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We kinetically studied the reaction between endogenous thiols such as -y-glutamylcysteine (y-Glu-Cys),
cysteine (Cys), glutathione (GSH), homocysteine (Hcy), cysteinylglycine (Cys-Gly), and dihydrolipoic acid
(DHLA)- with (E)-2-(benzo[d]thiazol-2-yl)-3-(4-morpholinophenyl)acrylonitrile (JGB). Studies conducted
by NMR and ESI-MS/MS have demonstrated that this reaction occurs via thiol-addition toward the double

bond present in JGB. Considering the product analysis and the pH-dependence of the second order rate
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constant (ky), we proposed a mechanism that involves the rapid protonation of JGB giving place to an
intermediate following by the thiolate attack yielding a final product. Moreover, this probe could success-
fully sense thiols in the human neuroblastoma SH-SY5Y cells.

© 2015 Elsevier Ltd. All rights reserved.

Introduction

Endogenous thiols (RSH) are a set of small organic molecules
(see Scheme S1; Supplementary material), featuring a -SH group,
that plays a particularly crucial role in important biological func-
tions.! Among these, the tripeptide glutathione (GSH), is the most
abundant non-protein thiol compound.? Other thiols which con-
tribute to the intracellular thiol pool are the precursors for the syn-
thesis of GSH, the aminoacids homocysteine (Hcy) and cysteine
(Cys), and the dipeptide y-glutamylcysteine (y-Glu-Cys), and as
first product of GSH degradation, the dipeptide cysteinylglycine
(Cys-Gly).” The lipoic acid is another biologically relevant com-
pound with an eight-carbon centered disulfur, which is rapidly
reduced in cells to dihydrolipoic acid (DHLA).? It is known that
an increase or decrease of the levels of these molecules in the cell
can generate a series of abnormality in the human, such as edema,
cardiovascular, liver damage, and neurodegenerative diseases.'*“*
Considering the biological relevance of the endogenous thiols,
currently, there are a variety of methods for their quantitative
measurement, such as electrochemical methods, capillary
electrophoresis, mass spectrometry, and high performance liquid
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chromatography (HPLC).” However, due to the high sensitivity
and easy operation of colorimetric and fluorescent methods, the
development of novel chemical sensors for detecting biothiols
has become very important.® Among the chemical strategies
involved organic reactions include cyclization reaction with an
aldehyde,” cleavage of sulfonamide, sulfonate esters® disulfide
bonds,>® and Michael addition by thiols.*'°

In connection with our interest, whether it be in the develop-
ment of chemosensors for thiols, via Michael addition,”'*''? or in
establishing the mechanism of different reactions,''® in this work
we focus on the study of a thiol-Michael addition reaction of a
benzothiazole derivative. The choice of the benzothiazole-based
fluorophore is based on its excellent photophysical properties;
this fluorophore can also minimize cell damage and is more
suitable for bioimaging studies.'?

In addition, considering that detailed experimental studies for
the sensing mechanism of Michael acceptors sensors are insuffi-
cient we will shed some light on these mechanisms. Finally, we
will assess the applicability of our probe in living SH-SY5Y cells.

Firstly, the synthesis of compound (JGB) was realized in one
step using commercial precursors according to the literature'®
(see Scheme S2; Supplementary material). A mixture of
2-(benzo[d]thiazol-2-yl) acetonitrile (1) and 4-morpholinoben-
zaldehyde, was stirred for 40 min at room temperature using
ethanol as solvent and a catalytic amount of triethylamine. The
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Figure 1. Fluorescence turn-ON response of probe JGB (10 uM) to different relevant
analytes (200 uM), in buffer HEPES (pH 7.4).

compound was characterized using 'H NMR and '>C NMR
spectroscopy (Figs. S1A and B; Supplementary material) and
high-resolution mass spectrometry (Fig. S2; Supplementary
material). "TH NMR analysis of the benzothiazole derivative (JGB)
revealed a single olefinic proton associated with the formation of
a single isomer, which was assigned to have the thermodynami-
cally more stable E configuration.

