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Two water soluble fluorescent probes with quaternary ammonium salts as solubilization groups were
designed and synthesized to detect proteins with close mercapto groups. The unique structure of
V-shape oligo(o-phenylene-ethynylene) backbone connecting two maleimide groups as mercapto group
recognition sites enables the probes to distinguish a single mercapto group from two close mercapto
groups in proteins. The probe had no fluorescence response to proteins with only one mercapto group,
but had strong fluorescence response to proteins with mercapto group combination at the concentration
of 10~ % mol/L. The probe worked under a wide range of pH, from 4 to 8. This work also demonstrates the
concept of functional group combination detection.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Fluorescent probes have attracted great interest in recent years
due to their high sensitivity, fast response and ease of measurement
[1-3]. These fluorescent probes target different analytes, including
explosives [4-7], heavy metal ions [8-13], pollutants [14-17], bio-
molecules [18-21] and so forth. A large part of these probes are based
on a specific reaction of the target functional group, such as Michael
addition for mercaptans [18,22-24], imine formation for aldehydes
[16,25], or boronate esterification to polyols [26,27]. Certain func-
tional groups are pivotal in some life processes and their detection is
an important aspect in bioanalysis. For example, mercaptans play
important roles in metabolism, catalysis, transport, and are related to
the cell aging process [28,29]. Imbalance in mercaptans metabolism
and abnormal mercaptan levels are detected in many diseases such
as cancer and AIDS [30,31]. However, most biological processes
require several functional groups working together. For instance,
thioredoxin has two mercapto groups close to each other as the
active site for the reduction-oxidation cycle [32,33]; while papain's
peptide cleavage activity comes from a mercapto group and a nearby
imidazole ring [34]. Therefore, fluorescent probes targeting a combi-
nation of functional groups are worth investigating, but up until now,
these kinds of fluorescent probes are rarely reported and seldom
applied in bioanalysis [35-37].

Herein, we present a novel fluorescent probe targeting two
close mercapto groups in proteins. As shown in Scheme 1, we
adopt a structure we used before [38] as a molecular ruler for
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dithiols and further modify it into two water soluble molecules
Probe 1 and Probe 2. The oligo(o-phenylene-ethynylene) (OPE)
backbone is the fluorescent core which connects the two malei-
mide groups serving as the mercapto group recognition sites.
Maleimide can react with mercapto groups mildly through
Michael addition reaction and switch the fluorescence on.
Quaternary ammonium salts are introduced to provide water
solubility. The two maleimide groups quench the fluorescence of
the OPE backbone due to a low lying n,pi* transition associated
with the maleimide ring [18]. Only when both maleimide groups
react with mercaptans, the fluorescence will fully recover. The
fluorescence will remain quenched if only one maleimide group is
reacted. The rigid backbone fixes the two maleimide groups at the
distance of about 1 nm, which defines the distance of the two
targeting functional groups. And the backbone's V-shape also
limits the possibility of one probe molecule reacting with two
mercapto groups from two different analyte molecules, if the steric
hindrance of the analyte molecules, for example a protein, is large
enough. Therefore, the probe only responds to proteins with two
close mercapto groups. Proteins with a single mercapto group will
not be responded (Fig. 1). With this method, we would like to
introduce the concept of functional group combination detection.

2. Experimental
2.1. Materials and equipments
Tetrahydrofuran (THF) and triethylamine (EtsN) that were used

in Sonogashira coupling reactions were distilled under N, protec-
tion over Na and CaH,, respectively. All other reagents and solvents
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Scheme 1. Chemical structures of water soluble fluorescent probes, Probe 1 and Probe 2.

Fig. 1. A schematic illustration of how Probe 2 responds to analyte molecules with
a single (right) or two close (left) mercapto groups.

used in the syntheses were purchased from commercial suppliers
and used without further purification. DMSO used in UV spectro-
scopy was purchased from commercial suppliers and used without
further purification. Water was purified with a Milli-Q pure water
system. Peptides P1 and P2 were synthesized by Shanghai Science
Peptide Biological Technology Co., Ltd., with the purity above 75%.
Bovine serum albumin (98%, pH: 6.5-7.2) was purchased from J&K
Scientific Ltd. Metallothionein-1 (99%) was purchased from Dalian
Free Trade Zone United Botai Bio-tech Co., Ltd. And it was stored as
aqueous solution (2 x 10~%mol/L) with the addition of tris(2-
carboxyethyl)phosphine (2 mg/mL) to prevent oxidation.

