-1.83 (m, 2H), 1.64-1.54 (m, 2H), 1.48 (ddd, J = 11.5,
8.1, 5.1 Hz, 2H) ppm.

C NMR (CDCl;, 101 MHz): 6 170.49, 170.31, 170.12, 96.15,
68.27, 68.21, 68.09, 67.64, 66.20, 33.65, 31.94, 28.48, 20.86,
20.77, 20.72, 20.70 ppm.

HR-MS [M(2 + Na)]" calculated for C;qH,4BrO;oNa 519.0944
u, found 519.0936 u.

2.4 Preparation of compound 3

Compound 3 was obtained through the deacetylation of its
acetylated precursor using sodium methoxide in methanol.
Sodium methoxide (0.04 g, 0.70 mmol) was added to a methanol
solution (5.0 mL) containing 0.82 g (1.00 mmol) of the acety-
lated precursor (compound 2). The reaction mixture was stirred
at room temperature for 2 hours. The pH was then adjusted to
7.0 using 1 M aqueous hydrochloric acid. The reaction solution
was vacuum dried, yielding a colourless, transparent, sticky
liquid product (0.26 g, 80.3% yield).

'H NMR (D,0, 400 MHz): 6 4.86-4.82 (d, J = 3.6 Hz, 1H),
3.92-3.81 (d, J = 13.8 Hz, 2H), 3.77-3.68 (d, J = 12.9 Hz, 2H),
3.68-3.59 (d, ] = 6.2 Hz, 3H), 3.48-3.40 (t, ] = 6.7 Hz, 3H), 1.85-
1.76 (d,J = 14.5 Hz, 2H), 1.61-1.51 (d, J = 6.5 Hz, 2H), 1.48-1.37
(d,J = 7.6 Hz, 2H) ppm.

13C NMR (CDCl;, 101 MHz): 6 98.76, 70.36, 69.83, 69.78,
68.87, 61.52, 33.91, 32.42, 28.55, 24.68 ppm.

HR-MS [M(3 + Na)]" calculated for C;;H,;BrO¢Na 351.0522 u,
found 351.0510 u.

2.5 Preparation of compound 4

The synthesis was adapted from the reported literature.”*** A
mixture of 5-bromopentanyl-2,3,4,6-tetra-OH-o-p-galactoside
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(compound 3) (0.65 g, 2.00 mmol), anthracene dimethyl acetal
(0.748 g, 2.97 mmol), and p-toluenesulfonic acid (38 mg) was
stirred in 5 mL of acetonitrile (CH3CN) at room temperature for
16 hours. After this period, the reaction mixture was adjusted to
PH 7.0 using triethylamine. The mixture was then extracted with
20 mL of dichloromethane (DCM). The organic phase was dried
over anhydrous magnesium sulfate (MgSO,), filtered, and
evaporated under reduced pressure to obtain the crude product.
The crude product was purified by thin-layer chromatography
using a solvent system of DCM/MeOH (10: 1) to afford the title
compound as a yellow solid (compound 4, 0.57 g, 56% yield).

'H NMR (400 MHz, CDCL;): 6 8.73 (d, J = 8.5 Hz, 2H), 8.49 (s,
1H), 7.99 (d, ] = 8.4 Hz, 2H), 7.55-7.41 (m, 4H), 6.91 (s, 1H), 5.21
(d,J = 3.6 Hz, 1H), 4.50-4.27 (m, 2H), 4.21 (dd, J = 12.6, 1.7 Hz,
1H), 4.02-3.76 (m, 4H), 3.65-3.37 (m, 3H), 2.53-2.14 (m, 2H),
1.97-1.85 (m, 2H), 1.75-1.61 (m, 2H), 1.61-1.50 (m, 2H) ppm.

3C NMR (101 MHz, CDCl;): 6 131.47, 129.80, 129.74, 128.92,
127.61, 126.16, 124.96, 99.32, 99.28, 69.98, 69.87, 69.80, 68.23,
63.20, 33.84, 32.40, 28.59, 24.74 ppm.

