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ABSTRACT: A focused fluorescent probe library for metal cations was developed by combining metal chelators and
picolinium/quinolinium moieties as combinatorial blocks connected through a styryl group. Furthermore, metal complexes
derived from metal chelators having high binding affinities for metal cations were used to construct a focused probe library for
phosphorylated biomolecules. More than 250 fluorescent probes were screened for identifying an ultraselective probe for dTTP.
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luorescent probes have been widely used for molecular
cellular biology research, disease diagnosis, and environ-
mental pollution detection.' The selectivity of a probe is the
most important factor in the detection of a specific target
among a myriad of analytes. In particular, the detection of a
specific phosphorylated biomolecule is challenging because
there are a large number of important phosphorylated
biomolecules in cells.” It is a formidable task to design
ultraselective probes that show distinct fluorescent signals for
specific analytes because current molecular modeling technol-
ogy cannot predict both the structure of a probe—analyte
complex and the fluorescence signal change upon binding.
Recently reported ultraselective probes were developed
serendipitously in the course of screening various analytes.’
The bis(Zn>*-2,2’-dipicolylamine) complex has been widely
used for the detection of phosphorylated biomolecules among
various anions.*® However, because of its strong binding
affinity for oligophosphate groups, probes using the bis(Zn*'-
2,2'-dipicolylamine) complex as a binding agent cannot
perfectly distinguish (deoxyribo)nucleotide triphosphates
(ANTPs and NTPs) from pyrophosphate (PPi) or other
phosphate-containing biomolecules.”® Therefore, a new mo-
lecular receptor or probe is required for the selective detection
of ANTP or NTP from among other phosphorylated
biomolecules.
Recently, the diversity-oriented fluorescence library approach
has shown promise for the detection of various biomolecu-
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les.'® Because it is rather laborious to develop ultraselective
probes by synthesizing and screening thousands of fluorescent
molecules, we thought that a supramolecular approach to a
focused library would minimize the size of the library and
increasing the chance of success. Our approach involves the use
of molecular receptors as synthetic blocks in the combinatorial
synthesis of fluorescent probes for a target molecule.

Herein, we demonstrate the effectiveness of a focused library
comprising metal chelators and styryl-based fluorescent dyes in
providing ultraselective probes for the detection of metal ions
and 2’-deoxythymidine triphosphate (dTTP). We chose styryl-
based fluorescent dyes as signaling units because of the
following advantages. First, their synthesis is simple; a single
condensation reaction between picolinium/quinolinium blocks
and benzaldehyde receptor blocks yields the desired dyes
(Figure 1). Second, all styryl-based dyes are supposed to have a
fully conjugated fluorophore structure with a metal ion
receptor. Thus, their fluorescence is sensitive to proper binding
with a specific metal cation through the intramolecular charge
transfer (ICT) mechanism.*®” Third, the styryl dye has an
intrinsic large Stokes shift (>100 nm) and a positive net charge,
which enhances its solubility in water.
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Figure 1. (A) Schematic strategy of combinatorial synthesis for fluorescent probes. Styryl-based ligands were used for metal cation sensing and metal

chelated styryl-based ligands for biological anion sensing. (B) Building blocks for synthesis of styryl-based ligands and structures of synthesized 3$

styryl-based ligands.
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Figure 2. Primary screening of metal cations (from left column to right: no metal cation, Na*, Mg**, K*, Ca**; each 100 mM. Cr**, Mn**, Fe**, Fe**,

2+ 2+ 2+ + 2+ +
Co™, Ni", Cu™’, Cu", Zn™, Ag’,

Cd*, Hg*, Pb**; each 50 uM.) against metal ion probes (each 5 uM). (A) Metal cation-induced excitation

spectrum changes of 35 fluorescent probes: 300—550 nm. 4., = 580 nm. (B) Metal cation-induced emission spectrum changes of 35 fluorescent
probes = 500—750 nm. 1., = 400 nm. The intensities of fluorescence spectra are converted to the false-color intensities; green color intensity was
used for the excitation spectrum and red color intensity was used for the emission spectrum. (C) Detailed view of the excitation fluorescence
spectrum changes of probe 7A upon addition of various metal cations (left) and its false-color intensity image (right) for a simple view. The highest
and lowest values of the fluorescence intensity were determined from the total titration values for each probe. Metal cation screening experiments
were performed in HEPES buffer solution (10 mM, pH 7.4, 25 °C). See SI for the expanded version.

