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ABSTRACT: ATP and its derivatives (nucleoside polyphosphates
(NPPs)) are implicated in many biological events, so their rapid
and convenient detection is important. In particular, live cell
detection of NPPs at specific local regions of cells could greatly
contribute understanding of the complicated roles of NPPs. We
report herein the design of two new fluorescent chemosensors that
detect the dynamics of NPPs in specific regions of living cells. To
achieve imaging of NPPs on plasma membrane surfaces (2-
2Zn(II)), a lipid anchor was introduced into xanthene-based
Zn(II) complex 1-2Zn(II), which was previously developed as a turn-on type fluorescent chemosensor for NPPs. Meanwhile, for
subcellular imaging of ATP in mitochondria, we designed rhodamine-type Zn(II) complex 3-2Zn(II), which possesses a cationic
pyronin ring instead of xanthene. Detailed spectroscopic studies revealed that 2-2Zn(II) and 3-2Zn(II) can sense NPPs with a
several-fold increase of their fluorescence intensities through a sensing mechanism similar to 1-2Zn(II), involving binding-
induced recovery of the conjugated form of the xanthene or pyronin ring. In live cell imaging, 2-2Zn(II) containing a lipid anchor
selectively localized on the plasma membrane surface and detected the extracellular release of NPPs during cell necrosis induced
by streptolysin O. On the other hand, rhodamine-type complex 3-2Zn(II) spontaneously localized at mitochondria inside cells,
and sensed the local increase of ATP concentration during apoptosis. Multicolor images were obtained through simultaneous use
of 2-2Zn(II) and 3-2Zn(II), allowing detection of the dynamics of ATP in different cellular compartments at the same time.

■ INTRODUCTION

Nucleoside polyphosphates (NPPs) are prevalent in cells and
play pivotal roles in various cellular events. Among them, ATP
is mainly produced in mitochondria and used as a universal
energy source for various cellular events. NPPs are also
involved in many enzymatic processes. For example, ATP
serves as a phosphate donor in kinase-catalyzed protein
phosphorylation and uridine 5′-diphosphoglucose (UDP-
glucose) is used as an activated substance in glycosylation
processes catalyzed by glycosyltransferase. Besides these
intracellular roles, ATP and its derivatives are released
extracellularly by mechanical and chemical stimuli, which
triggers the transmission of purinergic signaling to nervous
and immunological systems.1 In recent decades, much effort has
been dedicated to developing fluorescent chemosensors for
NPPs to elucidate their diverse physiological functions.2,3 The
concentration of NPPs is thought to differ in various cellular
regions. However, fluorescent chemosensors capable of
analyzing the spatial and temporal dynamics of NPPs in
specific cellular compartments have not yet been developed.

Fluorescent sensors that can localize in a certain cellular region
or organelle are highly suited to this purpose because
subcellular localization allows selective monitoring of biological
events occurring in a specific region with high accuracy and low
background. Subcellular imaging studies using small molecule-
based chemosensors have been reported by several groups in
recent years. Most of these studies exploited selective protein-
labeling techniques, in which a fluorescent chemosensor is post-
translationally conjugated to a protein anchored to a certain
organelle through genetically encoded localization signals.4

Another strategy for subcellular imaging is to use fluorescent
chemosensors that can spontaneously localize in a specific
cellular region. The latter method is more convenient and
versatile than the former because it does not require
cumbersome protein expression or time-consuming protein
maturation. Despite these advantages, the number of
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autolocalizable fluorescent sensors suitable for subcellular
bioimaging is still limited.5

In this manuscript, turn-on fluorescent chemosensors for
NPPs that can spontaneously localize in specific cellular regions
such as plasma membrane surfaces or mitochondria, without
anchor-protein expression, are reported. Taking advantage of
their ability for selective subcellular localization, these chemo-
sensors were successfully used for fluorescence imaging of the
dynamics of NPPs in living cells, such as the extracellular
release of NPP from living cells and the stimuli-responsive
change in ATP concentration in mitochondria. To the best of
our knowledge, it is unprecedented to visualize NPPs dynamics
in a specific local regions of cells using the autolocalizable
fluorescent chemosensor.6 Furthermore, we demonstrated the
utility of these chemosensors in the simultaneous detection of
ATP concentration changes at the distinct cellular compart-
ments by the multicolor imaging.

