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A water-soluble fluorescent zinc sensor which binds strongly to Zn 2 (log K = 12.4) was successfully synthesized under physiological conditions.
This sensor exhibits a good fluorescence response to Zn 2+ over a wide pH range in water. Under the same conditions, several metal ions
commonly present in a physiological environment, such as Na  *, K*, Ca?*, Mg?*, Mn?*, Fe?*, and Co?*, showed little interference to the
fluorescence response to Zn 2+,

Zinc(ll) ion is an abundant component of most living cells spectrometry, Mssbauer spectroscopy, nuclear magnetic
and plays an important role in various biological processes resonance (NMR) or electron paramagnetic resonance (EPR)
such as gene transcription, regulation of metalloenzymes,spectroscopy. In the past few years, many fluorescent sensors
neural signal transmission, and oth&rsGenerally, the total ~ that can selectively detect Zn have been reported?!®
concentration of Z#1 in different cells is from the nanomolar However, the majority of these have poor water solubility,
range up to about 0.3 m®Concentrations of Zt in the
synapse are believed to reach—BDO uM, and some | g&*g&tg%g-?3%';1337-%‘”‘“‘3' E.; Koike, TProc. Natl. Acad. Sci.
pathological diseases are closely associated with the con-"(g) (a) Fahmi, C. J.; O'Halloran, T. \0. Am. Chem. Sod.999 121,
centration of ZA".46 Therefore, the detection of Zhin vivo 11448-11458. (b) Nasir, M. S.; Fahrni, C. J.; Suhy, D. A.; Kolodsick, K.
has attracted increasing attention. So far, the fluorescencels Taoc T a3 L oHalom T3 A Chem. Sa2004
method appears to be the most effective way to detett,Zn 126 712-713. _ . _

since most of the common analytical techniques fail to detect cOﬁ)rnJlIJ?&gdonf;ﬁgirl'llz;zléfn’ J.; Liu, Q; Ding, J.; Gao, X.; Guofhem.
Zn%t in biOlOgical SyStemS. Due to the Bd< electronic (10) (a) Royzen, M.; Durandin, A.; Young, V. G.; Geacintov, N. E.;

configuration, Z&* provides no appreciable spectroscopic Canary, J. WJ. Am. Chem. So@006 128 3854-3855. (b) Castagnetto,
J. M.; Canary, J. WChem. Commuril998 203—204.

or magnetic signals required for application of YVis (11) (a) Hirano, T.; Kikuchi, K.; Urano, Y.; Nagano, J. Am. Chem.
Soc.2002 124, 6555-6562. (b) Komatsu, K.; Kikuchi, K.; Kojima, H.;
(1) O’'Halloran, T. V.Sciencel993 261, 715-725. Urano, Y.; Nagano, TJ. Am. Chem. So@005 127, 1019710204. (c)
(2) Falchuk, K. H.Mol. Cell. Biochem1998 188 41—48. Hanaoka, K.; Kikuchi, K.; Kojima, H.; Urano, Y.; Nagano, Angew.
(3) Jiang, P.; Guo, ZCoord. Chem. Re 2004 248 205-229. Chem., Int. EJ2003 42, 2996-2999.
(4) Frederickson, C. J.; Bush, A. Biometals2001, 14, 353-366. (12) (a) Goodall, W.; Williams, J. A. GChem. CommurR001, 2514~
(5) Lippard, S. J.; Berg, J. MPrinciples of Bioinorganic Chemistry 2515. (b) Prodi, L.; Montalti, M.; Bradshaw, J. S.; Izatt, R. M.; Savage, P.
University Science Books: Mill Valley, CA, 1994; pp. 10, 14,-7833. B. J. Inclu. Phen. Macro. Chen2001, 41, 123-127. (c) Rurack, K.
(6) Bush, A. I.Curr. Opin. Chem. Biol200Q 4, 184-191. Spectrochim. Acta R001 57, 2161-2195.
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which inevitably hinders their applications in vivo. Among
various fluorescent sensors, 6-methoxyp(8luenesulfon-