LC-MS [M(4 + H)]" calculated for C,gH3,0¢Br 519.1205 u,
found 519.99 u.

2.6 Preparation of compound 5

Compound 5 was synthesized following a procedure analogous
to those reported in the literature.*>>* In a nitrogen environment,
selenium powder (0.21 g, 2.6 mmol) and 5.0 mL Milli-Q water
were added. Under 0 °C conditions, sodium borohydride (0.2 g,
5.2 mmol) was added and stirred for 15 minutes. Another portion
of selenium powder (0.21 g, 2.6 mmol) was then added, and the
mixture was heated to 50 °C and stirred for 40 minutes to obtain
a wine-red Na,Se, solution. Subsequently, compound 4 was
dissolved in 30 mL of anhydrous tetrahydrofuran and added to
the Na,Se, solution, followed by stirring at room temperature for
8 hours. After the reaction, the solid residue was removed by
filtration. Ethyl acetate was added to dissolve the reaction
mixture, followed by multiple washes with saturated sodium
chloride solution. The organic phase was dried over anhydrous
magnesium sulfate, filtered under reduced pressure, and the
filtrate was collected. Ethyl acetate was removed by rotary evap-
oration to yield the crude product. The crude product was puri-
fied by column chromatography using an eluent of n-hexane and
ethyl acetate in a volume ratio of 5:1 to 2:1, yielding a bright
yellow powder (compound 5, 0.94 g, 29.1% yield).

'H NMR (CDCl;, 400 MHz): 6 8.72 (d, J = 8.4 Hz, 2H), 8.50 (s,
1H), 8.00 (dd, J = 8.4, 1.5 Hz, 2H), 7.59-7.38 (m, 4H), 6.81 (s,
1H),5.17 (d,] = 3.6 Hz, 1H), 4.34 (dd, J = 12.5, 1.7 Hz, 1H), 4.14-
4.03 (m, 2H), 3.95 (dd, J = 10.0, 3.7 Hz, 1H), 3.89-3.74 (m, 2H),
3.62-3.51 (m, 2H), 2.98 (t, /] = 7.3 Hz, 2H), 2.88-2.78 (m, 2H),
1.82 (q,J = 7.2 Hz, 2H), 1.70 (p, J = 6.9 Hz, 2H), 1.59-1.48 (m,
2H) ppm.

3C NMR (CDCl;, 101 MHz): 6 131.46, 129.73, 128.87, 127.70,
126.11, 124.97, 99.26, 69.94, 69.69, 68.18, 63.17, 30.71, 29.92,
28.91, 25.95 ppm.

”7Se NMR (CDCl;, 76 MHz): 6 309.33 ppm.

MALDI-TOF-MS [M(5 + Na)]" calculated for Cs,Hs530;,S€,Na
1057.2162 u, found 1057.2151 u.
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2.7 Staining of natural proteins

Bovine serum albumin (BSA, 2.0 mg mL ') was prepared in
phosphate-buffered saline (pH 8.0). The protein was treated
with tris(2-carboxyethyl)phosphine (TCEP) at a molar ratio of
10:1 (TCEP to protein) to reduce disulfide bonds to free sulf-
hydryl groups. Following this treatment, the proteins were
filtered using Zeba™ columns (Thermo Scientific™) to remove
excess TCEP. The diluted proteins were subsequently incubated
with compound 5 (0.5 mM) at 25 °C for 1 hour. The stained
protein was further purified using Zeba™ columns and then
subjected to SDS-PAGE. Visualization was performed by fluo-
rescence using the UV channel. Caspase-3, papain, and thio-
redoxin protein were analyzed using the same protocol.

