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A water-soluble ratiometric fluorescent probe ZID-1 has been developed on the basis of an internal
charge transfer (ICT) mechanism. Upon complexation with Zn?* under physiological conditions, ZID-1
exhibits a significant blue shift of 77 nm in the emission spectrum. The fluorescent behavior of ZID-1 sug-
gests that the pyridyl group incorporated into the fluorophore coordinates the metal ion as the fourth
ligand and affords an appropriate binding affinity (K4 =17.1 nM) for the intracellular imaging of Zn?".

© 2009 Elsevier Ltd. All rights reserved.

Fluorescent chemosensors are used for the detection of a spe-
cific metal ion in living cells and are excellent tools for elucidating
the functions of metal ions in biological systems.! These chemo-
sensors can be used to visualize pools of labile metal ions with high
optical sensitivity by means of fluorescence microscopy.? In partic-
ular, ratiometric fluorescent probes that exhibit a shift in either
excitation or emission maxima upon the formation of a complex
can be used to perform quantitative measurement of a change in
metal ion concentration.®> Determination of the ratio of fluores-
cence intensities measured at two suitably selected wavelengths
results in the cancellation of artifactual factors, such as illumina-
tion intensity, photobleaching of the probe, cell thickness, and
dye concentration within cells, in the fluorescent signals. An inter-
nal charge transfer (ICT) mechanism has been widely used as the
basis for the design of ratiometric fluorescent sensors.! Fura-2
and Indo-1 are typical examples as the ICT probe in which Ca®*
binding alters the electron-donating properties of the electron-rich
chelating group in the excitation state and causes a significant blue
shift in its fluorescence spectrum.>

Among a series of biologically important metal ions, zinc (Zn?")
has attracted considerable attention because of its structural sig-
nificance and catalytic functions in metalloproteins.* Although
these Zn?"* ions are often tightly bound, chelatable (weakly bound)
Zn?* ions also exist in several tissues, including brain tissue,® pan-
creatic tissue,® and seminal plasma.” To understand the roles of
Zn?* in these tissues, a variety of Zn>*-selective fluorescent probes
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that are based on quinoline,® fluorescein,® benzazole,'® coumarin,!"
other fluorophores,'? or proteins'> have been developed. However,
the functions of Zn?* in these tissues or even within single-celled
organisms are not fully investigated, because of the lack of suitable
ratiometric probes comparable with Fura-2 and Indo-1 for Ca%*?
using which valuable information about its intracellular behavior
has been obtained. Therefore, the development of efficient ratio-
metric probes for Zn?*, matching for Fura-2 and Indo-1, is indis-
pensable for the investigation of the biological roles of Zn2*.
Although several kinds of ratiometric fluorescent probes have re-
cently been developed for the detection of Zn?*,!*!> most of these
suffer from some weak points such as small shift in the fluores-
cence wavelength, large fluorescence increase or decrease in the
Zn**-bound form, low water solubility, or low binding affinity to
Zn?*. Furthermore, an emission ratiometric probe is required for
imaging using two-photon excitation (TPE) fluorescence micros-
copy, which provides significant advantages over standard laser
confocal approaches.'® Therefore, there is still a requirement for
ratiometric probes that can provide a large peak shift in emission
spectra upon their binding with Zn?*.

Herein, we report the development of a new Zn?*-selective fluo-
rescent probe ZID-1, which utilizes a 2-(4-aminophenyl)indole
derivative as the fluorophore. Such a derivative is also utilized in
Indo-1,> Mag-indo,'” and IndoZin,'>® which are sensor molecules
for Ca*, Mg?*, and Zn**, respectively. In order to achieve high selec-
tivity and affinity for Zn?* detection, we introduced a pyridylmethyl
arm into the fluorophore of ZID-1 through an oxygen atom at the o-
position of the amino group. The fluorescence properties, metal ion
selectivity, and dissociation constant for Zn®*, determined under
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physiological conditions, strongly suggest that ZID-1 can be used as
an effective ratiometric fluorescent probe for intracellular imaging
of Zn?".

The synthesis of ZID-1 started from 2-aminophenol and per-
formed in 6 steps, as outlined in Scheme 1. The amino group was
alkylated by the reaction with 2 equiv of tert-butyl bromoacetate
according to the reported procedure.'® The resulting phenol 1
was then treated with NaH and 2-picolyl chloride to yield com-
pound 2, which composes the Zn?* binding moiety of the probe.
Successive formylation under the Vilsmeier conditions, the Wittig
reaction, and reductive cyclization using triethyl phosphite gives
indole-triester 5 as a white powder. Finally, the ester was succes-
sively hydrolyzed by boron trifluoride diethyl ether complex
(BF3-Et;0) and KOH to yield ZID-1, which was purified by size-
exclusion chromatography and reverse-phase chromatography.

