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Bis(Dpa-Zn") Appended Xanthone: Excitation
Ratiometric Chemosensor for Phosphate Anions

Akio Ojida, Hiroshi Nonaka, Yoshifumi Miyahara,
Shun-ichi Tamaru, Kazuki Sada, and Itaru Hamachi*

The development of molecular-recognition and sensing
systems for biologically important anions has received con-
siderable attention in recent years.!! Among various anions,
phosphate derivatives, which include nucleoside pyrophos-
phates such as adenosine triphosphate (ATP),”! inorganic
pyrophosphate,” and phosphoproteins, are significant sens-
ing targets because of their pivotal roles in biological systems.
For example, ATP is known not only as a universal energy
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source but also as an extracellular signaling mediator in many
biological processes,””! and protein phosphorylation is recog-
nized as a ubiquitous regulatory mechanism of signal trans-
duction cascades in living cells.!”! In recent years, several
chemosensors that exhibit a rather strong binding affinity for
the phosphate derivatives in aqueous medium were repor-
ted,?¢3¢4l although their bioanalytical application in bio-
logical systems has not yet been sufficiently developed.?*37!

The detection of a specific anion by using the emission or
excitation change at two different wavelengths provides a
significant advantage over conventional measurement at a
single wavelength because such a dual excitation/emission
system enables a ratiometric detection of an analyte, thus
allowing precise and quantitative analysis and imaging even in
complicated systems. In contrast to the relatively high number
of reports of fluorescent ratiometric sensors for cations such
as Ca" or Zn"® there are few reports of ratiometric anion
sensors.”*’ Herein, we report a new fluorescent sensory
system that is capable of the ratiometric detection of
phosphate anions under neutral aqueous conditions. A new
chemosensor, 1-2Zn", which comprises a xanthone fluoro-

Zn+Dpa 0 R Zn+Dpa Dpa-Zn
HO ' o) ‘ OH . i i
1-2Zn"; R = Dpa-Zn 3-2zn'
2.zn:R=H
rL - 2NO4~
— +/ \
\ /N N
Dpa-Zn

phore that bears two 2,2'-dipicolylamine (Dpa)-zinc(II)
moieties as a phosphate-binding site, effects a change in the
corresponding fluorescence excitation spectrum at three
wavelengths upon binding to phosphate species based on a
unique sensing mechanism, that is, a phosphate anion induced
coordination rearrangement of the Zn" ions.

The syntheses of the chemosensor 1-2 Zn" and the control
monodentate complex 2-Zn" are described in the Supporting
Information.'”! The structure of the binuclear zinc(II) com-
plex 1-2Zn" with chloride counterions has been investigated
by X-ray crystallographic analysis (Figure 1): Complex 1-
27Zn" is a dimeric complex connected by two bridging
chloride ions, CI(1), in the solid state. Interestingly, in the
asymmetric half unit, one Zn(1) center coordinates to the
carbonyl oxygen atom of the xanthone fluorophore from the
upper side of the xanthone ring, in which the Zn(1)-O(1)
bond length is 2.18 A and the C(12)-O(1)-Zn(1) bond angle is
125.07°. The Zn(1) atom is also bound by the three nitrogen
atoms of the Dpa unit and by both chloride anions in a square-
bipyramidal six-coordinate environment. In contrast, the
Zn(2) atom, which is positioned on the lower side of the
xanthone ring, is bound to the Dpa unit and the two chloride
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Figure 1. ORTEP drawing of the binuclear Zn" complex [1-2Zn"|Cl,:
a) dimer complex; b) an asymmetric half unit of the complex. Disor-
dered solvent molecules are omitted for clarity.

anions to form a tetragonal-pyramidal five-coordinate envi-
ronment.