'H and ®C NMR spectra were recorded on a Varian Mercury 300
(300 MHz) spectrometer or a Bruker Avance 400 (400 MHz) spectro-
meter. Elemental analysis was performed using an Elementar VARIO
EL elemental analyzer. ESI MS was performed with a Bruker Apex IV
FTMS. Absorption spectra were recorded on a Perkin-Elmer Lambda
35 UV-vis spectrometer. Photoluminescence spectra were recorded
on a Perkin-Elmer LS55 luminescence spectrometer.

2.2. Syntheses of fluorescent probes: Probe 1, Probe 2 and Probe 3

4,5-Diiodo-2-methoxyphenol (Compound 4) [39], 1,2-bis-(2-p-
tolylsulphonylethoxy)benzene (Compound 8) [40]| and 4-ethyny-
laniline [41] were synthesized according to literature.

1-(4-Bromobutoxy)-4,5-diiodo-2-methoxybenzene (Com-
pound 5): Compound 4 (0.52 g, 1.4 mmol), 1,4-dibromobutane
(1.0 mL, 8.3 mmol) and K,CO5 (0.40 g, 2.9 mmol) were dissolved in
5 mL of DMF and heated at 80 °C for 8 h. After the reaction mixture
was cooled to room temperature, it was diluted with water and
extracted with DCM. The organic phase was washed with water and
dried over Na,SO,. After the solvent was removed, the residue was
purified by flash column chromatography to obtain Compound 5 as
a white solid (0.62 g, 85%). 'H NMR (400 MHz, CDCls): 5 7.24 (2H, s),
3.98 (2H, t, J=6.0 Hz), 3.81 (3H, s), 3.98 (2H, t, J=6.4 Hz), 2.10-1.92
(4H, m); 3C NMR (100 MHz, CDCls): 5 150.0, 148.9, 123.3, 1221,
96.4, 96.0, 68.3, 56.2, 33.2, 29.3, 27.6; anal. calcd for C;;H3Brl,0;:
C, 25.86; H, 2.56; found: C, 25.92; H, 2.60. EI-MS: calcd for
C11H13Brl;0,: 509.8, 511.8; found: 510, 512.

Compound 6: Under N, protection, Compound 5 (0.30¢g,
0.59 mmol), 4-ethynylaniline (0.15g, 128 mmol), Pd(PPhs),Cl,
(17 mg, 0.024 mmol) and Cul (7 mg, 0.037 mmol) were dissolved in
10 mL of THF and 3 mL of triethylamine and heated at 40 °C for 5 h.
After the reaction mixture was cooled to room temperature, it was
diluted with ethyl acetate and filtered. The solvent was removed
from the filtrate and the residue was purified by flash column chro-
matography to obtain Compound 6 as a brown solid (0.14 g, 48%).
TH NMR (300 MHz, CDCl3): 5 7.36 (4H, d, J=8.4 Hz), 6.98 (1H, s), 6.97
(1H, s), 6.62 (4H, d, J=8.4 Hz), 4.07 (2H, t, J=5.7 Hz), 3.88 (3H, s), 3.51
(2H, t, J=6.3 Hz), 2.10-1.92 (4H, m); >C NMR (100 MHz, CDCl5): &
149.0, 1479, 146.5, 132.9, 119.3, 119.0, 115.3, 114.8, 114.1, 113.0, 92.9,
92.8, 86.6, 68.0, 56.0, 334, 294, 27.8; ESI-MS: [M+H"] calcd for
Cy7H,6BrN,05: 489.1172; found: 489.1173.