Each of the S picolinium/quinolinium blocks (A—E) and 7
receptor blocks (1—7) was prepared in a few steps (see the
Supporting Information (SI) for detailed experimental
procedures). Receptor block groups have a 2,2'-dipicolylamine
moiety (1, 2, 3, 4)1233%58 61 an azathia crown ether unit (5, 6,
7).” Using these building blocks, 35 metal ion probes were
efficiently synthesized through the Knoevenagel condensation
reaction (Figure 1).The products were purified by silica gel
column chromatography and prep-HPLC, and they were
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characterized by 'H and *C NMR and high-resolution mass
data (see SI). The probes showed varied fluorescence emission
wavelengths, ranging from 540 to 675 nm (4, = 400 nm), with
the more conjugated and para-N-methyl-substituted products at
the longer wavelengths (see SI).

We initially screened each probe (S yM) against 17 metal
cations, including the four most abundant in human body (Na*,
K', Mg®', and Ca’*) and 13 others (Zn*, Cd**, Hg**, Ag’,
Cu*, Cu', Fe*', Fe**, Cr**, Mn>*, Co*", Pb**, and Ni**) known

dx.doi.org/10.1021/c0400034x | ACS Comb. Sci. 2013, 15, 483—490
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Figure 3. Fluorescence titration spectra of the selected probes (each S M) for metal cations: excitation spectra (ex. spec.) changes (A, B, and C, x-
axis = wavelength, y-axis = emission intensity) and emission spectra (em. spec.) changes (D, E, and F, x-axis = wavelength, y-axis = emission
intensity) for each probe. Spectra changes of the probe upon addition of metal ions were represented with different colors (Zn** (green), Hg**
(pink), Ag* (deep purple), Cd** (sky blue), Pb** (yellow), and without metal cation (black)). (A) 4B, Zn** (1, 2, S, 10, 20 uM), Hg**, Cd**, Pb*,
and Ag" (each 50 M), other metal cations (each S0 uM); (B) SA, Hg”* or Ag” (each 1, 2, 5, 7, and 10 uM), other metal cations (each 50 uM); (C)
6A, Hg*" or Ag" (each §, 7, 10, 20, and 50 uM), other metal cations (each 50 uM); (D) 5D, Hg** or Ag" (each 2, S, 10, and 20 M), other metal
cations (each 50 uM); (E) 6D, Hg** or Ag* (each 5, 10, 20, and 50 #M), other metal cations (each 50 uM); and (F) 7A, Hg** or Ag* (each 5, 7, 10,
and 20 uM), other metal cations (each 50 #M). Other metal cations (Mn**, Cr**, Fe**, Fe**, Cu**, Co**, Ni*", and Cu") that did not show significant
changes were depicted with various colors. These spectra were recorded in HEPES buffer solution (10 mM, pH 7.4, 25 °C). Emission and excitation
spectra were collected at fixed excitation and emission wavelengths, 400 and 580 nm, respectively. See SI for details.

to play essential roles or exhibit toxicity."> We collected both
the fluorescence excitation and emission spectra at fixed
emission (580 nm) or excitation wavelengths (400 nm) for
easy comparison of data. As expected, all the probes showed
fluorescent responses (turn-on, turn-off, or fluorescence shift)
when the metal cations were added (Figure 2).