The absorption maximum of 1-2Zn" is observed at
397 nm, and when the complex is excited at 397 nm, the
emission maximum is 447 nm. The fluorescence quantum
yield of 1-2Zn" is high (& =0.61) under neutral aqueous
conditions (50 mm HEPES, 50 mm NaCl, pH 7.2). Figure 2a
shows the excitation spectral response of 1-2Zn" upon
addition of ATP. The changes in excitation with increasing
concentration of ATP occur at three wavelengths (322
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Figure 2. a) Change in the excitation spectrum of 1-2Zn"; b) difference
spectrum versus the initial state upon addition of ATP. F refers to the
fluorescence intensity. Inset: plot of the fluorescence intensity ratio R
(F at 360 nm/F at 407 nm; 3 um 1-2Zn" in 50 mm HEPES, 50 mm
NaCl, pH 7.2, [ATP]=0-10 pM, A.,, =480 nm, 25°C).
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(down), 360 (up), and 407 nm (down)) with two isoemission
points at 332 and 377 nm (Figure 2b). The plot of the
fluorescence intensity at 407 nm (inset) shows saturation
behavior with increasing ATP concentration; curve-fitting
analysis gives an affinity constant of 4.2 x 10°M™" for ATP. An
almost identical affinity value was obtained by the analysis of
the intensity ratio R (F at 360 nm/F at 407 nm) within an
appropriate detection range (R./Rmin ~2), which indicates
that ATP is detected in an excitation ratiometric manner
(Figure 2b, inset). The binding of 1-2Zn" with ATP was also
evaluated by isothermal titration calorimetry (ITC). The ITC
data indicate that the binding is an exothermic, entropy-
driven process (AH = —3.83 kcalmol ! and TAS=4.19 kcal
mol™'; see the Supporting Information) and give a binding
constant K,,,=7.5x10°M™" (n=0.83), which is almost iden-
tical to that obtained from the fluorescence titration.

The sensing selectivity of 1-2Zn" for various biologically
important phosphate species was examined by ratiometric
excitation titration (Table 1). The chemosensor 1-2Zn"

Table 1: Apparent binding constants K, of chemosensor 1-2Zn" to

phosphate species as determined by fluorescence titration.

Anionf! Kopp [M 7] Anionf! Kopp M7
ATP 42x10° HPO,* 1.8x10°
GTP 1.0x10° AcO™ []

ADP 2.8x10° NeXa [d]

AMP 5.0%x10° NO,~ []

cAMP [c] HCO;™ [c]
UDP-Cal 2.8x10°

[a] Phosphate species with sodium counterions. ATP=adenosine-5'-
triphosphate, GTP=guanosine-5'-triphosphate, ADP =adenosine-5'-
diphosphate, AMP = adenosine-5"-monophosphate, cAMP = adenosine-
3',5"-cyclic monophosphate, UDP-Gal=uridine-5'-diphosphogalactose.
[b] Conditions: 50 mm HEPES, 50 mm NaCl, pH 7.2, A.,=480 nm,
20°C. [c] As the fluorescence change was scarcely observed, no binding
constant was obtained.

showed strong affinities (K,,,>10°M"") towards nucleoside
pyrophosphates such as ATP, GTP, and ADP, whereas binding
was relatively weak for the HPO,*~ ion and monophosphate
derivatives such as AMP. 1-2Zn" also sensed a pyrophos-
phate diester (UDP-Gal) with a weak affinity, and a change in
fluorescence was scarcely noticeable with a monophospho-
diester (cAMP). A change in fluorescence was not induced
upon addition of millimolar concentrations of other anions
such as acetate, sulfate, nitrate, and carbonate, thus indicating
that 1-2Zn" is a selective fluorescent chemosensor for
phosphate anions, especially for polyanionic nucleoside
pyrophosphate species.” !

Subsequently, we explored the sensing mechanism of the
changes in the excitation spectrum of 1-2Zn". In a UV/Vis
titration experiment of the metal-free ligand 1 with Zn" ions
in aqueous methanol, a stepwise spectral change occurred
during complexation with two equivalents of Zn". The
addition of one equivalent of Zn" induced an absorbance
decrease at 328 nm and the concomitant increase of a newly
emerged peak at 376 nm with an isosbetic point at 357 nm
(Figure 3a), while the subsequent addition of more than one
equivalent of Zn" caused an increase at 397 nm and a
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Figure 3. a—c) Zinc(ll)-induced change in UV absorption of the ligand 1 (10 um) upon
addition of a) 0-0.7 and b) 1.3-2.0 equivalents of Zn". c) The plot of the UV absorption at
397 (@) and 328 nm () of 1 (10 um) in the zinc(ll) titration (50 mm HEPES, 50 mm NacCl,
pH 7.2/MeOH =1:1, 25°C). d) UV spectral change of 1-2Zn" upon addition of ATP (10 um

