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Cysteine (Cys), homocysteine (Hey), and glutathione (GSH) are
structurally similar biothiols, but their biological functions are
quite different from one another.’®* Among these biothiols, Cys
functions as one of the twenty-one amino acids for peptide and
protein synthesis, and Cys deficiency is also associated with
certain disease symptoms.”*® Methods for the selective detec-
tion and differentiation of Cys among different biothiols,
including high performance liquid chromatography (HPLC),"
capillary electrophoresis,”” electrochemical assay,”® UV-vis
spectroscopy,™ and fluorescence-based methods,"*™” are
important for its biological studies. Recently, fluorescent
probes have attracted much attention as vital chemical biology
tools due to their high sensitivity, convenient operation, and
real-time imaging capabilities.”®*?* A number of Cys-selective
fluorescent probes have been reported,” which utilize Cys-
selective recognition groups such as aldehydes,'*** acrylates,*
thioesters,?* and electron-deficient aromatic halides**” in their
structures. However, many of them have relatively long
response times and low sensitivity due to a slow cyclization
process. In addition, fluorescent probes with high selectivity for
Cys over Hcy are difficult to achieve because they differ by only
one methylene group.* Recently, we reported that N-(N'-butyl-
1,8-naphthalimide-4-yl)-maleimide, containing a single mal-
eimide group as the recognition group, is a fast, sensitive, and
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(Cys) over other biothiols. The probe was applied in the two-photon imaging of Cys in cultured Hela cells,
excited by a near-infrared laser at 690 nm.

selective fluorescent probe for Cys based on a dual photo-
induced electron transfer (PeT) and photo-induced intra-
molecular charge transfer (ICT) quenching mechanism.?®
Different from many other maleimide-based fluorescent probes
that only undergo a PeT mechanism,"” the additional ICT
quenching mechanism keeps the 1,8-naphthalimide (NAP) flu-
orophore in the thiol-Michael adduct in a low fluorescence
emission state due to the strong electron-withdrawing effects of
the succinimide group at its 4-position. Then, a subsequent
transcyclization step, involving the formation of a six-
membered thiomorpholinone ring and cleavage of a five-
membered succinimide ring, converts the non-fluorescent
thiol-Michael adduct into the major fluorescent product, in
which the ICT quenching is removed, resulting in a drastic
fluorescence turn-on response.”®* A similar transcyclization
process and the simultaneous removal of ICT quenching
allowed us to design a NAP-based turn-on fluorescent probe for
v-glutamyltranspeptidase*® and a coumarin-based turn-on
fluorescent probe with dual recognition groups and dual cycli-
zation for the selective detection of Cys.*® In addition, another
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Fig. 1 Design rationale of the fluorescent probe 1 for the selective
turn-on detection of Cys over Hcy and GSH.
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Fig.2 (a) Time-dependent UV-vis spectra of probe 1 (10 uM) upon the addition of 1 equiv. of Cys (a spectrum was recorded every 2 minutes); (b)

time-dependent fluorescence emission spectra of probe 1 (2 pM) upon the addition of 1 equiv. of Cys (a spectrum was recorded every 3 minutes);
(c) time-dependent fluorescence emission intensity at 446 nm of probe 1 (2 uM) upon addition of Cys (0 to 4 equiv.); (d) a linear relationship of the
fluorescence intensity at 446 nm versus the Cys concentration (0.2-2.0 uM); (e) fluorescence response of probe 1 (2 uM) at 446 nm toward
various species in PBS buffer (10 mM, pH 7.4): (1) blank; (2) Cys; (3) Hcy; (4) GSH; (5) NAC; (6) valine; (7) glycine; (8) isoleucine; (9) lysine; (10)
leucine; (11) histidine; (12) asparagine; (13) methionine; (14) proline; (15) serine; (16) alanine; (17) threonine; (18) arginine; (19) glutamine; (20)
aspartic acid; (21) glutamic acid; (22) tyrosine; (23) tryptophan; (24) phenylalanine; (25) glucose; (26) H,O,; (27) Na™; (28) K*; (29) Ca®*; (30) Mg?*;

(31) Fe3*; (32) Fe?™; (33); Cu®™; (34) Zn?* (All measurements were made in 10 mM PBS buffer, pH 7.4, 25 °C, and ey = 314 nm).

