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Design of Dual-Emission Chemosensors for Ratiometric Detection of ATP
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Abstract: Nucleoside pyrophosphate
(nucleoside PP) derivatives are wide-
spread in living cells and play pivotal
roles in various biological events. We
report novel fluorescence chemosen-
sors for nucleoside PPs that make use
of coordination chemistry. The chemo-
sensors, which contain two Zn"-dipico-
lylamine units, bind strongly to nucleo-

side PPs (K,,,>10°M"") in aqueous so-

sion change. Detailed fluorescence and
UV/Vis spectral studies revealed that
the emission changes of the chemosen-
sors upon binding to nucleoside PPs
can be ascribed to the loss of coordina-
tion between Zn" and the acridine
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fluorophore. This is a unique sensing
system based on the anion-induced re-
arrangement of the coordination. Fur-
thermore, we demonstrated the utility
of these chemosensors in real-time
monitoring of two important biological
processes involving nucleoside PP con-
version: the apyrase-catalyzed hydroly-
sis of nucleoside PPs and the glycosyl
transfer catalyzed by [-1,4-galactosyl-

lution and sense them by a dual-emis-

Introduction

Nucleoside pyrophosphate (nucleoside PP) derivatives are
widespread in living cells and play pivotal roles in various
biological events.!! All cells maintain a high intracellular
concentration of ATP, which acts as a ubiquitous energy
source for various metabolic cycles in all tissues. Further-
more, nucleoside PPs are involved in many enzymatic pro-
cesses as reactive substrates. For example, ATP serves as a
phosphate donor in kinase-catalyzed protein phosphoryla-
tion, and UDP glycosides are used as substrates in many gly-
cosylation processes catalyzed by glycosyltransferases. Be-
sides these fundamental intracellular roles, nucleoside PPs
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such as ATP, ADP, and a variety of diadenosine polyphos-
phates also play important extracelluar roles as signaling
substances. In particular, extracellular ATP released from
the cell membrane mediates many cell-to-cell signals in a
large variety of physiological and pathological conditions.
Therefore, considerable effort has been devoted to the de-
velopment of rapid and convenient determination systems
for nucleoside PP derivatives. These include a luciferin-luci-
ferase bioluminescence assay, an electrochemical sensor cou-
pled with sequential enzyme reactions, biosensors that use
the patch—clamp technique, and so on.”! Alternatively, fluo-
rescence detection with a small molecule-based chemosen-
sor has great promise for biological assays, including those
for the production or metabolism of nucleoside PPs. This is
a straightforward technique with high sensitivity and rapid
response, which promises real-time detection of nucleoside
PPs under various biological conditions without special
skills or instruments. Owing to the overall benefits of fluo-
rescence detection, there has been great interest in develop-
ing a selective fluorescent chemosensor for PP derivatives."l
However, despite the many artificial receptors or chemosen-
sors for phosphate species developed for molecular recogni-
tion, a limited number work efficiently in aqueous condi-
tions, and few bioanalytical applications have been reported
so far.>®

In fluorescence detection, ratiometric sensing has several
advantages, including enhanced dynamic range, precise cor-
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rection without interference by environmental effects, and
convenient visual monitoring; thus, it is suitable for bioana-
lytical measurements. A number of fluorescent ratiometric
sensors for cations such as Na*, K*, Ca’*, Zn**, Mg?*, and
so on have been developed, some of which were applied to
biological studies.”” A successful example is intracellular
Ca®" imaging with fluorescent chemosensors such as fura,
indo, and calcium green. These chemosensors enable precise
determination of cytosolic free Ca®* concentration inside
living cells owing to changes in dual emission or excitation
upon binding to Ca’* and, consequently, have contributed
greatly to the understanding of the dynamics of Ca** ions in
various cell-signaling pathways. In contrast to such success-
ful developments of ratiometric cation sensors, dual-emis-
sion sensors capable of ratiometric analysis for anions have
hardly been developed so far.®® This is partly due to the
general difficulty of development of anion sensors that oper-
ate in aqueous medium and, more seriously, the lack of sens-
ing mechanisms available to detect the anion binding event
by the shift in the fluorescence emission/excitation wave-
length. Herein we describe new dual-emission chemosensors
for nucleoside PPs that operate under neutral aqueous con-
ditions. These chemosensors can bind strongly to nucleoside
PPs such as ATP and ADP (K,,,>10°m ") by making use of
coordination chemistry and detect them by changes in dual
emission, thus allowing ratiometric nucleoside PP analysis.
The mechanism of the dual-emission sensing involves a
change in the coordination between the acridine fluoro-
phore and the Zn" ions upon binding to a nucleoside PP,
which is experimentally supported by X-ray crystal analysis
and detailed spectroscopic studies. Based on the ratiometric
sensing mode, these chemosensors were successfully applied
to the real-time fluorescence assay of two important biologi-
cal processes: the apyrase-catalyzed hydrolysis of nucleoside
PPs and glycosyl transfer catalyzed by (3-1,4-galactosyltrans-
ferase.