Na,HPO, (data not shown), which suggests that 1-
27Zn" binds to the phosphate anion with both Zn"-
Dpa sites as previously reported for the anthracene-
type chemosensor 3-2Zn""! By combining these
results, the excitation ratiometric change of binu-
clear 1-2Zn" upon phosphate binding can be
reasonably explained as follows: in the resting
state, both Zn" centers are coordinated by the
carbonyl oxygen atom of the xanthone fluorophore
(Scheme 1). When a phosphate derivative is bound,

the relatively labile coordination bond between one
of Zn" centers and the carbonyl oxygen atom is
cleaved by the strong interaction of the metal ion
with the phosphate, which results in the excitation
change of three signals of the xanthone fluorophore.
However, the tight coordination of the carbonyl
oxygen atom to the other Zn" center, which is
observed in the X-ray crystallographic study of 1-
2Zn", remains intact in the phosphate complex such
that this zinc atom interacts less strongly with the
phosphate (Scheme 1).16]

In conclusion, we have developed a new fluo-
rescence chemosensor, 1-2Zn", for phosphate spe-
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1-2Zn" in 50 mm HEPES, 50 mm NaCl, pH 7.2, [ATP]=0-20 um, 25°C).
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decrease of 335nm with an isosbetic point at 376 nm
(Figure 3b).I"! The observed stepwise change in absorption
can be reasonably ascribed to the coordination of both Zn"
ions within the molecule to the carbonyl oxygen atom of 1,
which should perturb the electronic properties of the
xanthone fluorophore."¥ Interestingly, the absorption spec-
tral change was also induced upon binding of 1-2 Zn" to ATP.
As shown in Figure 3d, the absorption maximum of 1-2Zn"
at 397 nm decreases with an isosbestic point at 383 nm upon
binding to ATP, the change of which is almost identical to the
three signal changes observed in the ATP titration monitored
by fluorescence excitation spectroscopy (Figure 2a).

It should be pointed out that the spectral changes induced
by ATP absorption are in a direction opposite to the change in
UV absorption observed in the process for the complexation
of the second Zn" center by 1 (Figure 3b). These results
suggest that the excitation spectral change of 1-2Zn" upon
binding to ATP is ascribed to the breaking of the coordinative
bond between the xanthone carbonyl oxygen atom to the
second Zn" center.

This bond-breaking was also confirmed by a *C NMR
spectroscopic study."*! The signal corresponding to the
carbonyl carbon atom of the metal-free ligand 1 (10 mM in
[D¢]DMSO) shifted downfield from 6 =177.9 to 181.5 ppm in
1-2Zn"; the latter signal shifted upfield to 6 =178.9 ppm
upon adding one equivalent of NaH,PO,. A control chemo-
sensor, mononuclear xanthone 2-Zn"" did not change its
fluorescence upon adding phosphate species such as ATP or
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cies, which displays excitation change of three
signals, thus enabling the ratiometric detection of
phosphate species under neutral aqueous condi-
tions. Our experimental data strongly support that
the ratiometric excitation change is ascribed to
rearrangement of the coordination induced by
phosphate binding. We now envision bioanalytical

O Q

- ® o.O
( Q ? S C »
qé@%ﬁ‘p phosphate deriovative @E% @ é%@
HO [e] H

Scheme 1. Phosphate anion-induced coordination rearrangement of 1-
2Zn" upon binding to a phosphate derivative."®

applications of this chemosensor for real-time monitoring of
an enzymatic reaction involving nucleoside pyrophosphates
in vitro.?e3¢7

Received: April 4, 2006
Revised: June 3, 2006
Published online: July 18, 2006

Keywords: anions - coordination modes - fluorescent probes -
sensors - zinc

[1] a) R. Martinez-Méiez, F. Sancenén, Chem. Rev. 2003, 103,
4419-4476; b) S. Aoki, E. Kimura, Rev. Mol. Biotechnol. 2002,
90, 129-155; ¢) P. D. Beer, P. A. Gale, Angew. Chem. 2001, 113,
502-532; Angew. Chem. Int. Ed. 2001, 40, 486-516; d) L.
Fabbrizzi, M. Licchelli, G. Rabaioli, A. Taglietti, Coord. Chem.
Rev. 2000, 205, 865.