■ RESULTS AND DISCUSSION
Molecular Design and Synthesis.We previously reported

that binuclear Zn(II)-2,2′-dipicolylamine (Dpa) complexes are
a useful binding motif for phosphate anion species in the
development of fluorescent chemosensors for NPPs.2 Among
these chemosensors, fluorescein-type Zn(II) complex 1-2Zn-
(II) (Figure 1) displayed an off-on type large fluorescence

enhancement (up to 33-fold) upon binding to ATP with strong
affinity (Kapp = 1.3 × 106 M−1) under neutral aqueous
conditions.7 The unique turn-on sensing mechanism of 1-
2Zn(II) for NPPs involves the binding-induced recovery of a
fluorescent conjugated form of a xanthene ring from its
nonfluorescent deconjugated form, which is produced by the
nucleophilic attack of a Zn(II)-bound water (Scheme 1). The
ability of 1-2Zn(II) to sense ATP was successfully applied for
fluorescence imaging of ATP particles present in the cytosol of
living cells.7,8

To detect changes in the concentration of NPPs in specific
cellular regions, two novel chemosensors, 2-2Zn(II) and 3-
2Zn(II) (Figure 1), which were designed to spontaneously
localize in plasma membrane or mitochondria, respectively
(Figure 2), were prepared. 2-2Zn(II) was designed to
selectively localize on the plasma membrane surface by
introducing a biocompatible BAM unit, which possesses a
hydrophobic oleyl moiety at the end of a long ethylene glycol

linker.9 3-2Zn(II) was designed to selectively localize in
mitochondria by the replacement of the xanthene ring of 1-
2Zn(II) with a positively charged pyronin ring (Figure 1). It is
well-known that rhodamine derivatives possessing a pyronin
ring selectively localize in the negatively charged inside of the
inner membrane of mitochondria (i.e., mitochondrial matrix).10

Because of its structural similarity with xanthene, it was
expected that the pyronin ring would also form a
deconjugation/conjugation equilibrium in response to the
binding with Zn(II) and NPPs, as observed in xanthene-type
chemosensor 1-2Zn(II). In this molecular design, the pyronin
ring not only acts as a fluorescence sensing unit, but also directs
the subcellular localization of the chemosensor.
The synthesis of 2-2Zn(II) is outlined in Scheme 2.

Mannich-type reaction of 1 with 2-chloro-N-(hydroxymethyl)-
acetamide under acidic conditions gave 4, which was converted
to 6 by nucleophilic substitution with N-Boc piperazine and
subsequent deprotection under acidic conditions. 6 was
conjugated with BAM-180-NHS to give ligand 2, which was
then complexed with 2 equiv of ZnCl2 to yield 2-2Zn(II). The
synthesis of 3-2Zn(II) is outlined in Scheme 3. Introduction of
an amino group into 7 was accomplished by conversion to the
corresponding bis-triflate 8 and subsequent nucleophilic
reaction with pyrrolidine.11 The resultant 9 was reduced with
LiBH4, and then oxidized with DDQ to give pyronin ligand 3.
Finally, 3-2Zn(II) was prepared by complexation of 3 with 2
equiv of ZnCl2. Compounds were fully characterized by 1H
NMR spectroscopy and high-resolution mass spectrometry.

Fluorescence Sensing of Phosphate Derivatives with
Liposome-Anchored 2-2Zn(II). In a titration with ZnCl2,
both the absorbance and fluorescent emission of ligand 2
gradually decreased and almost disappeared upon the addition
of 2 equiv of ZnCl2 (Figure S1). These results indicate that
ligand 2 formed a binuclear Zn(II) complex with a
deconjugated xanthene structure, as observed in 1-2Zn(II)
(Scheme 1). When ATP was added to a solution of 2-2Zn(II)
(0.5 μM) under neutral aqueous conditions (50 mM HEPES,

Figure 1. Structures of chemosensors.

Scheme 1. Schematic Illustration of the Turn-On
Fluorescence Sensing Mechanism of 1-2Zn(II) for ATP

Figure 2. Schematic illustration of site-specific imaging of NPPs using
2-2Zn(II) and 3-2Zn(II).
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10 mM NaCl, 1 mM MgCl2, pH 7.4), a large increase of the
fluorescence emission up to 18-fold was observed in the
presence of 5 μM of ATP (Figure 3a). Curve-fitting analysis of
the change in the fluorescence intensity gave the apparent
binding constant (Kapp, M