2.8 Imaging of Escherichia coli

E. coli cells were grown overnight in LB medium and subse-
quently diluted 1:1000 in fresh LB medium. The cells were
cultured until the optical density at 600 nm (ODg,) reached 0.6.
The culture was then centrifuged at 3000 rcf for 5 minutes, and
the cell pellet was resuspended in phosphate-buffered saline
(pH 8.0). Compound 5 was added to a final concentration of
1.0 mM, and the mixture was incubated at room temperature
for 1 hour, protected from light. Following incubation, the cells
were centrifuged at 2000 rcf for 10 minutes, and the cell pellet
was resuspended in PBS. A 5.0 pL aliquot of the labeled cell
suspension (ODg, = 0.6) was transferred onto a microscope
cover slide and covered with an agarose gel pad. Bright-field
images of the cells were captured using a Zeiss Axio Observer
Z1 microscope equipped with a Hamamatsu Orca R2 camera. A
Plan-Apochromat 100x/1.4 Oil Ph3 objective (Zeiss) was used,
and fluorescence was visualized with filter set 63 HE. The
micrographs were analyzed using Image] software.

2.9 Protein extraction from cell lysate

HeLa cells were cultured and harvested by removing the
medium and washing with ice-cold phosphate-buffered saline
(pH 7.4) 2-3 times to eliminate residual culture medium and
serum proteins. Cells were lysed by adding ice-cold lysis RIPA
buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% NP-40; 0.5%
sodium deoxycholate; 0.1% SDS) supplemented with a protease
inhibitor mixture. Cells were scraped gently with a cell scraper
and the resulting lysate was collected into pre-chilled centrifuge
tubes. The lysate was incubated on ice for 30 minutes, mixing
gently every 5 minutes. Subsequently, the samples were centri-
fuged at 12 000g for 15 minutes at 4 °C to remove cell debris,
and the supernatant, containing the total protein extract, was
transferred to new tubes for immediate use. Protein concen-
tration was determined using a BCA protein assay kit, ensuring
equal loading amounts across samples.

2.10 SDS-PAGE analysis

Protein samples were mixed with an equal volume of 2 x loading
buffer to denature the proteins. The samples were then centri-
fuged briefly. Gels were prepared using 4-12% acrylamide,
which were allowed to polymerize at room temperature for 30-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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60 minutes. The gel was assembled in an electrophoresis
chamber filled with running buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS, pH 8.3). Samples, along with a protein
marker, were loaded into the wells, and electrophoresis was
performed at 80 V during the stacking gel phase, then increased
to 120-150 V for the resolving gel phase until the bromophenol
blue front approached the bottom of the gel. After electropho-
resis, the gel was stained in Coomassie Blue fast staining
solution for 1 hour, followed by destaining to clearly visualize
protein bands.

3. Results
3.1 Synthesis of the probe

Initially, the economically viable commercial starting material
a-p-galactose pentaacetate (compound 1) was transformed into
5-bromopentyl-2,3,4,6-tetra-O-acetyl-a-p-galactoside ~ through
a reaction with bromoalkyl alcohol using ZnCl, as a catalyst.
Following the deprotection of the acetyl groups, a brominated
galactose derivative (compound 3) was prepared with a high
yield of 80.3% (Fig. 1). Subsequently, the fluorophore derivative
of anthracene dimethylacetal facilitated the esterification of the
hydroxy groups at the 4- and 6-positions of the glucoside in the
presence of p-toluenesulfonamide (p-TSA). The reaction was
performed in MeCN for 16 hours, resulting in the formation of
compound 4. The reaction of compound 4 with Se and NaBH,
proceeded via an Sy2 substitution mechanism, resulting in the
probe, compound 5, with a yield of 29.1%. All compounds were
extensively characterized using mass spectrometry and nuclear
magnetic resonance (NMR) spectroscopy, including 'H, °C,
and 7’Se NMR (Fig. S1-S9, ESIY).