Angew. Chem. 2006, 118, 56445647



[2] Fluorescent chemosensors for nucleoside pyrophosphates: a) H.
Abe, Y. Mawatari, H. Teraoka, K. Fijimoto, M. Inouya, J. Org.
Chem. 2004, 69, 495-504; b) J. Y. Kwon, N. J. Singh, H. N. Kim,
S. K. Kim, K. S. Kim, J. Yoon, J. Am. Chem. Soc. 2004, 126,
8892-8893; c) F. Sancenén, R. Martinez-Mdnez, M. J. Segui,
M. A. Miranda, J. Soto, Angew. Chem. 2003, 115, 671-674;

Angew. Chem. Int. Ed. 2003, 42, 647-650; d) A. Ojida, S.-K.

Park, Y. Mito-oka, I. Hamachi, Tetrahedron Lett. 2002, 43,6193 —

6195; e) S. Mizukami, T. Nagano, Y. Urano, A. Odani, K.

Kikuchi, J. Am. Chem. Soc. 2002, 124, 3920-3925; f) S.E.

Schneider, S. N. O’Neil, E. V. Anslyn, J. Am. Chem. Soc. 2000,

122, 542-543; g) H. Fenniri, M. W. Hosseini, J.-M. Lehn, Helv.

Chim. Acta 1997, 80, 786—803; h) M. W. Hosseini, A. J. Blacker,

J-M. Lehn, J. Am. Chem. Soc. 1990, 112, 3896 —3904.

Fluorescent chemosensors for inorganic pyrophosphates:

a) D. H. Lee, S.Y. Kim, J.-I1. Hong, Angew. Chem. 2004, 116,

4881-4884; Angew. Chem. Int. Ed. 2004, 43, 4777-4780; b) L.

Fabbrizzi, N. Marcotte, F. Stomeo, A. Taglietti, Angew. Chem.

2002, 714, 3965-3968; Angew. Chem. Int. Ed. 2002, 41, 3811 -

3813; ¢) D. H. Vance, A. W. Czarnik, J. Am. Chem. Soc. 1994,

116, 9397-9398.

[4] Fluorescent chemosensors for phosphoproteins/peptides: a) A.
Ojida, I. Hamachi, Bull. Chem. Soc. Jpn. 2006, 79, 35-46; b) A.
Ojida, M. Inoue, Y. Mito-oka, H. Tsutsumi, K. Sada, I. Hamachi,
J. Am. Chem. Soc. 2006, 128, 2052-2058; c) A. Ojida, Y. Mito-
oka, K. Sada, I. Hamachi, J. Am. Chem. Soc. 2004, 126, 2454 —
2463; d) A. Ojida, T. Kohira, I. Hamachi, Chem. Lett. 2004,
1024-1025; e) A. Qjida, M. Inoue, Y. Mito-oka, I. Hamachi, J.
Am. Chem. Soc. 2003, 125, 10184 -10185; f) A. Qjida, Y. Mito-
oka, M. Inoue, I. Hamachi, J. Am. Chem. Soc. 2002, 124, 6256 —
6258.

[5] A.V. Gourine, E. Llaudet, N. Dale, K. M. Spyer, Nature 2005,
436,108 -111.

[6] S. A. Johnson, T. Hunter, Nat. Methods 2005, 2, 17-25.

[7] a)J. Wongkongkatep, Y. Miyahara, A. Ojida, I. Hamachi,
Angew. Chem. 2006, 118, 681-684; Angew. Chem. Int. Ed.
2006, 45, 665-668; b) M. S. Han, D. H. Kim, Bioorg. Med.
Chem. Lett. 2003, 13, 1079 -1082.

[8] a) The Handbook— A Guide to Fluorescent Probes and Labeling
Technologies, 10th ed. (Ed.: M. T. Z. Spence), Invitrogen, USA,
2005, chap. 19; b) B. Valeur, 1. Leray, Coord. Chem. Rev. 2000,
205, 3-40.