Primary screening led to the identification of several probes
that are specific to certain metal cations. The selectivity of the
probes for the metal cations was confirmed by performing
titration experiments with metal ions of various concentrations
(0,2, 5, 10, 20, SO uM). As shown in Figure 3, the fluorescence
spectral changes of the selected probes for specific metal
cations (Zn*, Ag', Hg") were classified into two types:
fluorescence excitation titration spectra (Figures 3A, B, and C)
and fluorescence emission titration spectra (Figures 3D, E, and
F). For example, in Figure 3A, the wavelength of maximum
emission of excitation spectra of 4B was gradually shifted with
an increase in the concentration of Zn** ions. Similarly, in the
case of SA and 6A, blue-shifted excitation spectra with an
increase in the emission intensity were obtained upon the
increasing addition of Ag" or Hg*" ions (Figures 3B and C).
Interestingly, SD and 6D displayed a gradual increase in the
emission intensity with the concentration of Hg*" ions (Figures
3D and E). However, 7A revealed a selective response to Ag"
ions with an increase in the emission intensity (Figure 3F).
These probes (4B, 5A, 6A, 5D, 6D, and 7A) were identified as
ultraselective probes for specific metal cations (Zn**, Ag* and
Hg”"). In some cases, the binding affinities (SI Table S1) of
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probes to specific metal cations are very strong (K; values in
nanomolar to picomolar ranges). It is noteworthy that despite
having the same receptor unit, probes (e.g, SA vs SD, see SI
Figure S8) show different degrees of fluorescence enhance-
ment. These metal ion probes did not show significant
fluorescence response to pH changes (pH 6—8) in a
physiological condition due to low pK, values of amine of the
aniline-based receptors (see SI Figure S9). 6A was successfully
utilized for selective cellular imaging of Hg** (SI Figure S10).

These results indicated that metal ion probes from the 2 to 7
series can bind to specific metal cations (Zn*', Ag*, Cd**, Hg™,
and Pb**) with binding affinities in the range 10°—10"' M~ (K,
values, see SI Table S1). Therefore, a majority of the mixtures
of these metal cations (10 uM) with each of these metal ion
probes (10 uM) resulted in a large degree of binding. Such
interactions can in turn be used as probes for biological anions
because anion—metal binding affects metal—receptor coordina-
tion, resulting in a observable fluorescence changes (shift, turn-
on/turn-off). >

Over 250 anion probes were prepared by the addition of 1
equiv of each of 11 metal cations (Zn**, Ag*, Cd*', Hg*, Pb*",
Mn?*, Ee**, Fe?*, Cu*", Co?*, and Ni**) to each of the 24 metal
cation probes (10 uM, pH 7.4, 10 mM HEPES solution)
(Figure 4). Series 1 compounds were excluded because of low
metal binding affinity and series E probes were excluded
because of low fluorescence quantum yield. Seven phosphory-
lated nucleotides (dATP, dCTP, dGTP, dTTP, ATP, ADP, and
AMP), and PPi were screened against this probe library.

dx.doi.org/10.1021/c0400034x | ACS Comb. Sci. 2013, 15, 483—490
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Figure 4. Primary screening heat map for biological anions (dATP, dCTP, dGTP, dTTP, PPi, ATP, ADP, and AMP; each 100 xM, 10 mM HEPES
buffer, pH 7.4, 25 °C) against 264 anion probes, which consist of 24 metal ion probes (each 10 zM) and 1 eq of 11 metal cations (Mn**, Fe**, Fe*”,
Co?™, Ni**, Cu®, Zn**, Ag*, Cd*, Hg*, and Pb**; each 10 uM). Values reflect the change in the log-scaled fluorescence emission intensity at
different emission wavelengths between 560 and 630 nm (1, = 450 nm).