Abstract in Japanese:
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Results and Discussion

Molecular Design, Synthesis, and Structure of the
Chemosensors

To carry out ratiometric analysis, two distinct changes in
fluorescence emission or excitation are required within a
single molecular system. Most ratiometric cation sensors re-
ported to date are designed to conjugate a cation binding
site with a fluorophore in a direct manner so that the cation
binding event influences the photochemical properties of
the fluorophore to express a dual-emission change.”! We
planned to utilize such a metal-cation-induced change in
fluorescence emission/excitation for ratiometric anion sens-
ing (Figure 1). According to the literature,”! acridine fluoro-

hvl ’

Figure 1. The dual-emission anion-sensing system reported herein.

phore shows a bathochromic emission shift on protonation
or metal-cation coordination to its central nitrogen atom.
Thus it may be a candidate for two distinct emissions de-
pending on its electronic configuration. On the basis of our
previous work on the anthracene-type Zn" complex 4-2Zn"
as a fluorescent chemosensor for biological phosphate spe-
cies, ' we designed new chemosensors 1-2Zn" and 2-2Zn"
that contain an acridine moiety as a fluorophore (Figure 2).
It is anticipated that the anion binding on the Zn"-Dpa sites
disturbs the interaction between Zn" and the acridine fluo-
rophore by coordination exchange, which restores the elec-
tronic property of the acridine to its original noncoordinated

N
Zn*Dpa
ZneDpa DpasZn
1-2Zn": R = DpasZn 2-27n'
3-Zn'": R=H
O
24
N @N &
Zn*Dpa Dpa*Zn
4-2zn' DpasZn

Figure 2. The chemical structure of the chemosensors. Dpa=2,2"-dipico-
lylamine.
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state, thus resulting in a shift in the emission/excitation
wavelength (Figure 1).

The synthesis of 1-2Zn" and 2-2Zn" was carried out as
described in Scheme 1. Both chemosensors were prepared
from 9-chloroacridine (6a), which was obtained by the intra-
molecular cyclization of N-aryl anthranylic acid (5a).""! The
radical bromination of 6a and the subsequent nucleophilic
substitution with Dpa gave ligand 1. Ligand 2 was synthe-
sized by Suzuki coupling to introduce an aryl substituent at
the 9-position of 6a followed by bromination and Dpa sub-
stitution. Ligands 1 and 2 were treated with zinc(II) nitrate
(2 equiv) in aqueous MeOH to give the chemosensors 1-
2Zn" and 2-2Zn". By using the same synthetic procedures,
chemosensor 3-Zn" was prepared as a monodentate control
compound. Characterization of these compounds was per-
formed with "H NMR spectroscopy, mass spectrometry, and
elemental analysis. Detailed synthetic procedures and com-
pound characterizations are described in the Supporting In-
formation. The structure of 1-2Zn" was successfully investi-
gated by X-ray crystallographic analysis."? Crystallization of
the binuclear 1-2Zn" from MeOH yielded a single crystal
suitable for structural analysis. The structure of 1-2Zn" is
displayed in Figure 3. Both Zn" ions have a disordered
trigonal-bipyramidal coordination geometry, each of which
is coordinated by the three nitrogen atoms of Dpa and two
nitrate anions. Coordination of Zn" to the acridine nitrogen
atom was not observed in this binuclear Zn" complex. How-
ever, this coordination bond evidently exists in the case of
the mononuclear Zn" complex of 1 under aqueous condi-
tions, and plays a key role in the ratiometric fluorescence
detection for the nucleoside PPs (see below).