[9] a) K. Choi, A.D. Hamilton, Angew. Chem. 2001, 113, 4030—

4033; Angew. Chem. Int. Ed. 2001, 40,3912-3915; b) J.-H. Liao,

C.-T. Chen, J.-M. Fang, Org. Lett. 2002, 4, 561 -564.

a) J. Shi, X. Zhang, D. C. Neckers, J. Org. Chem. 1992, 57, 4418 -

4421; b) E. G. Sundholm, Acta Chem. Scand. Ser. B 1978, 32,

177-181; c) J. B. Hendrickson, M. V. J. Ramsay, T. R. Kelly, J.

Am. Chem. Soc. 1972, 94, 6834 —6843.

Crystals of 1-2Zn" with chloride counterions grew as colorless

prisms by recrystallization from MeOH. A crystal suitable for X-

ray crystallography was immersed in cryoprotectant oil (Para-

tone-N, Hampton Research) directly from the crystal solvent

system, to avoid efflorescence, and immediately mounted on a

goniometer head by using a CryoLoop (0.2-0.3 mm, Hampton

Research) with cooling (120 K). X-ray diffraction data were

collected on a Rigaku RAPID-HR diffractometer with a 2D

area detector with graphite-monochromatized Moy, radiation

(A=0.7107 A). Crystal data for [1-2Zn"]Cl,nMeOH:

C3H3,CILINgO,yZn,, M, =1019.30, monoclinic, space group P2,/

n, a=12947(2), b=12711(2), c=279484)A, V=

45812(1) A3, f=95.070(6)°, Z=4, Peyea=1.478 gem™, u=

1.340 mm™!, crystal size 0.10 x 0.10 x 0.30 mm?®, 74011 collected,

37732 unique. R1=0.076 (I>20(l)), wR2=0.241 (I >30(l)),

GOF =1.517. All calculations were performed by using Crys-

talStructure software package (Rigaku). Direct methods

(SIR2002) were used for the structure solution. The structure

[3

—_—

[10

—

[11

—_—

[12

—

(13]

[14]

[15]

[16]

Angewandte

was refined by a full-matrix least-squares procedure by using
observed reflections based on F?. All non-hydrogen atoms were
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In the zinc(II) titration of the metal-free ligand 1 (0.5 pm) under
the same conditions, the fluorescence emission at 447 nm largely
increased (A, =397 nm), and the change was almost complete
upon addition of two equivalents of Zn(NOs;),. The plot of the
emission intensity gave a biphasic titration curve, which was
analyzed by nonlinear curve-fitting analysis to estimate the first
and second zinc(IT) complexation constant to be > 107 and 1.2 x
10’M7, respectively.

Study of simultaneous coordination of two Lewis acids with a
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In the zinc(Il) titration of the metal-free ligand 2 (10 pm in
50 mm HEPES, 50 mm NaCl, pH 7.2/MeOH 1:1) the UV/Vis
spectrum changed in an almost identical manner with that
observed in 1 up until the addition of one equivalent of zinc(II)
(Figure 3a) with an isosbestic point at 333 nm, thus indicating
the coordination of zinc(II) to the carbonyl oxygen atom of the
ligand 2. However, further spectral change was not induced upon
addition of an excess amount of zinc(IT) ions, as observed in the
case of 1 (Figure 3b). These results also support that 1-2Zn"
forms a complex with coordination between both zinc(II)
centers and the carbonyl oxygen atom.

In the binding of 1-2Zn" with nucleoside pyrophosphates such
as ATP, it was proposed that, unlike the monophosphate species,
the two phosphate groups simultaneously interact with the Zn"-
Dpa sites of 1-2Zn". This theory was supported by a *'P NMR
spectroscopic study, in which the signals corresponding to 3 and
v phosphate of ATP observed at 6 =—21.1 and —8.4 ppm shifted
to 0=—-17.7 and —4.2 ppm, respectively, upon addition of one
equivalent of 1-2 Zn", whereas the resonance corresponding to
the o-phosphate observed at 6 =-9.7 ppm scarcely shifted.
Similar shifts were also observed in the case of the two
phosphates of ADP upon 1-2Zn" binding. Such a multipoint
binding mode involving the two phosphate groups may reason-
ably explain the strong binding affinity of 1-2 Zn" for nucleoside
pyrophosphates.
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