The primary screening heat map, as shown in Figure 4,
showed that 6A-Hg*" is an ultraselective probe for dTTP,
showing a unique S-fold increase in fluorescence upon addition
of dTTP (1 equiv). Excess amounts of other nucleotides and
PPi did not have the same turn-on fluorescence effect with 6A-
Hg*" (Figure SA and SB). Surprisingly, 6A-Hg*" was also found
to bind to thymidine and uridine with affinities (K3 = 1.7 and
2.6 uM, respectively)'” similar to that for dTTP and UTP
(Figure SD). The sequential addition of excess thiols, which are
known as mercury chelators, efficiently quenched the enhanced
fluorescence arising from the 6A-Hg?*:dTTP complex. All these
data support the hypothesis that the Hg>" ions of 6A-Hg"" are
directly coordinated to the thymine unit, but not to the
triphosphate group of dTTP. Additionally, the binding between
6A-Hg** and thymidine was evident from the NMR and
absorption spectra (see SI Figures S12 and S13).

Interestingly, the same ultraselectivity toward dTTP was not
observed in other probes having the same metal ion receptor
(6) and a mercury ion (6B-Hg**, 6C-Hg*", and 6D-Hg*"). This
indicates that the selectivity is not controlled by the metal ion
binding unit alone, but by the whole molecular structure of 6A.
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Although Hg?* ion'? or Zn**-cyclen'® are known to interact
with thymine-rich DNA helices'* or thymidine triphosphate,"®
to the best of our knowledge, 6A-Hg?" is the first ultraselective
probe for thymidine with a strong binding affinity in neutral
aqueous buffer solutions (pH 7.4, 10 mM HEPES).

We expected that 6A-Hg”* would show a selective
fluorescent response to thymine-rich DNAs."> Styryl-based
dyes are usually known as double-stranded DNA (dsDNA),"*
but 6A-Hg*" showed a selective increase in the fluorescence
intensity upon the addition of thymine-rich single-stranded
DNA (ssDNA) compared to other ssDNAs and dsDNAs
(Figure SE, SI Figure S13 and Figure S14). This enhancement
was accompanied by more than 10 nm blue shift in the
maximum emission wavelength. A Job plot (SI Figure S11)
indicated that the binding stoichiometry between 6A-Hg*" and
dTTP is approximately 2:1, in contrast to the known 1:2
stoichiometry of Hg** binding with thymine.'> These results
imply that 6A-Hg** binds to ssDNA through thymine
recognition, which is different from its binding with dsDNA
in the minor groove. These results suggest that 6A-Hg*" may be
useful in the detection of DNA lesions.

dx.doi.org/10.1021/co400034x | ACS Comb. Sci. 2013, 15, 483—490
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Figure 5. Fluorescence emission change of 6A-Hg** upon addition of
dTTP and various biological anions. (A) Fluorescence emission
spectra of 6A-Hg?* (10 uM) upon addition of dTTP, UTP, dATP,
dGTP, dCTP, PPi, cysteine (Cys), homocysteine (Hcy), and
glutathione (GSH). (B) Sequential fluorescence change of 6A-Hg™*
upon addition of various anions (10 equiv) and dTTP (1 equiv).
Orange bar represents the first addition of 10 equiv of nucleotides and
blue bar represents the sequential addition of 1 equiv of dTTP to 6A-
Hg*" solution in the presence of excess other nucleotide. Violet bar
represents the first addition of 1 equiv of dTTP and green bar
represents the sequential addition of 10 equiv of each thiol into 6A-
Hg”* solution, which contains 1 equiv of dTTP. (C) Fluorescence
emission titration spectra of 6A-Hg** (10 #uM) upon addition of dTTP
(0,1,2,3,4,5, 10, and 100 uM). (D) titration curves of 6A-Hg>" (10
uM) with dTTP, UTP, thymidine, and uridine. All these data were
acquired in 10 mM HEPES buffer (pH 7.4) with excitation at 425 nm.
(E) Fluorescence spectra of 6A-Hg** in the presence of 30 uM of
ssDNA (ssDNA-1: 5'-(AG)s-3/, ssDNA-2: §'-(TC);-3’, and ssDNA-3:
5-(GC)s-3". (F) Relative fluorescence change of 6A-Hg* in the
presence of ssDNA.