Anion Binding and Selectivity of Fluorescence Sensing

When 1-2Zn" and 2-2Zn" were excited at 368 nm, absorp-
tion maxima were observed at 363 nm and emission maxima

N
Rz H

5a: R?=Me 6a: R'=Cl, R?=Me
5b: R2=H C)ESb: R'=CI,R?=H
6c: R'=Ph(3-COOEt), R2 = Me

R R
d) X e) X
—— P —— P - nZn(NO3),
N N
R? R2
Dpa Dpa

1: R' = Cl, R?= CH:Dpa
2:R'=Cl,R2=H

Scheme 1. Preparation of the chemosensors. a) POCl;, reflux; b) N-bromosuccinimide, benzoyl peroxide, CCl,,
reflux; c)ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate, [Pd,(dibenzylideneacetone);], 2-(di-
tert-butylphosphanyl)biphenyl, Cs,CO;, N,N-dimethylformamide (DMF), 80°C; d) Dpa, K,CO;, DMF, room

temperature; ¢) Zn(NO;),, MeOH/H,0, room temperature.
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7a:R' = Cl, R?= CH,Br
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1-2Zn":R" = CI, R?= CHzDpa (n = 2)
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Figure 3. ORTEP drawing (50 % probability ellipsoids) of binuclear Zn"
complex 1-2Zn"-4NO;. The disordered MeOH molecules are omitted for
clarity.

at 468 nm (see Supporting Information). The fluorescence
quantum yields of 1-2Zn" and 2-2Zn" were 0.04 and 0.16,
respectively, in aqueous HEPES buffer (pH 7.2), determined
by using quinine sulfate in H,SO, (0.1N) as the standard.
Upon addition of ATP to 1-2Zn" (10 um) under neutral
aqueous conditions (50 mm HEPES, pH 7.2), the emission
maximum at 468 nm immediately decreased in intensity and
underwent a blue shift to 441 nm (Figure 4a), unlike the an-
thracene-type chemosensor 4-2Zn", which showed simple
fluorescence intensification.'”! The much clearer wavelength
shift and the change in emission intensity upon ATP binding
resulted in a seesaw-type spectral change in the case of 2
2Zn" (Figure 4b,c). Under these conditions, 2-2Zn" (10 um)
was able to detect 107’m of ATP with a clear dual-emission
change, but not 10°°m ATP (data not shown). When a
higher concentration of 1-2Zn" (30 um) was used, the fluo-
rescence change halted sharply at 1 equivalent of ATP, thus
indicating that the binding stoichiometry between the che-
mosensors and ATP is 1:1 (see Supporting Information). On
the other hand, the monoden-
tate Zn"-Dpa complex 3-Zn"
did not show any fluorescence
change on addition of ATP
(data not shown). This indi-
cates that the two Zn"-Dpa
sites of 1-2Zn" and 2-2Zn" in-
teract simultaneously with the
PP site of ATP through metal-
ligand interactions that show a
strong affinity in aqueous solu-
tion. In *'P NMR spectroscopic
experiments (0.5 mm, HEPES
(50 mm, pH7.2) containing
D,0 (10%)), 1-2Zn" induced
downfield shifts of the peaks
corresponding to 3 and y phos-
phate units of ATP from —19.4
and —-5.5ppm to —16.9 and
—2.4 ppm, respectively, where-
as the peak of the a phosphate
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Figure 4. Changes in the fluorescence emission of the chemosensors in-
duced by nucleoside PP. a) Changes in the emission spectrum of 1-2Zn"
(10 pm) upon addition of ATP. [ATP]=0, 2, 4, 6, 8, 10, 12, 14, 16, 18,
20 pum. b) Changes in the emission spectrum and c) changes in the differ-
ence spectrum of 2-2Zn" (10 um) upon addition of ATP. [ATP]=0, 2, 4,
6, 8, 10, 12, 14, 16, 18, 20, 24, 32, 40 pm. Al=difference in fluorescence
intensity from the initial state ([ATP]=0 um). Conditions: HEPES buffer
(50 mm), NaCl (10 mm), pH 7.2, 20°C, A.,=368 nm. d) Photograph of the
fluorescence emission of 2-2Zn" in the absence (left) and presence
(right) of ATP. The arrows in a) and b) show the direction of change of
the spectrum at that position as ATP concentration is increased.

observed at —8.03 ppm scarcely changed (data not shown).
This result may suggest that both Zn"-Dpa sites of 1-2Zn"
predominantly interact with the § and y phosphate groups
of ATP in a chelation-like manner. Figure 4d shows a pho-
tograph of 2-2Zn" in the presence and absence of ATP. The
original green fluorescence emission of 2-2Zn" turned blue
in the presence of ATP. Thus, one can simply detect the nu-
cleoside PPs by the change in emission color, which is one
of the benefits of dual-emission sensing.