3.2 Fluorescence properties of compound 5

The spectroscopic properties of compound 5 were extensively
investigated, as shown in Fig. 2. Under excitation at a maximum
wavelength of 365 nm, which closely matches its absorption
spectrum (Fig. 2A and B), the probe containing an anthracene
fluorophore exhibits vibrationally structured fluorescence
emission, with wavelengths in the range of 410-465 nm. These
exact wavelengths varied depending on the environment
surrounding the anthracene molecules, including solvent type
and concentration.***® We optimized both the concentration
and the detection medium. Given the property of the
diselenium-bridged anthracene to stack in higher water
percentages (Fig. 2C and D), we determined that the fluorescent

OH
a0 O HO(CH)sBr a0 O CHzONa HO
2 — > O\ 0=(CHy)s=Br ————>= Oy _O=(CH,)s=Br
AOMTT Oac  Toluene, ZnCl,, 60°C  AcO OAC CH,OH,RT  HO OH
1 2 3
POveN
An An
000 |¢Oo 1) Se, NaBH,, 50 °C kCQ
O, O_ o= -
0—(CH,)s=Bi - 0=(CH,)s=Se
ey O T s omoms
HO=""oH H oH )
4 5

Fig. 1 Synthesis route of diglycosyldiselenide fluorescent probe,
compound 5.
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Fig. 2 Fluorescence properties of compound 5. (A) UV-visible
absorption spectrum of the probe (10~> M). (B) Fluorescence excita-
tion (Ex) and emission (Em) spectrum of the probe (107> M). (C)
Fluorescence spectrum of the probe (10> M). Fluorescence spectra of
the probe in a MeOH/PBS mixture. (D) Fluorescence spectra of the
probe in a THF/H,O mixture. (E) Fluorescence spectra of the probe at
varying concentrations. (F) Fluorescence spectra of the probe under
different pH buffer conditions. (G) Fluorescence spectra of the probe
at various temperatures. (H) Fluorescent response of the probe to
oxidative H,O,. (I) Fluorescence intensity ratio (FL at 412 nm)/(FL at
464 nm) at different H,O, concentrations from triplicate experiments.
(J) Fluorescent response of the probe to common bioanalytes. (K)
Fluorescence spectral response of the probe (10> M) to different
concentrations of GSH, acquired using a fluorescence microplate
reader. (L) Linear relationship between fluorescence intensity of the
probe and GSH concentrations.

signal is optimal at a probe concentration of 107> M in
a methanol/PBS detection medium (Fig. 2E). This suggests that,
at this concentration, the molecular interactions and environ-
ment are most conducive for anthracene to exhibit strong
fluorescence, likely due to a balance between solvation and
molecular structure. At this optimal concentration and solvent
medium, we conducted studies on the effects of pH, tempera-
ture, and external stimuli on the probe. In phosphate buffer, the
probe maintained its fluorescence well at a physiological pH of
7.4 (Fig. 2F). Although lower temperatures inhibit intra-
molecular rotation, leading to the closure of non-radiative decay
pathways and thereby enhancing fluorescence,” in our case,
temperature had a minor effect on the probe, with the fluores-
cence intensity remaining within the same order of magnitude
(Fig. 2G). Consequently, all tests were conducted under room
temperature conditions. Biological substances containing sulf-
hydryl groups including GSH and DTT had a more pronounced
impact on the fluorescence of the probe compared to other
common bilogical analytes (Fig. 2]). Following incubation of the
probe with GSH solutions at varying concentrations (10> M to
10"® M), fluorescence detection was performed using

RSC Adv, 2024, 14, 36754-36762 | 36757
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a microplate reader (Fig. 2K). The experimental data revealed
a progressive increase in the fluorescence signal with increasing
GSH concentrations. Furthermore, a linear correlation between
fluorescence intensity and GSH concentration was established
(FI = 1167.39 + 132.64 x log C, Fig. 2L), from which the detec-
tion limit, based on the 3¢ criterion, was calculated to be 0.75
uM. More specifically, the diselenide bond exhibits redox-
specific cleavability in the presence of the oxidative agent
H,0, (Fig. 2H), enabling the regulation of the fluorophore
monomers and dimers. With the incremental addition of H,O,,
the monomer signal at 412 nm gradually increased, while the
aggregate signal around 464 nm progressively decreased. By
analyzing the ratio of monomer to dimer signals, a direct
proportional relationship with the concentration of the redox
agents was observed (Fig. 2I). These properties are essential for
potential applications in bioanalytical contexts, particularly
where precise control and detection of fluorescence signals are
crucial.