In contrast, 7A-Zn*" and 7A-Pb** exhibited sensitivity for
AMP (Figure 4), but with a decrease in fluorescence intensity.
Several other metal chelated probes (4A-Ni*', 4A-Co*', and
4A-Cu*") showed enhanced fluorescence intensity toward
biological phosphates, presumably due to the removal of
metal ions by phosphorylated molecules (Figures 2 and 4).
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In summary, we developed a focused fluorescent probe
library for metal cations by combining metal ion chelators and
picolinium/quinolinium moieties as combinatorial blocks which
are connected through a styryl group. Selective probes for Hg*,
Ag*, and Zn*" were found in this library. Furthermore, we
successfully constructed a focused probe library for nucleotides
and PPi by using metal complexes obtained from metal
chelators having a high binding affinity for metal cations. More
than 250 fluorescent probes were screened for identifying an
ultraselective probe for dTTP.

B EXPERIMENTAL PROCEDURES

Materials and Methods. Materials and solvents were
obtained from commercial suppliers (Sigma-Aldrich, TCI,
Acros, Samchun Chemical, and Alfa Aesar) and were used
without further purification. For the titration experiments with
metal cations, we used metal cation salts with nitrate anion
(counteranion). Single-stranded DNAs and double-stranded
DNAs were purchased from IDT Co. The plate reader was
Biotek SYNERGY Microplate Reader. Synthesized compounds
were characterized by "H NMR, *C NMR (Bruker 300 MHz,
500 MHz NMR spectroscopy), and high-resolution mass
spectrometry (gas chromatography—mass spectrometer, mass
system: JEOL, JMS-600W-GC System Agilent, 6890 Series).

General Procedure for Synthesis of the Library.
Building blocks I and II were dissolved separately in absolute
ethanol to make stock solutions (40 mM). In a 20 mL glass vial,
80 umol of each reactant (each 2.0 mL) and 10 uL of
pyrrolidine were slowly added at room temperature and stirred
at 65 °C for 1 h overnight. Quinolinium blocks (3, 4, and 5)
reacted faster with blocks II compared to picolinium blocks (1
and 2). Blocks 3 and 4 needed to take more time (overnight
incubation) to complete the condensation reaction with blocks
I than other blocks (1, 2, 5, 6, and 7). Each reaction was
monitored by TLC and LC-MS. LC-MS characterization was
performed on a LC-MS-IT-TOF Prominence Shimadzu
Technology, using a DAD (SPD-M20A) detector, and a C18
column (20 mm X4.0 mm, 100 A, Phenomenex Inc.), with 7
min elution using a gradient solution of CH;CN-H,O
(containing 0.1% TFA) and an electrospray ionization source.
When the reaction was completed, the organic solvent was
evaporated under low pressured rotary evaporator, and the
resulting mixture was completely dried in vacuo. Then, the
reaction mixture was purified by flash column chromatography
(Merck Silica Gel 60, particle size = 0.040—0.063 mm, 230—
400 mesh ASTM) and was further purified by reverse phase
semiprep HPLC (Gilson RP-HPLC with a C18 column, 100
mm X21.2 mm, Axia column from Phenomenex, Inc.) using
water and acetonitrile as eluents. NMR spectra ("H NMR and
BC NMR) of the products were recorded on a Bruker 300
MHz, 500 MHz NMR spectroscopy. High-resolution mass
spectra were recorded by gas chromatography—mass spec-
trometer (Mass System JEOL, JMS-600W, GC System Agilent,
6890 Series).

B ASSOCIATED CONTENT

© Supporting Information

Binding affinity of probes to each metal cation, Job’s plot
between dTTP and 6A-Hg** complex, fluorescence spectra of
probes, fluorescence cellular image, preparation of building
blocks, 'H, 3C NMR, and HR-MS data for fluorescent
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probes.This material is available free of charge via the Internet
at http://pubs.acs.org.
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