Subsequently, we examined the fluorescence-sensing abili-
ty of the chemosensors toward various phosphate species of
biological importance. The binding constants are summar-
ized in Table 1. Both 1-2Zn" and 2-2Zn" displayed changes
in ratiometric emission upon binding to nucleoside PPs with
strong binding affinities (K,,,>10°m""), such as ATP, GTP,
ADP, GDP, and UDP. In the case of pyrophosphate anion
(P,0*), a similar dual-emission change was observed in
both chemosensors. However, the change stopped at the ad-
dition of about 0.6 equivalents of pyrophosphate. This indi-
cates that the interaction with pyrophosphate anion does
not have 1:1 stoichiometry, but contains different binding
modes (1:2 or higher order). Binding was relatively weak for
the monophosphate derivatives such as AMP, UDP-Gal,
and H,PO,*", and cAMP and cGMP did not cause any fluo-
rescence change, which suggests that a phosphomonoester
moiety involved in a pyrophosphate group is required for
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Table 1. Apparent binding constants (K,,,) of 1-2Zn" and 2-2Zn" to
various anions determined by changes in fluorescence.

Anion species!?! K,pp [M 1] Anion species!?! K,pp [M 710
1-2Zn" 2-2Zn" 1-2Zn" 2-27Zn"
ATP 7.6x10° 53x10° cAMP <10° <10
ADP 1.7x10° 2.7x10° cGMP <10° <10
AMP 20x10* 1.7x10* HPOS" 1.1x10* 3.6x10*
GTP 1.7x107 22x107 P,0,* L Ll
GDP 24x10° 42x10° AcO~ @ L
GMP 33x10* 34x10° SO2~ L L
UDP 1.3x10° 1.7x10° NO;~ a a
UDP-Gal <10° <10° HCO,;~ <10° <10°

Cl- _ld] _ld]

[a] All counterions of the phosphate species are sodium. ATP=adeno-
sine-5'-triphosphate, ADP =adenosine-5'-diphosphate, AMP = adenosine-
5’-monophosphate, GTP = guanosine-5'-triphosphate, GDP = guanosine-
5'-diphosphate, GMP = guanosine-5-monophosphate, UDP =uridine-5'-
diphosphate, UDP-Gal =uridine-5'-diphosphogalactose, cAMP =adeno-
sine-3',5'-cyclic monophosphate, c¢GMP =guanosine-3',5'-cyclic mono-
phosphate. [b] K,,, values were determined by curve-fitting of the fluo-
rescence titration data. Conditions: HEPES (50 mm), NaCl (50 mm),
pH 7.2, 20°C. [c] As the binding stoichimetry is not 1:1, the binding con-
stant was not determined. [d] As the fluorescence changes were hardly
observed, the binding constant could not be obtained.

strong binding. Addition of millimolar concentrations of
other anions (acetate, sulfate, nitrate, carbonate, and chlo-
ride) to both chemosensors did not induce significant fluo-
rescence changes. These results indicate that 1-2Zn" and 2-
2Zn"" are selective fluorescent chemosensors with a ratio-
metric sensing mode for nucleoside PP derivatives.

Mechanism of Dual-Emission Change by Nucleoside PP
Binding

The mechanism of the observed emission shift upon binding
to nucleoside PPs was explored by the following experi-
ments. In the Zn" titration experiment of bis-Dpa acridine
ligand 1 (20 pm in HEPES (10 mm, pH 7.2)/MeOH=1:1),
the absorption maximum at 377 nm decreased with the ap-
pearance of a new peak at 388 nm up to the addition of
1 equivalent of Zn" (Figure 5a,c, Supporting Information).
Almost the same spectral change was observed when the
neutral solution of 1 in aqueous methanol was acidified with
HCI (pH<1) (see Supporting Information). These changes
in the absorption spectra indicate that Zn" coordination or
protonation occurs not only to the Dpa sites but also to the
acridine nitrogen atom of 1, thus influencing the electronic
properties of the acridine fluorophore. Interestingly, the ob-
served spectral change induced by 1 equivalent of Zn" was
gradually cancelled to restore the original spectrum of 1 by
the addition of more than 1 equivalent of Zn" (Figure 5a,c,
Supporting Information). This reverse change indicates the
dissociation of Zn" from the acridine nitrogen atom of 1 to
form the binuclear 1-2Zn" complex. The coordination rear-
rangement induced by the second Zn" complexation is prob-
ably due to electronic repulsion between the two Zn" cat-
ions and/or the steric requirement for the formation of the
binuclear Zn" complex. In the 'H NMR spectroscopic study,

Chem. Asian J. 2006, 1, 555-563



a)