Compound 7: Compound 6 (72 mg, 0.15 mmol), dimethylamine
(5mL, 30% aq.), acetone (5 mL) and ethanol (5 mL) were heated at
40 °C for 8 h. After cooled to room temperature, 100 mL of water was
added to precipitate the crude product which was purified by re-
crystallization with DCM and PE to obtain Compound 7 as a brown
solid (53 mg 74%). 'H NMR (300 MHz, CDCl;): § 735 (4H, d,
J=81Hz), 698 (1H, s), 6.97 (1H, s), 6.60 (4H, d, J=7.8 Hz), 4.05
(2H, t, J=6.6 Hz), 3.86 (3H, s), 3.83 (4H, br), 2.33 (2H, t, J=7.2 Hz),
223 (6H, s), 1.87 (2H, m), 1.64 (2H, m); 'H NMR (400 MHz, acetone-
dg): 8 727 (4H, d, J=8.0 Hz), 702 (1H, s), 701 (1H, s), 6.67 (4H, d,
J=7.8 Hz), 5.03 (4H, br), 4.07 (2H, t, J=6.0 Hz), 3.87 (3H, s), 2.30 (2H,
t, J=64Hz), 216 (6H, s), 1.84 (2H, m), 1.64 (2H, m); ®C NMR
(100 MHz, acetone-dg): 6 149.9, 149.5, 1334, 116.1, 115.1, 114.9, 111.7,
94.0, 87.0, 69.5, 59.9, 56.3, 45.7, 27.7, 24.8; ESI-MS: [M+H"] calcd for
Co9H3,N30,: 454.2489; found: 454.2491.

Probe 1. A solution of Compound 7 (53 mg, 0.12 mmol) and maleic
anhydride (29 mg, 0.30 mmol) in 5 mL THF was stirred for 12 h.
Afterwards acetic anhydride (5 mL) and sodium acetate (21 mg,
0.25 mmol) were added and the solution was heated at 80 °C for
0.5 h. After cooled to room temperature, the mixture directly went
through a short column with ethyl acetate to remove acetic anhy-
dride and the acetone to wash out the intermediate product.

After the solvent was removed, the intermediate product and
bromoethane (3 mL) were dissolved in 10 mL of acetone and
heated at 75 °C in a sealed tube for 8 h. The system was cooled
to room temperature and 20 mL of PE was added to precipitate
Probe 1 as a yellow solid (55 mg, 65%). "H NMR (400 MHz, DMSO-
de): § 7.66 (4H, d, J=8.0 Hz), 7.44 (4H, d, J=8.4 Hz), 7.25 (2H, s),
7.21 (4H, s), 414 (2H, t, J=5.6 Hz), 3.88 (3H, s), 3.37 (4H, m), 3.01
(6H, s), 1.83 (4H, m), 1.25 (3H, t, J=6.8 Hz,); ">C NMR (100 MHz,
DMSO-dg): § 169.6, 149.5, 148.4, 134.8, 131.7, 131.5, 126.7, 1214,
117.7, 117.4, 115.4, 114.5, 91.4, 91.3, 89.0, 67.8, 61.9, 58.6, 55.9, 49.4,
25.4, 18.8, 7.7; ESI-MS: [M™*] calcd for C3gH3¢N306: 642.2599;
found: 642.2583.

Compound 9: A mixture of Compound 8 (1.48 g, 2.9 mmol), I,
(0.74 g, 2.9 mmol), KIO3 (0.31 g, 1.45 mmol), acetic acid (50 mL),



510

chloroform (20 mL), water (10 mL) and concentrated H,SO4 (5 mL)
was stirred at 40 °C for 48 h. After being diluted with DCM
(100 mL) and water (100 mL), the organic layer was washed with
water, NaHSO4 (aq.) and NaHCO; (aq.) sequentially. After being
dried over MgSQO,, the solvent was removed and the crude product
was purified by recrystallization from methanol to obtain Com-
pound 9 as a white solid (1.4 g, 64%). "H NMR (400 MHz, CDCl3): 6
7.79 (4H, d, J=8.4 Hz), 7.34 (4H, d, J=8.4 Hz), 7.17 (2H, s), 4.32 (4H,
t, J=4.8Hz), 412 (4H, t, J=4.8Hz), 245 (6H, s); *C NMR
(100 MHz, CDCl3): 5 148.8, 145.1, 132.7, 130.0, 127.9, 125.9, 97.9,
67.9, 67.5 21.7; anal. calcd for C,4H41,08S,: C, 38.01; H, 3.19;
found: C, 38.11; H, 3.27. EI-MS calcd for Cy4H»41,08S,: 757.9;
found: 758.