3.3 Labeling of peptide using compound 5

To evaluate the feasibility of Se-S labeling using our probe, we
employed short peptides containing cysteine (C) (Fig. 3). The
labeling efficiency of two heptapeptides, CAWSNAG (containing
cysteine) and GAWSNAG (lacking cysteine), was comparatively
analyzed using compound 5 in PBS buffer (0.1 M, pH 8.0) at
room temperature. Liquid chromatography-mass spectrometry
(LC-MS) analysis confirmed the successful labeling of CAWS-
NAG (m/z = 707.38) into a product identified as fluorophore-
Gal-Se-S—-CAWSNAG ([M +H]", m/z 1224.14) (Fig. 3B).The signal
intensity increased with prolonged reaction times, with optimal
labeling observed after 1 hour. Additionally, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) further confirmed the formation of a stable
conjugate, fluorophore-Gal-Se-S-CAWSNAG ([M + Na]", m/z =
1246.428), under the same conditions and within the same time

R—ca-sgy B FL—GaI—Se C Ff-— Ga\—s%gﬂ
q

60 min
n mlz1224 14 H mlz 1240.18 L

30 min
n mlz1224 14 ﬂ N mlz 1240.18 L

0 min

miz 1035.76

miz 1035.76AA' miz 1035.71 ;

7 8 9 10 " 6 7 8 9 10 1 6 7 8 9 10 1

Retention time (min) Retention time (min) Retention time (min)

Fig. 3 Liquid chromatography (LC)-MS analysis of peptides labelled
with galactose diselenide derivative, monitored by absorption at
400 nm. (A) LC curve of the incubation solution of compound 5 with
GAWSNAG at various reaction times. (B) LC curve of the incubation
solution of compound 5 with CAWSNAG at various reaction times. (C)
LC curve of the incubation solution of compound 5 with CSWSNAG at
various reaction times.
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frame (Fig. S10, ESIf). Notably, no significant labeling signal
was detected in the reaction between compound 5 and GAWS-
NAG (Fig. 3A), underscoring the essential role of the cysteine -
SH group in the labeling process. Subsequently, we employed
a different peptide chain to evaluate the universality of the
probe labeling. Incubation with compound 5 led to the
conversion of CSWSNAG (m/z = 723.749) into fluorophore-Gal-
Se-S-CSWSNAG ([M + H]", m/z 1240.18), as monitored by LC-MS
within one hour (Fig. 3C). These results underscore the Se-S
labeling strategy is independent of the specific composition of
the peptide chain, provided that a cysteine residue with a sulf-
hydryl modification is present at the terminal end.