A

Dual-Emission Chemosensors for ATP Derivatives

015

0.05

20
[Zn"]/ pm

0 20 60 350 400

A/nm ——

Figure 5. a) UV/Vis and b) fluorescence-emission spectra of 1 (20 um) in
the absence (——-) and in the presence of 1 equivalent (—) or 3 equiva-
lents (-----) of Zn". The fluorescence intensity of 1 in the absence of Zn"
is magnified (x10) for clarity. c) Plot of fluorescence-emission intensity
(468 nm; @) and UV absorption (377 nm; [J) of 1 in the Zn" titration.
Conditions: HEPES buffer (10 mm, pH 7.2)/MeOH=1/1 (v/v), 20°C.
d) Changes in the UV/Vis spectrum of 1-2Zn" (10 um) upon addition of
ATP. [ATP]=0, 2, 4, 6, 8, 10 um. Conditions: HEPES buffer (10 mm),
pH 7.2, 20°C. The extreme right arrow in d) indicates the direction of
change of the spectrum at that position as ATP is added.

the two Dpa units of 1-2Zn" (1 mm in CD;0D) could not
be discriminated in the presence of more than 2 equivalents
of Zn" (data not shown), which suggests that 1-2Zn" has a
highly symmetrical structure in protic solvents. This struc-
ture may be analogous to that of the binuclear complex re-
vealed by X-ray crystallographic analysis (Figure 3).

The fluorescence emission of 1 also changed in a biphasic
manner in the Zn" titration experiment, together with the
change in absorption. As shown in Figure 5b, the emission
maximum of 1 underwent a red shift from 447 to 468 nm,
with a large increase in fluorescence, upon addition of
1 equivalent of Zn", followed by a blue shift to 453 nm upon
addition of more than 1 equivalent of Zn" (see also the Sup-
porting Information). The large fluorescence enhancement
observed with the addition of up to 1 equivalent of Zn" can
be reasonably explained by inhibition of photoinduced elec-
tron transfer (PET) quenching from the tertiary amine
groups of Dpa upon Zn" complexation. The observed bipha-
sic shift in fluorescence emission, which is coincident with
the change in UV absorption, strongly suggests that Zn" co-
ordination with the acridine nitrogen atom induces a batho-
chromic emission shift similar to the case of acridine proto-
nation reported in the literature.”'3! In the case of the Zn"
titration of the mono-Dpa ligand 3, the absorption spectrum
changed in an almost-identical manner to that observed in
the bis-Dpa ligand 1, and the fluorescence emission also un-
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derwent a red shift with the addition of up to 1 equivalent
of Zn", with strong fluorescence intensification as observed
for 1 (see Supporting Information). However, unlike the
case of 1, the subsequent change in the absorption spectrum
and emission blue shift was not induced upon addition of
more than 1 equivalent of Zn". This result indicates that
Zn" coordinates to the acridine nitrogen atom as well as the
Dpa site of 3, and, more importantly, the subsequent spec-
tral changes observed in the case of 1 can be ascribed to the
second Zn" complexation.

In aqueous HEPES buffer (pH 7.2), the observed fluores-
cence emission maximum (4., =463 nm; Figure 4a) and the
shape of the UV/Vis spectrum (Figure 5d) indicates that 1-
27Zn" exists predominantly as a mononuclear Zn" complex
with coordination between the Zn" ion and the acridine ni-
trogen atom. The complexation constant of the first and
second Zn" ions of 1 (K; and K, in [Eq. (1)] and [Eq. (2)])
in aqueous HEPES buffer was determined to be >10’ and
1.2x10*M™!, respectively, by the Zn" titration experi-
ments,™¥ which means that the second Zn" ion is not fully
complexed with 1 at low pum concentrations.

Ky
1+ Zn"—1-7Zn" (1)
K>
1-Zn" + Zn"=—1-27Zn" (2)