the reaction of mono[®-(p-toluenesulfonyl)]5-CD with
HQAS did not give the desired product, presumably because

amido) quinoline (TSQ) and its derivatives are the first class of the relatively weak nucleophilic reactivity of the amino

of fluorescent probes to be developed fofZH They exhibit
high selectivity for Z&" as compared to G4 Mg?" and

group in HQAS. In contrast, the reaction of 6-deoxy-6-
formyl-5-CD with HQAS followed by the reduction of the

other metal ions. In order to improve the water solubility of imino group was observed to give the target product in
TSQ, several attempts have been made, such as introducingnoderate yield. Owing to the good solubilizing properties
carboxylic acid groups or ester groups to extend the of the3-CD unit, the solubility limit of1 in water is about
6-methoxyl group>*and replacing the methyl group onthe 0.6 mM.
benzene ring with a carboxylic acid grotfpHowever, an The mode of coordination df with Zn?* was investigated
inherent disadvantage of these probes is their sparingby spectrophotometric titration at 2% in aqueous buffer
solubility in neutral agueous solution. solution. Figure 1 illustrated a typical UWis titration
Possessing a hydrophobic cavity and numerous hydroxyl
groups, cyclodextrins (CDs), cyclic oligosaccharides with _
6—8 p-glucose units linked byo-1,4-glucose bonds, are
widely used as drug carriers and solubiliz&%# In a
preliminary study, we attempted to solubilize TSQ by
forming CD/TSQ inclusion complexes, but neither native
CDs nor methylated CDs were observed to markedly increase
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the water solubility of TSQ. Therefore, we covalently linked 2 10
an analogue of TSQ, i.eN-(8-quinolyl){-aminobenzene- < *Bo o2 e
sulfonamide (HQAS), t@-CD. The resulting water-soluble 05 i

HQAS-modifieds-CD 1 showed satisfactory water solubilty,
a high binding affinity and good fluorescence sensing ability
to Zr?*. Simultaneously,l also possesses the ability to 0.0
include various organic and biological substrates within its
hydrophobic cavity® This property may enable it to adhere
to the surface of tissues or cells by including accessible Figure 1. (a) UV—vis spectral changes dfupon the addition of
surface molecules in the cavit§ E”:O'”l\lz“ffzerjo“f'%” éleo721’5 22%12'\5" gSN‘%) itozi;C (%/]I
HQAS was prepared according to a procedure similar to f_rom Ztc; [k)n (g) jAbs:orfotior’I ch,ang;as afat 362 nm upbg the
that reported by Kojima et at’, where N-(8-quinolyl)-p- addition of Z#+.
acetylaminobenzenesulfonamide (QAS) was obtained by the
reaction of 4-acetamidobenzene-1-sulfonyl chloride with
8-aminoquinoline, followed by hydrolysis in either an acidic curve of 1 with Zn?*. As can be seen in Figure 1, the
or a basic environment to cleave the acetylamino bond. In gphsorption intensity ofl at 271 nm gradually increased,
order to prevent the TSQ framework bound to zinc from accompanied by the obvious hypsochromic shift of the
being destroyed, the methyl group on the benzene ring wasapsorption peak (from 271 to 259 nm), as the concentration
replaced by an amino group. It has been reported that bothof 72+ was increased stepwise. Moreover, a new absorption
mono[6:0-(p-toluenesulfonyl)}5-CD and 6-deoxy-6-formyl-  peak appeared at 362 nm in the BVis spectrum ofl/Zn2*
B-CD can react with amino group nucleophifésdowever,  system, and its intensity also gradually increased with the
addition of Zr#*. This absorption peak is expected to
correspond to the coordination of HQAS unitlinvith Zn?*.
That is, two nitrogen atoms in the HQAS unit coordinated
with Zn?* to form a five-membered chelate ring, which
consequently extended the conjugated system and resulted
in the appearance of the new absorption in the long
wavelength region. The spectra obtained during the stepwise
addition showed the appearance of two isobestic points at
ca. 272 and 332 nm. In the control experiment, the-tiié
spectrum of Z&" within the appropriate concentration range
displayed no appreciable absorption between 200 and 450
nm under comparable experimental conditions. Taken to-
gether, these phenomena illustrated the transformation from
free 1 to the Zrit-coordinated species. Moreover, the
coordination stoichiometry betwedrand Zr#* was obtained
by the molar ratio method using UWis spectrometry. As
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seen in Figure 1 (inset), the curve AR 72+ (AAyz2r = fluorescence may be as follows. Before coordination with
AA 72+ — Ay, A; was defined as the absorption intensity Zn?*, two nitrogen atoms of fred could form an intra-