Under physiological conditions (50 mM HEPES, pH 7.2, 0.1 M
KNO3), ZID-1 exhibited an absorption maximum at 351 nm
(¢=3.84 x 10° M cm™ '), which is in good agreement with those
reported for the apo forms of Indo-13 and its derivatives.'*!” Upon
addition of Zn?*, a decrease in the absorbance of this band and a
concomitant increase in that of a new band at 329 nm
(¢=3.26 x 10* M~! cm™!) were observed with a distinct isosbestic
point at 335 nm (Fig. 1). The absorption bands at 351 nm and
329 nm linearly decreased and increased, respectively, up to a
1:1 [Zn?*]/[ZID-1] ratio (Fig. 1 inset), indicating the formation of
a 1:1 complex with a strong binding affinity.

Figure 2a shows emission spectra of ZID-1 excited at 335 nm,
which is the isosbestic point of the UV-vis traces, at various free
Zn?* concentrations. The apo form exhibits a characteristic band
at 470 nm (@ =0.097) that shifts to 393 nm (& =0.11) with an
isoemissive point upon binding with Zn?*. The fluorescence re-
sponse of ZID-1 fits a Hill coefficient of ~1 (Fig. 2a inset); it is again
confirmed that ZID-1 forms a 1:1 complex with Zn?" even at the di-
luted concentration of ZID-1 such as 1 pM. A significant hypso-
chromic shift (77 nm) of the emission wavelength indicates that
the ICT excited state of ZID-1 (apo form) is strongly affected by
coordination with Zn?*; this in turn indicates that ZID-1 would
be more useful than reported emission ratiometric fluorescent
Zn>* probes, the fluorescence shifts of which are much smaller than
the present value. From the plot of the fluorescence intensities at
395 nm or 470 nm against log[Zn?*]s. (Fig. 2b), the apparent dis-
sociation constant Ky for Zn?* was determined to be 17.1 + 0.2 nM
at pH 7.20. The Ky value of ZID-1 is comparable to those of reported
tetradentate ligands (0.1-20 nM) but considerably smaller than
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Figure 1. UV-vis spectral change by addition of Zn?* to 30 uM of ZID-1 in 50 mM
HEPES buffer (pH 7.20, 0.1 M KNOs). Inset: mol ratio plots of absorbance at 329 nm
and 351 nm.

that of IndoZin (3 uM),!° in which a methyl group replaces pyridyl-
methyl group. This result reveals that the incorporated pyridine
moiety coordinates the metal ion as the fourth ligand to give a sta-
ble chelate. Furthermore, this nonlinear fitting analysis reveals that
ZID-1 is suitable for detecting [Zn?']. between 4.1 and 68 nM.?°

We then examined the fluorescence responses of 1 uM ZID-1 to
various biologically relevant metal ions, shown in Figure 3. Na*, K",
Mg?*, and Ca?*, which exist in high concentrations in cells, had a very
small effect on the fluorescence spectrum, even at metal concentra-
tions as high as 5 mM; furthermore, they did not interfere with Zn?*
binding, indicating that this probe can be employed for a wide range
of biological applications using microscopic techniques. Other tran-
sition metal ions such as Fe3*, Co?*, Ni?*, and Cu?* formed complexes
and quenched the fluorescence of ZID-1. Cd?* induced the emission
shift of ZID-1 as observed for Zn?*. However, these free cations would
have little influence on intracellular Zn?* imaging, because of their
presence in very low concentrations.?!

In summary, we have developed a new ratiometric fluorescent
probe for Zn?*, ZID-1, on the basis of an ICT mechanism. Upon com-
plexation with Zn?*, this probe exhibits a significantly large blue
shift (77 nm) in the emission spectrum. It also has a binding affin-
ity such that it is suitable for biological applications; such an affin-
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Scheme 1. Synthetic procedure of ZID-1. Reagents and conditions: (a) t-butyl bromoacetate, proton sponge, KI, CHsCN, reflux, overnight, 80%; (b) NaH, KI, 2-picolyl
chloride-HCl, THF, room temperature, overnight, 22%; (c) POCl;, DMF, room temperature, overnight, 77%; (d) Wittig reagent, K,CO3, DMF, 90 °C, overnight, 78%; (e) P(OEt)s,