In the fluorescence titration with ATP, the fluorescence
emission of 1-2Zn" underwent a blue shift with a decrease
in emission intensity (Figure 4). This response is almost
identical to that observed in the formation of the binuclear
Zn" complex from the mononuclear upon addition of excess
Zn" (Figure 5b). The shape of the UV/Vis spectrum was
also changed by ATP to become almost identical to that of
the binuclear Zn" complex (Figure 5d). Therefore, it is rea-
sonable that the dual-emission change of the chemosensors
upon binding to the nucleoside PPs is due to the dissociation
of Zn" from the acridine nitrogen atom as a result of the
formation of the ATP-bound complex. The dual-emission
sensing mechanism is schematically summarized in Figure 6.
In the resting state, the chemosensor predominantly exists
as a mononuclear Zn" complex (species I), with coordina-
tion between Zn" and the acridine nitrogen atom, in equilib-
rium with the binuclear Zn" complex (species II). However,
the anionic nucleoside PP induces a second Zn" complexa-
tion, probably due to its electrostatic and/or coordination as-
sistance, to form the ATP-bound species 111, in which the co-
ordination geometry of the first Zn" ion is altered such that
the coordination to the acridine nitrogen atom is lost, result-
ing in the dual-emission change.'” The similar second Zn"
complexation induced by binding with a phosphate anion
was also observed in the anthracene-type chemosensor 4-
27n"."! However, 4-2Zn" showed a simple fluorescence in-
tensification upon phosphate binding due to the removal of
PET quenching by the complexation of Zn" with Dpa. In
the case of the acridine-type chemosensors, the second Zn"
complexation, induced by the binding of nucleoside PP, re-
sults in a change in the coordination geometry of the first
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Figure 6. Schematic illustration of the dual-emission sensing mechanism
of the acridine chemosensor for nucleopside PPs.!'¥!

Zn" ion, which perturbs the electronic structure of the acri-
dine fluorophore, leading to the dual-emission change.

Unlike the anthracene-type chemosensor 4-2Zn", the ac-
ridine-type chemosensors did not show fluorescence intensi-
fication upon binding to nucleoside PP. This indicates that
the acridine-type chemosensor may form a mononuclear
Zn" complex with coordination between the Zn" ion and
both tertiary amine groups of the two Dpa units (species I
in Figure 6), so that the PET-quenching process induced by
these amines is fully suppressed even in the mononuclear
Zn" complex state. This is supported by the fluorescence
Zn" titration plot in Figure 5Sc, in which the fluorescence in-
tensity is maximized in the presence of 1 equivalent of Zn".
To obtain structural information about the mononuclear
Zn" complex of 1, a 'HNMR spectroscopic study of 1
(1 mm in CD;OD) was carried out in the presence of Zn-
(NO3), (1 equiv). However, broad and complicated signals
of 1 were observed, which suggests that a number of the
Zn" coordination isomers of 1 may exist under such condi-
tions of high concentration. Thus, detailed structural infor-
mation of the mononuclear Zn" complex (species I) was not
obtained at this stage.

Real-time Fluorescence Monitoring of Enzyme Reactions
That Involve Nucleoside PP Conversion

With their ability to sense nucleoside PPs selectively
(Table 1), these chemosensors can provide a novel ratiomet-
ric fluorescence assay for enzymatic metabolism of nucleo-
side PP. Apyrase, a hydrolytic enzyme that converts ATP or
ADP into AMP and inorganic phosphate (P),!°l was em-
ployed for a proof-of-concept study. It was recently revealed
that various types of apyrases play pivotal roles in diverse
cellular processes, especially in the control of extracellular
signal transduction mediated by nucleoside PPs. Thus, the
development of a convenient real-time monitoring system
for apyrase activity would be highly desirable for the eluci-
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dation of their actions in biological systems.'’! Figure 7a
shows the fluorescence difference spectra obtained during
apyrase-catalyzed ADP hydrolysis; the blue emission at
428 nm decreased and the green emission at 480 nm in-

Figure 7. Fluorescence real-time detection of the apyrase-catalyzed
hydrolysis of ADP with 2-2Zn". a) Difference spectra obtained during
ADP hydrolysis (040 min) against the initial state (0 min) with apyrase
(500 mU). b) Time-trace plot of ADP hydrolysis with 1000 (@), 500 (M),
250 (o), 100 mU (A), and 0 mU (V) of apyrase monitored by the emis-

sion ratio R (=1 at 480/ at 428 nm). Conditions: [2-2Zn"]=10 pm,
[ADP]=10 um, HEPES buffer (50 mm), NaCl (10 mm), pH 7.2, 25°C,
Aex =368 nm.

creased concurrently. This seesaw-type emission change for
2-27Zn" is reasonably ascribed to the hydrolysis of ADP into
AMP and P; [Eq. (3)]. The plot of the emission ratio shows
that the reaction rate is accelerated with an increase in apyr-
ase concentration (Figure 7b). Kinetic analysis based on
first-order reaction kinetics indicates that the rate of ADP
hydrolysis is proportional to the amount of apyrase (see
Supporting Information).'®! Sequential ATP hydrolysis to
AMP [Eq. (4)] could also be monitored by the same fluores-
cence ratiometry, although detailed kinetic analysis was not
done in this case. An issue of concern for this real-time
assay is whether 2-2Zn" decelerates the apyrase-catalyzed
reaction by competitive binding to the substrate nucleoside
PPs. However, the measured reaction rates in the presence
and absence of 2-2Zn" (0.025 and 0.076 min~", respectively)
with 250 mU of apyrase indicates that significant rate decel-
eration does not occur.