Compound 10: Under N, protection, Compound 9 (0.34 g,
0.45 mmol), 4-ethynylaniline (0.115 g, 0.98 mmol), Pd(PPhs),Cl,
(13 mg, 0.019 mmol) and Cul (5 mg, 0.026 mmol) were dissolved
in 10 mL of THF and 3 mL of triethylamine and heated at 40 °C for
8 h. After the reaction mixture was cooled to room temperature, it
was diluted with ethyl acetate and filtered. The solvent was
removed from the filtrate and the residue was purified by flash
column chromatography to obtain Compound 10 as a brown solid
(0.28 g, 85%). 'H NMR (300 MHz, CDCl3): 5 7.80 (4H, d, J=8.4 Hz),
7.37-7.31 (8H, m), 6.85 (2H, s), 6.63 (4H, d, J=8.4 Hz), 435 (4H, t,
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J=4.8 Hz), 417 (4H, t, ]=4.8 Hz), 3.83 (4H, s), 2.43 (6H, s); >*C NMR
(100 MHz, CDCl5): 5 147.6, 146.8, 145.1, 132.9, 132.8, 130.0, 127.9,
120.5,117.8,114.8, 112.7, 93.5, 86.0, 67.9, 67.1, 21.7; ESI-MS: [M+H"]
calcd for C4oH37N505S5: 737.1986; found: 737.1987.

Compound 11: Compound 10 (185 mg, 0.25 mmol), K,CO3
(50 mg.36 mmol), dimethylamine (5 mL, 30% aq.), acetone (5 mL)
and ethanol (5 mL) were heated at 50 °C for 8 h. After cooled to
room temperature, 100 mL of water was added to precipitate the
crude product which was purified by re-crystallization with DCM
and PE to obtain Compound 11 as a brown solid (100 mg, 83%). 'H
NMR (400 MHz, CDCls): 6 7.35 (4H, d, J=7.6 Hz), 6.98 (2 H, s), 6.62
(4H, d, J=7.6 Hz), 4.10 (4H, t, J=4.4 Hz), 3.81 (4H, br), 2.78 (4H, t,
J=4.4Hz), 2.34 (12H, s); 'H NMR (400 MHz, acetone-dg): § 7.27
(4H, d, J=7.6 Hz), 7.04 (2H, s), 6.67 (4H, d, J=7.6 Hz), 5.03 (4H, br),
414 (4H, t,J=5.2 Hz), 2.70 (4H, t, J=5.2 Hz), 2.29 (12H, s); >*C NMR
(100 MHz, acetone-dg): § 149.8, 149.6, 1334, 120.1, 116.7, 114.9,
111.7, 94.0, 87.0, 68.6, 58.9, 46.3; ESI-MS: [M+H*] calcd for
C30H35N405: 483.2754; found: 483.2749.

Probe 2. A solution of Compound 11 (56 mg, 0.12 mmol) and
maleic anhydride (29 mg, 0.30 mmol) in 5 mL THF was stirred for
12 h. Afterwards acetic anhydride (5 mL) and sodium acetate
(21 mg, 0.25 mmol) were added and the solution was heated at
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Scheme 2. Syntheses of Probe 1 and Probe 2.
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80 °C for 0.5 h. After cooled to room temperature, the mixture
directly went through a short column with ethyl acetate to remove
acetic anhydride and the acetone to wash out the intermediate
product.