125 °C, 4 h, 46%; (f) BF3-Et,0, KOH, then 0.1 M HCI; 100%.
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Figure 2. (a) Emission spectra of ZID-1 (1 uM) excited at 335 nm in Zn**/NTA
buffered system (50 mM HEPES, pH 7.20, 0.1 M KNOs;; 10 mM NTA, 0-9.5 mM
ZnS04) and in 50 mM HEPES buffer (pH 7.20) containing 4 M ZnSO,. Inset: Hill plot
at 470 nm. The Hill coefficient (n) was determined from the slope. (b) Plots of
fluorescence intensities at 395 nm (triangles) and 470 nm (circles) with best-fit
curves for the dissociation constant of 17.1 x 107 M.
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Figure 3. Fluorescence ratio of ZID-1 (1 uM) between 395 nm and 470 nm as a
function of various added metal cations (5 mM for Na*, K*, Ca%*, and Mg?*, 10 uM
for all other cations) in 50 mM HEPES (pH 7.20, 0.1 M KNOs). 1: no metal; 2: Na*; 3:
K*; 4: Mg?*; 5: Ca®"; 6: Fe?*; 7: Co®*; 8: Ni%*; 9: Cu*; 10: Zn?*; 11: Cd**; 12:
Zn?" +Na*; 13: Zn?" + K*; 14: Zn?" + Mg?*; 15: Zn?* + Ca®".

ity is successfully achieved by incorporating a pyridylmethyl group
(as the binding ligand) into the fluorophore. Intracellular imaging
of zinc ions using this probe is currently in progress for evaluating
the suitability of ZID-1 for biological applications.

Acknowledgment

This work was financially supported by Grant-in-Aid for Young
Scientists (B) (No. 17750155 to M.T.) from JSPS.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2009.01.026.

References and notes

1. (a) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. J. M.;
McCoy, C. P.; Rademacher, J. T.; Rice, T. E. Chem. Rev. 1997, 97, 1515-1566; (b)
Valeur, B. Molecular Fluorescence: Principles and Applications; Wiley-VCH:
Weinheim, New York, 2002.

2. (a) Domaille, D. W.; Que, E. L.; Chang, C. ]. Nat. Chem. Biol. 2008, 3, 168-175; (b)

Que, E. L.; Domaille, D. W.; Chang, C. J. Chem. Rev. 2008, 108, 1517-1549.

. Grynkiewicz, G.; Poenie, M.; Tsien, R. Y. J. Biol. Chem. 1985, 260, 3440-3450.

4, (a) Lippard, S. J.; Berg, ]J. M. Principles of Bioinorganic Chemistry; University
Science Books: Mill Valley, CA, 1994; (b) Sensi, S. L.; Canzoniero, L. M. T.; Yu, S.
P.; Ying, H. S.; Koh, J. Y.; Kerchner, G. A.; Choi, D. W. J. Neurosci. 1997, 17, 9554~
9564; (c) Coleman, J. E. Curr. Opin. Chem. Biol. 1998, 2, 222-234.

5. (a) Frederickson, C. ]. Int. Rev. Neurobiol. 1989, 31, 145-238; (b) Frederickson, C.
J.; Koh, J. Y.; Bush, A. I. Nat. Rev. Neurosci. 2005, 6, 449-462.

6. Gyulkhandanyan, A. V.; Lu, H. F.; Lee, S. C.; Bhattacharjee, A.; Wijesekara, N.;
Fox, J. E. M.; MacDonald, P. E.; Chimienti, F.; Dai, F. F.; Wheeler, M. B. J. Biol.
Chem. 2008, 283, 10184-10197.

7. Edstrom, A. M. L; Malm, ].; Frohm, B.; Martellini, J. A.; Giwercman, A.;
Morgelin, M.; Cole, A. M.; Sorensen, O. E. J. Immunol. 2008, 181, 3413-3421.

8. (a) Frederickson, C. ].; Kasarskis, E. J.; Ringo, D.; Frederickson, R. E. J. Neurosci.
Methods 1987, 20, 91-103; (b) Zalewski, P. D.; Forbes, I. J.; Betts, W. H. Biochem.
J. 1993, 296, 403-408; (c) Mikata, Y.; Yamanaka, A.; Yamashita, A.; Yano, S.
Inorg. Chem. 2008, 47, 7295-7301.

9. (a) Burdette, S. C.; Walkup, G. K.; Spingler, B.; Tsien, R. Y.; Lippard, S. J. J. Am.
Chem. Soc. 2001, 123, 7831-7841; (b) Hirano, T.; Kikuchi, K.; Urano, Y.; Nagano,
T. J. Am. Chem. Soc. 2002, 124, 6555-6562; (c) Gee, K. R;; Zhou, Z. L.; Qian, W. J.;
Kennedy, R. J. Am. Chem. Soc. 2002, 124, 776-778.