ADP3™ AMP + P, 3)
ATP2S, ADP - P, 225, AMP + P, (4)

The chemosensor-based enzyme assay was also applied to
the fluorescence monitoring of glycosyltransferase activi-
ty.') Glycosyltransferases, a superfamily of enzymes in the
biosynthesis of oligosaccharides, are vital for all living sys-
tems, because they synthesize a variety of oligosaccharides,
which play key roles in cell-cell interaction, immune de-
fense, inflammation, and so on. In biological glycosyl-
transfer processes, nucleotide sugars such as UDP glycosides
generally serve as a sugar donor to form a new glycosyl
bond with many types of glycosyl acceptors. As nucleotide
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sugars are converted into nucleoside PPs during glycosyl
transfer, detection of the nucleoside PPs by our chemosen-
sor enables us to monitor this reaction without perturbation
of the reactants (Scheme 2). As shown in Table 1, the bind-
ing affinity of 2-2Zn" for UDP is about 10° times larger
than that for UDP-Gal, which makes it suitable for the
quantitative monitoring of glycosyl bond formation by de-
tecting the UDP produced. Thus, we monitored by fluores-
cence the glycosyl transfer from UDP-Gal to N-acetyl glu-
cosamine (GIcNAc) catalyzed by p-1,4-galactosyltranferase
(B-1,4-GalT) in the presence of 2-2Zn" (Scheme 2). As ex-
pected, the spectrum of 2-Zn" changed in a ratiometric
manner owing to UDP formation during glycosyl transfer,
and the emission ratio increased (Figure 8a). With increas-
ing concentrations of GIcNAc, the increase in the emission
ratio was accelerated. The change in the emission ratio was

b) 15x107

1x107
L)
5x10° |
v

/Mmin™ ©

-5x%10°
0 10 20 30 -2000 0 2000 4000 6000

t/min ——— Syt —
Figure 8. Fluorescence real-time monitoring of the glycosyl-transfer reac-
tion catalyzed by B-1,4-GalT. a) Time-trace plot with 2-2Zn" in the pres-
ence of 2 (@), 1 (M), 0.5 (), and 0.2 mm (A) of GIcNAc monitored by
the emission ratio R (=1 at 424/I at 486 nm). Assay conditions are de-
scribed in the Experimental Section. b) Lineweaver—Burk plot of the gly-
cosyl-transfer reaction. v and S refer to the initial rate of the reaction
and the concentration of GIcNAc, respectively.
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converted into the amount of UDP by a calibration curve,
and the data, analyzed with a Lineweaver-Burk plot, gave
the Michaelis constant Ky as 1.1 mm (Figure 8b), a value of
the same order as that reported (5.1 mm).?!! The chemosen-
sor-based glycosyltransferase assay presented herein is pre-
cise and convenient, and does not require any special modi-
fication of either glycosyl donor or acceptor. Therefore, this
should provide a potentially general method for probing gly-
cosyltransferase activities, which may be superior to conven-
tional methods with radio-labeling or enzyme-reaction-cou-
pling techniques.*?

Conclusions

We have developed the dual-emission chemosensors 1-2Zn"
and 2-2Zn" for nucleoside PP derivatives under neutral
aqueous conditions. The chemosensors achieved ratiometric
detection of the nucleoside PPs and allowed rapid and pre-
cise analysis under complicated biological conditions with-
out the need for special instrumentation or costly enzymes
in multistep enzyme-coupled assays, which is an advantage
over other ATP-detection systems™ To our knowledge, this
is the first example of a ratiometric fluorescence-sensing
system for nucleoside PPs. On the other hand, the detection
limit of the chemosensors (10~'m for ATP) may not be low
enough to detect the small amounts of nucleoside PPs rele-
vant to various biological events; however, structural opti-
mization of the phosphate binding sites may lead to a so-
phisticated chemosensor with a stronger binding affinity and
higher sensitivity. We also found that the unique shift in
emission wavelength induced by nucleoside PP binding is as-
cribed to the dissociation of the first Zn" ion from the acri-
dine nitrogen atom as a result of the formation of the binu-

OH onPH OH
HO o] p-1,4-GalT HO . (o} 0
HO OH > OH HO OH
NHAc
| NHAC
2-27n
GloNAc Gal-B1,4-GlcNAC
OH OH 0 o}
o) f‘\NH £ ) fLNH
HO 5 A o o
OH mn n N O = 11} 11 N O
0-P-0-P-0 L RE L
1 1 O 1 1
i e = o o
H H OH OH
UDP-Gal G, & ubpP

Kapp =10% m™!