The absorption spectrum of JGB in DMSO-HEPES (50 mM
pH=7.4, 1/9 v/v) exhibited a band with a maximum at 484 nm
(Fig. S3). In the fluorescence spectrum, compound JGB exhibited a
weak fluorescence emission at 590 nm (Fig. S4; Supplementary
material). However, upon addition of RSH, the fluorescence
increased considerably, the increase depending on the tested
thiol. This behavior is in line with another study on the fluores-
cent response toward biothiols of compounds containing a ben-
zothiazole scaffold.'’?

In particular, in the case of the glutathione (GSH) the fluores-
cence titration spectra of JGB with increasing concentrations of
GSH (0-500 uM) is presented in Figure S5. When 200 uM of GSH
was added to the solution of JGB a 10-fold enhancement in fluores-
cence was observed at 30 °C in DMSO-HEPES (50 mM, 1/9 v/v), as
shown in Figure 1.

On the other hand, when the thiol alkylation reagent N-ethyl-
maleimide (NEM) was co-incubated with GSH and immediately
added to the solution containing JGB, the level of fluorescent
response obtained was similar to that observed for the probe in
the absence of GSH. The latter effect suggests the participation of
the sulfhydryl group in the interaction between RSH and JGB.

With the aim to explore the mechanism involved in the reaction
between the series of endogenous thiols and JGB, experiments
using ESI-MS/MS were carried out. As shown in Figure 2, the
ESI-MS spectrum of a solution containing the probe in the presence
of Cys, other relevant endogenous thiol, depicted a peak at m/z
468.0, which was associated with the adduct [JGB-Cys]".

The formation of the addition product was also confirmed using
'H NMR spectroscopy. Figure 3 shows the NMR spectra for the
probe JGB in the absence or presence of 2-mercaptoethanol
(2-ME), a model compound for thiols.

As shown in the same figure, upon addition of 2-ME, the vinyl
proton H, (6 8.16 ppm) of JGB disappeared and concurrently two
new signals assigned to the thioether methylene protons Hy, and
H, emerged at § 5.57 and 4.71 ppm, respectively. This result is
consistent with the formation of the JGB-ME adduct and support
the thio-Michael addition of RSH on the electrophilic site present
in JGB.

Once the nature of the product of the studied reaction was
established, we proceeded to determine the pseudo-first-order rate

o |//:§ S\ ,CN
o ! o W
" ~F TN )~ N O
55 4 s
ot )

P 4

g e HoN-—<

g S—on

g orem

et

0 1 HJIIHI}XLII |1 Ll | |

Figure 2. ESI-MS spectrum of a solution containing the probe JGB (20 uM) co-
incubated with Cys (40 uM; buffer HEPES, pH 7.4) during 20 min.
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Figure 3. Partial '"H NMR spectral changes (400 MHz, DMSO-dg) of JGB (20 mM)
upon addition of 2-ME (1.8 equiv) in DMSO-dg at 25 °C. (A) JGB only; (B) JGB + 2-ME
(30 min).

Table 1
Values of pK, for the sulfhydryl group of endogenous thiols (RSH; see structures
Scheme S1) and ky values for the reactions of them with JGB

Biothiol (RSH) pK, kn (sTTMT
Cys-Gly 7.00 0.50 £ 0.04 (pH = 6.8)
0.39+0.02 (pH=7.1)
0.310.01 (pH=74)
Cys 8.10 4.21+0.60 (pH = 6.8)
1.43 £0.14 (pH=7.4)
Hcy 8.25 5.01+0.38 (pH=6.8)
2.91+022 (pH=7.1)
2.50+0.05 (pH =7.4)
GSH 8.72 14.46 £0.79 (pH = 6.8)
4194042 (pH=7.4)
y-Glu-Cys 9.98 110.35.9 (pH=6.8)
422+3.2 (pH=74)
DHLA 10.7 331.2+33.3 (pH=7.1)

183.0 +23.8 (pH =7.4)

The pK, values were taken from Refs. 10,14 and the ky value for DHLA was corrected
statistically considering equivalent both nucleophilic sites.'*

constants (kopsq) for each reaction. All these constants were
obtained under thiol excess, at constant pH, and the reactions obey
Eq. 1. Here ko and ky are the rate coefficients for solvolysis and
thiolysis of the probe, respectively and [RS™] represents the con-
centration of thiolate.

kops = ko + kn [RS™] (1)

The values of ky obtained for the reaction of endogenous thiols
with the benzothiazole derivative (JGB) and the pK, values for the
sulfhydryl group of RSH are summarized in Table 1.
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Scheme 1. Proposed mechanism for the thiol-addition reaction to JGB. The letters a, b and c represent the probable sites of protonation of the intermediate (JGBH*) in our

experimental conditions.
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Figure 4. Bronsted-type plot (statistically corrected, see text) for the thiol-addition
reaction to benzothiazole derivative (JGB), in aqueous solution, at 30.0 °C and ionic
strength 0.2 M (KCI).