The stability of the peptide labeled with the probe via Se-S
covalent chemistry was evaluated in the presence of additional
GSH, as analyzed by LC-MS (Fig. S11, ESIt). The probe was first
co-incubated with the target peptide (CAWSNAG), after which
GSH solutions of varying concentrations were added. Before the
addition of GSH, peaks corresponding to the anthracene-sugar
probe (g = 11.05 min) and the anthracene-peptide conjugate (tx
= 7.09 min) were observed. Upon the addition of GSH at
concentrations between 0.5 and 8.0 uM, no new derivative
signals appeared. However, when the GSH concentration was
increased to 30 uM, a new peak at tx = 7.27 min, attributed to
the conjugate of the probe with GSH, was detected. At this stage,
mass spectrometry analysis revealed a mixture of the probe-
peptide conjugate (m/z = 1223.27) and the probe-GSH reac-
tion product (m/z = 824.05). At higher GSH concentrations (120
uM), the system began transitioning toward the formation of
a probe-GSH adduct. Even after 2 hours of exposure to elevated
GSH concentrations (1.0 mM), 26% of the original probe-
peptide complex remained intact (Fig. S12, ESIt). Notably, the
addition of oxidized glutathione (GSSG, 1.0 mM) had no
discernible effect on the probe-peptide conjugate (Fig. 4).
Furthermore, in the presence of both GSH and the competitive
inhibitor N-ethylmaleimide (NEM, 1.0 mM, at a 1:1 ratio), the
probe-peptide conjugate remained unaffected (Fig. 4).
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Fig.4 LC-MS analysis of the probe-peptide conjugate in the presence
of different reaction conditions.
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Consequently, GSH concentrations below 10 uM, as well as the
presence of NEM or oxidative conditions, did not significantly
influence the stability of the Se-S-labeled peptide conjugate. In
contrast, at GSH concentrations exceeding millimolar levels,
the system favored the formation of a covalent probe-GSH
product via thiol-exchange reactions, a phenomenon consis-
tent with previous studies. ***%°%%°

3.4 Staining sulfthydryl-containing proteins using compound
5

After confirming the successful labeling of the peptide, we
further verified its potential for tracking proteins and live cells
by applying our Se-S linkage strategy (Fig. 5). Bovine serum
albumin (BSA) was chosen as the model protein due to its well-
characterized structure and the presence of a single sulfhydryl
group on the cysteine residue at position 34 in the primary
amino acid sequence,’*® making it an ideal target for demon-
strating selective sulfhydryl labeling. The modification was
performed in a pH 8.0 PBS buffer in the presence of air (Fig. 5A).
Using a mildly alkaline buffered environment helps maintain
pH stability during the reaction, which is crucial for the speci-
ficity and efficiency of sulthydryl labeling. SDS-PAGE analysis
validated the success of BSA modification using our probe
(Fig. 5C). The appearance of a distinct band corresponding to
the labeled BSA by compound 5, absent in control samples,
provided clear evidence of protein modification. An increase in
fluorescence intensity in the modified BSA sample compared to
the control further indicated successful binding of the fluo-
rescently labeled probe (Fig. 5B).

We subsequently tested the probe on a range of cysteine
proteases, including caspase-3 and papain, as well as on non-

A
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protease cysteine-containing proteins, such as thioredoxin.
SDS-PAGE and fluorescence turn-on assays were conducted
(Fig. 5D-F), similar to the experiments performed with BSA,
both in the presence and absence of reduced glutathione. The
SDS-PAGE results revealed distinct fluorescent bands corre-
sponding to proteins incubated with the diselenide fluorescent
probe (compound 5), confirming successful labeling of papain,
caspase-3, and thioredoxin—proteins containing cysteine resi-
dues (Fig. 5E). When co-treated with GSH in the papain labeling
system, fluorescently labeled protein bands were still detectable
(Fig. 5F), although with reduced fluorescence intensity (Fig. 5D).
In contrast, when compound 4, which lacks the diselenide
bond, was incubated with papain and subjected to SDS-PAGE,
no significant fluorescent bands were observed, indicating
that compound 4 does not respond to these sulfhydryl-
containing proteins.

Our investigation was further extended to mammalian cell
lysates derived from HeLa cancer cells, which contain a diverse
array of cysteine-rich proteins.®> Following cell lysis and protein
extraction, the lysates were co-incubated with our compounds.
The resulting protein-compound complexes were then purified
via ultrafiltration, quantified using the BCA assay, and analyzed
by SDS-PAGE (Fig. 6). Fluorescence imaging revealed distinct
bands corresponding to proteins labeled by compound 5, which
contains a diselenide bond. In contrast, minimal fluorescence
was detected for compound 4, which lacks the diselenide bond.
These findings reinforce our initial claims that the probe could
serve as a labelling tool for studying proteins in biological
systems.