2-2zn"

// Kapp=1.7x10°M""

Scheme 2. Fluorescence sensing of the glycosyl-transfer reaction based on the ratiometric detection of UDP by 2-2Zn".
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clear Zn" complex. The present sensing mechanism based
on the anion-induced perturbation of metal-fluorophore in-
teraction may become a general design principle for anion
sensing. Furthermore, we have demonstrated that the che-
mosensor is successful in some biological assays, for exam-
ple, fluorescence monitoring of apyrase-catalyzed hydrolysis
of nucleoside PPs and glycosyl transfer catalyzed by glyco-
syltransferase. As nucleoside PPs are key intermediates in
many biotransformation processes, our methodology should
provide a simple and convenient bioanalytical system that is
useful for screening small molecular inhibitors and modula-
tors for corresponding enzyme or protein activity. Work on
this system is currently underway.

Experimental Section
Synthesis of the Chemosensors

The chemosensors 1-2Zn", 2-2Zn", and 3-Zn" were prepared according
to the synthetic routes in Scheme 1. Detailed synthetic procedures and
compound characterizations are described in the Supporting Information.

Fluorescence Titration with Anions

Fluorescent spectra were recorded on a Perkin—Elmer LS55 spectrome-
ter. The anion titration experiments were conducted with a solution
(3mL) of 1-2Zn", 2-2Zn", or 3-Zn" (10 um) in NaCl (50 mm) and
HEPES buffer (50 mm, pH 7.2) at (20£1)°C. The change in fluorescence
emission (4., =368 nm) was monitored upon the addition of a freshly pre-
pared aqueous stock solution of the anion with a microsyringe. In the
case of ATP as the analyte, the titration was carried out with 1 um of the
chemosensor to allow a precise determination of their strong binding.
Fluorescence titration curves (A.,, =468 nm) were analyzed with nonlin-
ear least-squares curve-fitting analysis with 1:1 binding assumed to evalu-
ate the apparent affinity constant.

Fluorescence Monitoring of Apyrase-Catalyzed Hydrolysis of Nucleoside
PPs

Apyrase (isolated from Solanum tuberosum, Grade VII, activity ratio
ATPase/ADPase~1:1) was purchased from Sigma—Aldrich. A solution
of 2-2Zn" (10 pm) and the nucleoside PP (ATP or ADP; 10 um) in assay
buffer (3 mL, 50 mm HEPES, 10 mm NaCl, pH 7.2) was preincubated
(25°C) in a quartz cell. An appropriate amount (100-1000 mU) of apyr-
ase was added to the solution, and the quartz cell was immediately
placed in the fluorescence spectrometer. The emission spectrum (A.,=
400-600 nm, A.,=368 nm) was recorded automatically at each reaction
time point (scan time=5s) at 25°C. The rate of change of the fluores-
cence-emission ratio R was converted into the rate of ADP degradation
by using a calibration curve obtained from fluorescence titration under
assay conditions. The ADP degradation curve obtained was analyzed by
curve-fitting analysis based on first-order reaction kinetics to obtain the
apparent reaction rate.

Fluorescence Monitoring of Glycosyl Transfer Catalyzed by (-1,4-GalT

B-1,4-GalT (human, EC 2.4.1.22) was purchased from Toyobo (Japan). A
solution of B-1,4-GalT (16 mU), GlcNAc (0.2, 0.5, 1, 2 mm), 2-2Zn"
(4 mm), and Zn(NO;), (24 pm) in assay buffer (500 uL, 50 mm HEPES,
50 mm NaCl, 0.1 mm MgCl,, pH 7.2) was preincubated in a quartz cell at
25°C. Zn(NOs), was added to suppress the inhibition effect of 3-mercap-
toethanol in a solution of f3-1,4-GalT. After addition of UDP-Gal (final
concentration =20 pum), the emission spectrum (4., =400-600 nm, A.,=
368 nm) was recorded automatically at each reaction time point (scan
time =5 s) at 25°C. The rate of change of R was converted into initial ve-
locity V; by using a calibration curve obtained from fluorescence titration
under assay conditions. The data were analyzed with a Lineweaver-Burk
plot to obtain the Michaelis constant Ky.
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