The following reactivity order for the series of the tested thiols
toward JGB was obtained: Cys-Gly<Cys<Hcy<GSH<y-Glu-
Cys<DHLA. This order is in according to previous Letter conducted
by us,”'° on the reactivity increases with the basicity of the sulfhy-
dryl group of the corresponding thiol.

Interestingly, the studied reaction showed a dependence of
their second rate constants (ky) on the solution pH as shown in

Table 1. Scheme 1 describes a reaction model consistent with the
above mentioned pH effect and with the analysis of the reaction
product where JGB and RS~ referring to the Michael acceptor,
and thiolate, respectively. This mechanism would involve the rapid
protonation of JGB giving place to an intermediate following by the
thiolate attack yields the final product. As a consequence, the
following expression (Eq. 2) can be obtained for the observed rate
constant:

kK[H'][RS ]
1+K[H]

The linear pH-dependence observed in data from Table 1 is in
according with in a situation where the equilibrium (K described
in Scheme 1) will be shifted toward JGB (i.e., K[H"] << 1).

For the studied reactions the ky values, as well as those of the
pK; of the conjugate acids of the thiols were statistically corrected
with g = 2 and p = 2 only for DHLA. The parameter q is the number
of equivalent basic sites in the thiolate and p is the number of
equivalent dissociable protons of the thiol. Figure 4 shows the sta-
tistically corrected Brgnsted type plots for the biothiolysis studied,
at pH=7.4. The B value (0.7) obtained is in accordance with a
charge development at the nucleophilic reaction center (S atom)
in the transition state for a concerted mechanism. Nevertheless,
it is not possible to accept this mechanism of simultaneous addi-
tion of the thiolate and proton toward the reaction site present
in JGB because this is a less likely situation that would involve a
trimolecular step. Thus, this g value could be related with the
transition state of the addition of RS~ to JGBH" in Scheme 1.

Finally, the application of JGB was implemented with the aim to
visualize endogenous thiols directly in living cells using changes in
fluorescence intensity.

@)
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Figure 5. (A) SH-SY5Y cells were incubated for 20 min with JGB at a concentration of 5 M. (B) The cells were treated for 12 h with NAC (1.5 mM), washed and then incubated
for 20 min with JGB (5 uM) and then the fluorescence was measured using a microplate fluorescence reader and epifluorescence microscopy. Epifluorescence microscope,

63x objective.
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As shown in Figure 5, the fluorescence due to JGB was concen-
trated in the cytoplasm and cytoplasmic structures. It is important
to note that we discarded the presence of JGB in mitochondria
through colocalization using the mitochondria-specific fluorescent
probe Mito-Tracker (Supplementary material; Figs. S6A-C).
Considering the latter and the fluorescence level induced only by
JGB (Fig. 5A), we suggested that JGB could detect endogenous
thiols (in cytoplasm) in living SH-SY5Y cells.

Moreover, other experiments were conducted in the presence of
N-acetylcysteine (NAC), with the aim to provide an experimental
condition where the cells stimulate of di novo GSH synthesis.'®
Results presented in Figure 5B confirm that the emission from
the cells is caused by the reaction of the probe with intracellular
thiols whose concentrations, mainly GSH, were incremented after
the addition of NAC.

In summary, a benzothiazole-based fluorophore has been suc-
cessfully synthetized to detect endogenous thiols. The probe can
easily penetrate cell membranes and be utilized for fluorescence
imaging in living cells. By comparing the reactions under investiga-
tion between each other, we propose a stepwise mechanism that
involves the rapid protonation of JGB giving place to an inter-
mediate following by the thiolate attack yields the final product.
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