of 1 at 362 nm) vs Z&/1 molar ratio showed an inflexion  molecular hydrogen bond with hydrogen atoms, which
point at a molar ratio of 0.5, which corresponded to a 2:1 resulted in a photoinduced electron transfer, and the de-
coordination stoichiometry betwednand Zri#*. Therefore, excitation of the resulting tautomer occurred mainly via a
we were able to deduce a possible coordination mode of nonradiative pathway. These processes consequently led to
1/Zn?* system as shown in Scheme 1, thatdsN atoms the weak fluorescence df Oncel was coordinated with
Zn?*, the electron-transfer process was forbidéétand an
extendedr-electron conjugation system was formed syn-
chronously. This conjugation system was involved in an
internal charge transfer (ICT) process from the ligand donor

Scheme 1. Synthesis ofl and Zri,

-“—8 &“}@% to the Zr#™ acceptor. Owing to the formation of the extended
5o ’“8 W m-electron conjugation system, thé&Zn?* system exhibited
HoAs  [oine g C;SO’ o an intense greenish fluorescence.
Al . . .-
— @ NH HN Interestingly,1 showed good fluorescence sensing ability
i) NaBH4, - + . . .
oHe, DMF, B0°C, to Zr?t over a wide pH range. As shown in Figure B,
i2h
% 1
Zm;
6-deoxy-6-formyl
-p-cD
’?ao- 1 +;n>\‘\
from each of the two units ol participate in the four- £ o
coordinated environment of Z2h 2l
A_s a Water-soluble_arjalogue of TSQ, an i_mportg_nt and g, /-olo\o
desirable property of is its fluorescence sensing ability to ﬂ/
Zn?*, When excited at either 285 nm or 361 nhexhibited T

two excitation bands at 285 and 361 nm, and its emission pH

band appeared at 507 nm. In the presence of 0.5 equiv. of ) N )

Zn?*, the excitation spectrum dfiZn?* system resembled Figure 3. Fluorescence intensities af (20 uM) in the absence
! . L (Aex = 362 nM,Aem = 502 nm) and presence of Zn(10 uM, Aex

that of1, shovylng two excitation bands at 282 and 36? NM, 2362 nm, dem = 518 nm) at various pH values at 26.

but the emission band red shifts to 518 nm when excited at

either 282 nm or 362 nm, accompanied by an obvious

enhancement (ca. 5.7 times) of the emisson intensity (seegpqowed no appreciable sensing ability t#Zat a pH value
the Supporting Information). To further investigate the pajow 3.6. which may be due to the competition of Bt

fluorescence sensing ability df for Zn®", fluorescence oy hH values leading to a weak coordination ability ofZn

titration experiments were also performed. As seen in Figure | it 1, but exhibited satisfactory Zi-sensing abilities when

2, with the stepwise addition of Zhto a solution ofl, the the pH was increased to the 4 to 10 range. At pH ca. 7.2,
the Ryz2t/F1 value reached its maximum value of 5.7,

_ indicating thatl possessed the highest sensing ability in an

environment similar to serum (pH ca. 7.3).