10. (a) Taki, M.; Wolford, J. L.; O’'Halloran, T. V. J. Am. Chem. Soc. 2004, 126, 712-
713; (b) Henary, M. M.; Wu, Y. G.; Fahrni, C. J. Chem.-Eur. J. 2004, 10, 3015-
3025.

11. (a) Lim, N. C.; Bruckner, C. Chem. Commun. 2004, 1094-1095; (b) Komatsu, K.;
Urano, Y.; Kojima, H.; Nagano, T. J. Am. Chem. Soc. 2007, 129, 13447-13454.

12. (a)Koike, T.; Watanabe, T.; Aoki, S.; Kimura, E.; Shiro, M. J. Am. Chem. Soc. 1996,
118, 12696-12703; (b) Hanaoka, K.; Kikuchi, K.; Kojima, H.; Urano, Y.; Nagano,
T. J. Am. Chem. Soc. 2004, 126, 12470-12476.

13. (a) Van Dongen, E.; Dekkers, L. M.; Spijker, K.; Meijer, E. W.; Klomp, L. W. J.;
Merkx, M. J. Am. Chem. Soc. 2006, 128, 10754-10762; (b) Bozym, R. A.;
Thompson, R. B.; Stoddard, A. K.; Fierke, C. A. ACS Chem. Biol. 2006, 1, 103-111;
(c) Evers, T. H.; Appelhof, M. A. M.; de Graaf-Heuvelmans, P.; Meijer, E. W.;
Merkx, M. J. Mol. Biol. 2007, 374, 411-425; (d) Evers, T. H.; Appelhof, M. A. M.;
Meijer, E. W.; Merkx, M. Protein Eng. Des. Sel. 2008, 21, 529-536.

14. (a) Jiang, P. J.; Guo, Z. ]. Coord. Chem. Rev. 2004, 248, 205-229; (b) Kikuchi, K.;
Komatsu, K.; Nagano, T. Curr. Opin. Chem. Biol. 2004, 8, 182-191; (c) Carol, P.;
Sreejith, S.; Ajayaghosh, A. Chem. Asian J. 2007, 2, 338-348.

15. (a) Gee, K. R.; Zhou, Z. L.; Ton-That, D.; Sensi, S. L.; Weiss, ]. H. Cell Calcium 2002,
31, 245-251; (b) Maruyama, S.; Kikuchi, K.; Hirano, T.; Urano, Y.; Nagano, T. J.
Am. Chem. Soc. 2002, 124, 10650-10651; (c) Woodroofe, C. C.; Lippard, S. J. J.
Am. Chem. Soc. 2003, 125, 11458-11459; (d) Chang, C. ].; Jaworski, J.; Nolan, E.
M.; Sheng, M.; Lippard, S. J. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 1129-1134; (e)
Ajayaghosh, A.; Carol, P.; Sreejith, S. J. Am. Chem. Soc. 2005, 127, 14962-14963;
(f) Kiyose, K.; Kojima, H.; Urano, Y.; Nagano, T. J. Am. Chem. Soc. 2006, 128,
6548-6549; (g) Bredas, J. L.; Perry, J. W.; Fahrni, C. J. J. Am. Chem. Soc. 2007, 129,
11888-11889; (h) Sreejith, S.; Divya, K. P.; Ajayaghosh, A. Chem. Commun.
2008, 2903-2905; (i) Li, Z. F.; Xiang, Y.; Tong, A. Anal. Chim. Acta 2008, 619, 75—
80.

16. Potter, S. M.; Wang, C. M.; Garrity, P. A.; Fraser, S. E. Gene 1996, 173, 25-31.

17. Raju, B.; Murphy, E.; Levy, L. A;; Hall, R. D.; London, R. E. Am. J. Physiol. 1989,
256, C540-C548.

18. Chen, C. A.; Yeh, R. H.; Lawrence, D. S. J. Am. Chem. Soc. 2002, 124, 3840-3841.

19. Haugland, R. P. Handbook of Fluorescent Probes and Research Products, 9th ed.;
Molecular Probes: Eugene, OR, 2003.

20. Kay, A. R. J. Neurosci. 2003, 23, 6847-6855.

21. (a) Outten, C. E.; O’Halloran, T. V. Science 2001, 292, 2488-2492; (b) Changela,
A.; Chen, K.; Xue, Y.; Holschen, J.; Outten, C. E.; O’'Halloran, T. V.; Mondragon, A.
Science 2003, 301, 1383-1387.

w