NAP-based dual PeT/ICT probe was recently reported by Meka
and Heagy for the detection of hydrogen sulfide, although two
recognition groups instead of one were adopted in their probe
to achieve the dual quenching mechanism.**

Our previous work and that of other groups has demon-
strated that the combination of PeT and ICT mechanisms is
particularly suitable for the design of fluorescent probes with

This journal is © The Royal Society of Chemistry 2018

a significant fluorescence turn-on response.**** However, many
of these probes have a short excitation wavelength in the UV or
visible range, which is not optimal for biological applications
due to enhanced phototoxicity and/or autofluorescence.’***
Considering that two-photon fluorescence imaging has advan-
tages such as the excitation process being carried out by a near-
infrared (NIR) laser that has a reduced cell toxicity and low
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fluorescence background,®® in this work, we aimed to introduce
a similar dual PeT/ICT quenching mechanism to the known
two-photon fluorophore 6-acyl-2-naphthylamine®~*° in order to
design a simple maleimide-based two-photon fluorescent
probe, 1, for the selective detection of Cys over Hey and GSH. It
was also tested to determine whether it is a turn-on fluorescent
probe with high sensitivity and selectivity, which reacts with Cys
via a fast two-step thiol-Michael addition and transcyclization
cascade reaction.”® The structure of probe 1 is shown in Fig. 1. It
has a maleimide group at its 2-position, which promotes the
PeT quenching effect. It also has an additional electron-
withdrawing methylcarbonyl group at its 6-position to ensure
a pull-pull ICT quenching effect.

Probe 1 was conveniently synthesized from 6-acyl-2-
naphthylamine (3)* in a two-step process with a total yield of
38% (see Scheme S1 in the ESIY). First, the amine 3 was reacted
with maleic anhydride to form the maleic amide acid 4. Then,
the amide acid 4 was cyclized to afford the maleimide 1 in the
presence of acetic anhydride (see the ESIt for more details).

We then investigated the absorption and fluorescence
emission response of the probe towards just 1 equiv. of Cys. The
time-dependent absorption spectra upon the addition of 1
equiv. of Cys are shown in Fig. 2a. Probe 1 has a maximum
absorption peak at 292 nm. Upon addition of Cys, the
maximum absorption peak shifts to 314 nm, a red-shift of
22 nm. Notably, an isosbestic point can be seen at 295 nm after
2 min, indicating the formation of an intermediate within
2 min, which is then converted into the final product. The UV
spectral changes supported the presence of a proposed cascade
reaction sequence for the fast formation of a thiol-Michael
adduct intermediate, which then underwent a relatively slow
intramolecular transcyclization process to give the final
product. From time-dependent fluorescence emission studies
(Fig. 2b), probe 1 was found to have almost no fluorescence
emission due to dual PeT and ICT quenching effects. Upon the
addition of 1 equiv. of Cys, a drastic turn-on fluorescence
response (a >3000 fold increase) was observed at 446 nm (see
Fig. S1b in the ESIf). The fluorescence intensity at 446 nm
reached its maximum value after around 30 min indicating that
the cascade reaction finished in about 30 min (Fig. 2b, and S2a
in the ESIt). The pseudo-first-order reaction kinetic constant
based on the fluorescence enhancement was calculated as
0.123 min~" (half-time = 5.64 min, Fig. $2b in the ESI}), indi-
cating an overall fast cascade reaction. Fluorescence titration
experiments using an increasing amount of Cys from 0 to 4.0
equiv. over 30 min showed a steady increase in the fluorescence
intensity and the maximum intensity was reached at exactly 1.0
equiv. of Cys. Further Cys addition did not increase the fluo-
rescence intensity, indicating that probe 1 reacts with Cys in
a 1:1 molar ratio (Fig. 2c and S3 in the ESIf), which was also
supported by the Job plot (see Fig. S4 in the ESI}). From the
linear relationship of the fluorescence intensity at 446 nm
versus the Cys concentrations, the detection limit of probe 1 (2
uM) for Cys was calculated as 1.4 nM (S/N = 3, Fig. 3d), indi-
cating that 1 is a highly sensitive probe for Cys. Moreover, the
probe showed excellent selectivity for the detection of Cys over
many other species (Fig. 2e, and S5 in the ESIt), including the
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Fig. 3 Two-photon fluorescence images (b, e, h, k) of HelLa cells
collected at 410-510 nm (blue to cyan-blue, Aex = 690 nm), the
corresponding bright field view (a, d, g, j), and overlap of the fluores-
cence channel and the bright field view (c, f, i, |) after different treat-
ments: (a—-c) the cells were pretreated with 0.5 mM of N-
ethylmaleimide (NEM) for 30 min and then incubated with 10 uM of
probe 1 for 30 min; (d—f) cells were first pretreated with 0.5 mM of
NEM for 30 min, then after addition of 1 mM of Cys were incubated for
30 min, and finally, incubated with 10 uM of probe 1 for 30 min (scale
bar = 10 um); the conditions for (g—i) and (j—l) were similar to those of
(d—f), except that 10 uM of Hcy and 10 uM of GSH were used instead of
10 uM of Cys.