After the solvent was removed, the intermediate product and
bromoethane (3 mL) were dissolved in 10 mL of acetone and
heated at 75 °C in a sealed tube for 8 h. The system was cooled
to room temperature and 20 mL of PE was added to precipitate
Probe 2 as a yellow solid (60 mg, 60%). "H NMR (400 MHz, DMSO-
dg): 5 7.66 (4H, d, J=8.4 Hz), 7.46 (4H, d, J=8.8 Hz), 7.41 (2H, s),
7.23 (4H, s), 4.58 (4H, t, J=4.4 Hz), 3.78 (4H, t, J=4.0 Hz), 3.50 (4H,
q, J=72Hz), 314 (12H, s), 131 (6H, t, J=7.2Hz); *C NMR
(100 MHz, DMSO-dg): 6 169.6, 147.4, 134.8, 131.9, 131.6, 126.8,
121.2, 118.2, 116.3, 91.8, 88.7, 62.4, 61.2, 59.7, 50.3, 8.0; ESI-MS:
[M?*] caled for C4pHauN4Og/2: 350.1625; found: 350.1619.

Probe 3. N-(1-pyrenyl)maleimide (Probe 3) was synthesized accord-
ing to literature [42]. 'TH NMR (400 MHz, CDCl): 5 8.30-8.00 (7H, m),
7.84 (1H, d, J=8.0 Hz), 7.75 (1H, d, J=9.6 Hz), 7.04 (2H, s); °C NMR
(100 MHz, CDCl3): § 170.2, 134.6, 132.1, 131.0, 130.7, 129.0, 128.6, 128 4,
1271, 1264, 126.3, 126.1, 125.9, 125.4, 125.1, 124.4, 121.4; ESI-MS: [M™]
calcd for CoH2NO,: 298.0863; found: 298.0858.

2.3. Fluorescence spectroscopy

The excitation wavelength is 340 nm and the spectra were
recorded over 350-600 nm. Probes, peptides and proteins were
prepared as aqueous solutions with the concentration of 2 x
10~* mol/L before fluorescence tests.

3. Results and discussion
3.1. Syntheses and structure characterization

The synthetic routes of Probe 1 and Probe 2 are shown in
Scheme 2. Maleimide is prone to hydrolysis under alkaline condi-
tion so quaternary ammonium salts cannot be introduced by
reacting with trimethylamine after the maleimides are formed.
On the other hand, the existence of quaternary ammonium salts
complicates the purification process due to solubility in water and
large polarity. It is not ideal to introduce the quaternary ammo-
nium salts in the early stage. Therefore, an unconventional route is
designed for the syntheses of these two molecules. We introduce a
tertiary amine first, then the maleimides, and then transfer the
tertiary amine to quaternary ammonium salts by reacting with
bromoethane. The structures of both compounds were confirmed
by 'H NMR, ®C NMR and high resolution ESI-MS.

Fig. 2 shows the 'H NMR of Probe 1 and Probe 2 in D,0. Even
though Probe 1 is soluble in water with the solubility of about
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Fig. 2. (a) The 'H NMR of Probe 2 in D,0. (b) The 'H NMR of Probe 1 in D,0.
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Fig. 3. UV spectra of Probe 1 and Probe 2 in DMSO and water at the concentration
of 1 x 107> mol/L.

0.5 mg/mL, because of its large aromatic core, it aggregates
strongly in aqueous solution indicated by the broadening of the
NMR signals. By introducing one more ammonium ion, Probe 2
has a better solubility of about 5 mg/mL and the aggregation is
weaker as the NMR signals are much sharper than Probe 1's. UV
spectra (Fig. 3) also suggest that at the concentration of
1 x 107> mol/L, both Probe 1 and Probe 2 aggregate and Probe
1 has a stronger tendency of aggregation than Probe 2.