After validating the strong Zi-sensing ability ofL under
physiological conditions, the binding ability df to Zrn?*
was quantitatively determined by a competitive binding
method? using fluorescence titration (see the Supporting
Information). The apparent stability constant (logk,=
[Zn1,)/[Zn?*][1]?) of Zn1, complex was observed to be equal
to 12.4, which is near the reported value of Zinquin acid/
Zn?t complex (logk= 13.7)8 This result unambiguously
demonstrated the strong binding ability bfor Zn?*.

Another important property df is its sensing selectivity
Figure 2. Fluorescence spectral changeslof20 uM) with the to various metal ions, especially to possible competing ions
addition of Zrf* ([zn**] =0, 2, 4,6, 8. 10, 12, 14, 16,18, and 20 when 1 is used as a Z1 sensor in the physiological
ﬁm)from ato k) in buffer solution (pH 7.2) at 25C (dex = 362 environment. We determined the fluorescence intensities of

' 1 at 518 nm in the presence of various metal ions and
compared the results with that observed for fleat 518
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fluorescgnce emission mtensﬁybfat 518 nm increased with (23) Meervelt, L. V. Goethals, M.; Leroux, N.; Zeegers-Huyskens, T.
successive additions. A possible reason for the enhanced. Phys. Org. Cheml997, 10, 680-686.
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Figure 4. Fluorescence intensities &f(20 xM) in the prescence
of various metal ions and ion mixtures. [Na= [K 1] = [C&'] =
[Mg?t] = 5 mM, [Zr?"] = [Cu?'] = [Ni?] = [C0?"] = [Fe*t] =
[Mn2f] = 10 uM. These data were measured in buffer solution
(pH 7.2) at 25°C (Aex = 362 NnM,Aerm = 518 nm).

nm. As seen in Figure 4, the addition of a large excess (250

equiv.) of N&, K*, C&", and Mg", which always exist at
high concentrations in living cells, resulted in only slight
fluorescence enhanceme®/, < 2.3) presumably due to
the poor coordination ability of alkaline metal ions or alkaline
earth metal ions with the HQAS unit th On the other hand,
the addition of various transition metal ions led to quite
different results. The addition of g Fe*, and Mrf™ gave
appreciable changeB/fFo < 1.2) but in no case approached
that observed with Z1. Recall that ZA" significantly
enhanced the fluorescence intensif/Hy = 5.7) of 1.
Moreover, a comparison of fluorescence intensitieg of
the presence of Zf-containing ion mixtures was also useful
to reveal the influence of coexisting ions in the physiological
environment on the Z sensing ability ofl. As seen in

incubation at 35C for 1 h in thepresence, the originally
non-luminescent yeast cell presented a very weak background
fluorescence without the addition of Zn(see the Supporting
Information), but exhibited a strong green fluorescence, as
seen by fluorescence microscope, upon the addition &f Zn
(Figure 5). These results indicated tHamay be used as a

QO

Figure 5. Optical microscopic (left) and fluorescence microscopic
(right) images ofl-stained yeast cells with the addition of Zn
(25 uM).

possible sensor to detect Znreleased from stimulated
cells1scde

In summary, we successfully prepared a water-soluble
analogue of TSQ, which showed strong binding affinity as
well as a good sensing ability and selectivity for?Znn
aqueous solution. Significantly, its sensing ability was not
obviously affected by other biologically important cations
such as N& K*, Mg?", and C&" under physiological
conditions. Considering its convenience in preparation and
high sensing ability for Z#, it is expected to be useful as
an imaging reagent of 2n in living tissue or in cells.
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Supporting Information Available: Experimental de-
tails, syntheses of HQAS arid competitive binding spectra
used to calculate log K, as well as exciation and emission

interference in the fluorescence response may be masked Witrgpectra ofl in the presence and absence of?ZnThis

a copper binding protein such as bovine serum albiin.
A preliminary study on the Zi-sensing behaviors df

in the biological system was carried out by fluorescence

microscopy using yeast (saccharomyces cerevi¥iae
model cells. The results showed thastained yeast cells
exhibited good fluorescence responses forr*ZnAfter
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