Finally, the probe was employed for fluorescent imaging of
live Escherichia coli (E. coli) bacterial cells.®* Cells were grown
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Fig.5 Biolabeling of sulfhydryl-containing proteins with probe 5. (A) Schematic diagram of the reaction routine for labelling BSA with probe 5. (B)
Fluorescence spectral changes of the probe upon the addition of BSA, with triplicate experiments for each group. (C) SDS-PAGE analysis of BSA
labelled with probe 5. (D) Changes in the fluorescence spectra of papain labeled with the probe (compound 5) in the absence and presence of
GSH. (E) SDS-PAGE analysis of papain, caspase-3, and thioredoxin (TXN) proteins after treatment with compound 5. (F) SDS-PAGE analysis of
papain after treatment with compounds 4 and 5 in the absence and presence of GSH.
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Fig. 6 SDS-PAGE analysis of proteins extracted from cell lysate and incubated with compounds 4 and 5, before and after Coomassie blue

staining.

and incubated with compound 5 to achieve staining (Fig. S13A,
ESIT). Washed E. coli cells, after incubation with the probe,
exhibited bright blue fluorescence within 60 minutes when
observed using a confocal fluorescence microscope (Fig. S13B,
ESIT). This rapid cellular uptake of our probe is beneficial for
the subsequent labeling of sulfhydryl-containing biomolecules
within the cells. In contrast, compound 4, which features an
anthracene fluorophore lacking diselenide bridge chains, did
not exhibit fluorescence after cell incubation, thereby demon-
strating the specificity of the Se-S conjugation. After incubating
the probe with E. coli, bacterial activity was measured at 600 nm
at various time points (Fig. S14, ESIt). Compared to the control
group, which was not incubated with the probe, bacterial
growth in the presence of the probe was modestly inhibited. The
extent of this inhibition showed a positive correlation with the
concentration of the probe. The results underscore the potential
utility of the probe as both a fluorescent marker and a growth-
inhibitory agent, offering a dual-functional approach for
studying sulfhydryl biology in bacterial systems.

4. Discussion and conclusion

This study demonstrates the potential of a diselenide fluores-
cent probe for the specific detection of sulfhydryl groups of
biomolecules. However, the probe's effectiveness is limited by
the high concentrations of glutathione (GSH) typically found in
cellular environments. Nonetheless, it remains a viable tool for
applications in simpler systems where GSH levels are either low
(less than 10 uM) or manageable, such as under conditions
where GSH is oxidized to glutathione disulfide (GSSG) or in the
presence of a GSH inhibitor. Our investigation into the effects of
sulfhydryl-containing bioactive molecules on Se-S covalent
labeling revealed the following (Fig. S15, ESIT): (1) DTT at
concentrations higher than 10 mM disrupts the Se-S bond,
forming selenol, but no disruption occurs at lower concentra-
tions. (2) Reduced glutathione acts as a nucleophile, targeting
selenium after Se-S labeling. At concentrations above 10 uM,
GSH partially forms Se-SG adducts via an addition-elimination
mechanism, without breaking the Se-S bond. (3) Oxidized
glutathione does not affect Se-S conjugation at any

36760 | RSC Adv, 2024, 14, 36754-36762

concentration. We propose that in biological systems, the Se-S
bond remains stable in the absence of high DTT concentra-
tions, and the redox balance between GSH and GSSG restricts
complete product conversion.

In conclusion, this study presents the design and application
of a diglycosyldiselenide probe with an incorporated fluo-
rophore for the rapid fluorescent detection of sulthydryl-
containing biomolecules, including the low molecular weight
tripeptide glutathione, as well as cysteine-containing peptides
and proteins. The probe enables the quick formation of
homogeneous Se-S conjugates and has proven effective for
fluorescent staining of living bacterial cells. This method holds
potential applications in studying sulfhydryl-containing
biomolecules. Future investigations will be designed to opti-
mize its utility in broader contexts, potentially contributing to
advancements in specific bioanalytical chemistry.
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