3.2. Peptide sensing

Probe 1 and Probe 2 are first tested in peptide sensing. Two
peptides, P1 and P2, with the sequences of LNSSPGCSME and
LNCSPGCSME, respectively are designed and synthesized. The
fluorescence of Probe 1 and Probe 2 are quenched by the two
terminal maleimide groups. The fluorescence recovers only when
each maleimide group has reacted with a mercapto group. It is
expected that P1 with only one mercapto group will not respond
to the probes while P2 with two close mercapto groups will.
Aqueous solutions of P1 (2 x 10~ mol/L) and P2 (1 x 10~ mol/L),
with the same mercapto group concentration (2 x 10~° mol/L), are
prepared as the tested samples. A solution of Poly-1-Lysine
(1x10-%mol/L) serves as a blank control. Upon addition of
Probe 1 (1x10~%mol/L), we observe significant fluorescence
growing in both P1 and P2 solutions but no fluorescence in the
blank control (Fig. 4a). Fluorescence in P2 grows faster than P1 at
first. After 5 min, P1 has a 2.7 times fluorescence growth and P2
has an 8.5 times growth, 3.1 times stronger than P1. However, as
fluorescence continues to grow in both samples, P2's fluorescence
reaches a plateau at 10-20 min and P1's fluorescence eventually is
as strong as P2's (see Figure S1 in SI). The unexpected fluorescence
recovery of sample P1 can be explained by reaction of two peptide
molecules to one probe molecule's two maleimide groups because
a peptide is not bulky enough to prevent the reaction of the second
peptide. Furthermore, reacting with a peptide alleviates the aggrega-
tion and promotes the reaction with the second peptide. Probe 2 has
better solubility. As a result, it not only has a stronger fluorescence
response, but also has a better discrimination between P1 and P2
(Fig. 4b). After 5 min, the fluorescence grows 4.6 times and 31 times
for P1 and P2, respectively. The fluorescence intensity difference
between P2 and P1 is 6.7 times for Probe 2. After the fluorescence
test, we use ESI-MS to confirm the existence of the reaction products
and find the corresponding molecular ion peaks ((Probe 1+2P1)*,
(Probe 1+P2)**, (Probe 2+2P1)**, (Probe 2+P2)**) (see Figures S2
and S3 in SI).
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3.3. Protein detection

Since Probe 2 has better sensing results than Probe 1 due to its
better solubility, we used Probe 2 for the protein detection. We also
used a reported mercapto probe, N-(1-pyrenyl)maleimide (Probe 3)
as a Ref. [42]. Probe 3 displayed intense fluorescence response
toward mercaptan containing proteins like BSA, myosin, aldolase
and thiolated galatin with the protein concentration of 2 mg/mL (ca.
10> mol/L). Bovine serum albumin (BSA) is a protein with one free
mercapto group and 17 disulfide bonds. By mixing BSA with Probe 3
we observed a strong fluorescence within 5 min indicating the
existence of the free mercapto group (Fig. 5b). However, when
mixing BSA with Probe 2, only a very slight fluorescence enhance-
ment was observed, which is different from the result of peptide
sensing (Fig. 5a). Because BSA has only one free mercapto group, only
one maleimide of Probe 2 reacts with the mercapto group, while the
other one was not, due to the steric hindrance of the large protein,
which still quenches the fluorescence. Therefore, one equivalent of
tris(2-carboxyethyl)phosphine (TCEP) is added into the BSA solution
to quantitatively break the disulfide bonds [22] and generate some
free mercapto groups close to each other on one BSA molecules. Then
Probe 2 is added, within 5 min, a strong fluorescence emerged, due
to both maleimide group are reacted (Fig. 5a). Figure S4 shows the
fluorescence response to proteins solutions with different concentra-
tions and significant fluorescence enhancement was observed at the
concentration as low as 1 x 10~ mol/L. These experiments proved
that Probe 2 can distinguish proteins with two close mercapto
groups from those with a single mercapto group. Metallothioneins
(MT) are a family of low molecular weight, cysteine-rich proteins
with metal-binding and redox capabilities. They consist of about 60
amino acids including approximately 20 cysteine residues [43-45], so

we consider Probe 2 to be a suitable probe for MT. As shown in
Fig. 5a, upon mixing with Probe 2, within 10 min, a strong
fluorescence emerged, indicating the existence of MT. Figure S5
shows that Probe 2 works under a wide range of pH, from 4 to 8.

4. Conclusion

In conclusion, we synthesize two water soluble probes, Probe
1 and Probe 2, with quaternary ammonium salts as solubilization
groups. The fluorescent V-shape oligo(o-phenylene-ethynylene) back-
bone connects two maleimide groups as mercapto group recognition
sites and fluorescence switches. The unique structure enables the
probes to respond only to proteins with two close mercapto groups,
but not to those with a single mercapto group. This work also
introduces the concept of functional group combination detection.
Optimization of emission wavelength and fluorescence quantum yield
will further facilitate the application of these probes.
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