structurally similar thiols Hey, GSH, and N-acetylcysteine (NAC).
The fluorescence intensity at 446 nm for 1 equiv. of Cys was
significantly higher (12.2-fold, 9.1-fold, and 17.7-fold, respec-
tively) than that of 10 equiv. of Hecy, GSH, or NAC. To further
confirm the reaction mechanism, the reaction product, 2, from
the reaction of probe 1 with Cys, was isolated and its structure
was confirmed using 'H nuclear magnetic resonance (NMR)
spectroscopy, 3CNMR spectroscopy, 2D-rotating-frame nuclear
Overhauser effect spectroscopy (ROESY), and high-resolution
mass spectrometry (HRMS) (see the ESI for more detailst).
The fluorescence quantum yields of probe 1 and product 2 were
measured as 0.002 and 0.782, respectively (see the ESI for more
detailst). Therefore, the formation of the transcyclization
product 2 was determined to be responsible for the observed
fluorescence turn-on response. For the other thiols, the trans-
cyclization steps of the thiol-Michael adducts were much
slower, resulting in the observed high selectivity. Overall, we
have shown here that probe 1 is a highly sensitive and selective
turn-on fluorescent probe for Cys.

Encouraged by the fast, selective, and sensitive in vitro
fluorescence response of probe 1 for the detection of Cys, we
further evaluated its potential use as a two-photon imaging

This journal is © The Royal Society of Chemistry 2018
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agent for Cys in biological systems, such as in living cells. The
fluorescence response of probe 1 towards Cys at different pH
values was evaluated and a suitable pH range for Cys detection
was determined to be 7.0 to 10.0, which is a good range for cell
imaging applications because physiological conditions have
a pH of around 7.4 (see Fig. S7 in the ESI}). HeLa cells were then
pretreated with N-ethylmaleimide (NEM, 0.5 mM) for 30 min to
remove the endogenous cellular thiols, and incubated with Cys
(1 mM), Hey (1 mM), or GSH (1 mM), respectively for 30 min to
increase the specific thiol levels. The samples were then further
incubated with probe 1 (10 uM) for 30 min and were then
washed with PBS buffer before two-photon fluorescence cell
images and the corresponding bright-field view images were
taken (Fig. 3(d-1)). Control images were also taken for samples
pretreated with NEM (0.5 mM) and then incubated with probe 1
(10 uM) (Fig. 3a-c). Only cells pretreated with NEM and then Cys
showed a distinctive blue fluorescence (Fig. 3e). The above cell
imaging studies clearly demonstrated that probe 1 is capable of
the selective detection and imaging of intracellular Cys over Hcy
and GSH in living cells by two-photon fluorescence imaging
with low background fluorescence interference.

Conclusions

We have demonstrated that N-(6-acyl-2-naphthayl)-maleimide
(1) is a highly sensitive and selective simple fluorescent
probe for the turn-on detection of Cys over other biothiols,
including Hey and GSH, with a detection limit of as low as
1.4 nM. The probe has very low fluorescence background due
to a dual quenching mechanism of PeT and ICT. Upon reac-
tion with Cys via a thiol-Michael addition and intramolecular
transcyclization cascade reaction, the maleimide group at the
2-position was replaced by a better electron-donating succi-
namide group, resulting in more than a 3000-fold fluorescence
enhancement due to the removal of dual quenching effects.
The probe provided additional evidence of the rational design
of a Cys-selective fluorescent probe by tuning the fluorescence
turn-on response only at the Cys-selective transcyclization step
in a two-step thiol-Michael-addition-transcyclization cascade
reaction via a dual PeT/ICT mechanism, suggesting that the
design of a N-fluorophore-substituted maleimide with dual
PeT/ICT quenching, initially demonstrated on the 1,8-naph-
thalimide fluorophore platform,*® is a rather general approach
for obtaining a Cys-selective turn-on fluorescent probe with
high selectivity and sensitivity. Moreover, the probe was
successfully applied in the two-photon imaging of intracellular
Cys in cultured HeLa cells excited by a near-infrared 690 nm
laser.
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