−1) of 3.8 × 106 M−1 for ATP, an
almost identical value with that of 1-2Zn(II) (1.3 × 106 M−1).
This fluorescence increase coincided with the increase of the
absorbance due to the xanthene fluorophore (Figure 3b),
indicating that 2-2Zn(II) serves as ATP chemosensor with the
same sensing mechanism of 1-2Zn(II). Subsequently, the
fluorescence sensing ability of 2-2Zn(II) for NPPs was
evaluated by anchoring it to an anionic liposome (dipalmitoyl-
phosphatidylcholine (DPPC)/cholesterol/dipalmitoylphospha-
tidylglycerol (DPPG) = 54:40:6).9b The fluorescence imaging
using confocal laser scanning microscopy (CLSM) clearly
revealed that 2-2Zn(II) exists on the anionic liposome
membrane surfaces (Figure S2). When ATP was added to a
solution of the liposome-anchored 2-2Zn(II) under neutral
aqueous conditions (50 mM HEPES, 10 mM NaCl, 1 mM
MgCl2, pH 7.4), the fluorescence emission gradually increased
up to 4.2-fold in the presence of 10 μM of ATP (Figure 3c).
The change in fluorescence intensity was analyzed by Hill’s

equation, which afforded the apparent binding constant (Kapp,
M−1) of 1.3 × 105 M−1 for ATP (Figure 3d). The slope of the
line was calculated to be 0.88. The value slightly smaller than 1
might be ascribed to the negative allosteric effect by the
negatively charged ATPs accumulated on the liposome surface,
which repel the incoming ATP due to the electronic repulsion.
The binding constant (Kapp, M

−1) and change in fluorescence
intensity (F/Fo at 527 nm, Fo and F indicate the fluorescence
intensity in the absence and presence of the anions (10 μM),
respectively) of the liposome-anchored 2-2Zn(II) toward
various anion species are summarized in Table 1. 2-2Zn(II)
was able to sense polyphosphate derivatives XTP (X = A, G,
C), XDP (X = A, U) and inorganic pyrophosphate (P2O7

4−)
with the several-fold enhancement in fluorescence. The binding
constants for these polyphosphate species are in the order of
105 M−1, which are slightly smaller (approximately 1/10) than
those of 1-2Zn(II) measured in aqueous buffer solution (50
mM HEPES, 10 mM NaCl, 1 mM MgCl2, pH 7.4).7 The
weaker binding constants of 2-2Zn(II) might be a result of the
low accessibility of polyphosphate species to the anionic
liposome surface. 2-2Zn(II) did not sense monophosphorylated
species such as AMP, inorganic phosphate (HPO4

2−), c-XMP

Scheme 2. Synthesis of Chemosensor 2-2Zn(II)

Scheme 3. Synthesis of Chemosensor 3-2Zn(II)
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(X = A, G), and phosphodiesters such as UDP-galactose or
other anions (AcO−, SO4

2−, NO3
−, HCO3

−). These observa-
tions indicate that 2-2Zn(II) present on the liposome surface
can serve as a selective fluorescent chemosensor for NPPs.
Fluorescence Sensing of Phosphate Derivatives with

Pyronin-type Chemosensor 3-2Zn(II). The structure of the
rhodamine-type chemosensor 3-2Zn(II) in aqueous solution
was examined spectroscopically. An aqueous MeOH solution of
ligand 3 showed a strong absorption peak at 567 nm (ε = 121
000 M−1 cm−1), which corresponds to the absorbance of the
pyronin ring. This absorbance decreased linearly until it
reached a minimum after addition of 2 equiv of ZnCl2,
suggesting the formation of a 1:2 complex between 3 and
Zn(II) (Figure 4a). In a similar fashion, the fluorescence
emission of ligand 3 observed at 590 nm gradually decreased
until addition of 2 equiv of ZnCl2 (Figure 4b). Such absorbance
and fluorescence changes strongly suggest that the complex-
ation of Zn(II) ions to the Dpa units of 3 disrupts the
conjugated structure of the pyronin ring through nucleophilic
attack of the Zn(II)-coordinated water molecule to the C9

carbon, as observed in the xanthene-type chemosensor 1-
2Zn(II) (Scheme 1).
The fluorescence sensing ability of 3-2Zn(II) for NPPs was

examined under neutral aqueous conditions (50 mM HEPES,
10 mM NaCl, 1 mM MgCl2, pH 7.4). When ATP was added to
an aqueous solution of 3-2Zn(II) (0.5 μM), the fluorescence
intensity at 590 nm gradually increased by up to 4.3-fold in the
presence of 5 μM of ATP (Figure 4d). Because this increase in
fluorescence intensity coincided with the recovery of the
absorption peak at 567 nm (Figure 4c), it is apparent that the
turn-on fluorescence response of 3-2Zn(II) for ATP is induced
by the recovery of the conjugated structure of the pyronin ring,
similar to the xanthene-type chemosensor 1-2Zn(II) (Scheme
1). Curve-fitting analysis of the change in fluorescence intensity
gave the apparent binding constant (Kapp, M

−1) of 3.5 × 106

M−1 for ATP.12 Job’s plots of the fluorescence and absorbance
data confirmed that the stoichiometry of the complex was 1:1
(Figure S4). The fluorescence quantum yield of the complex of
3-2Zn(II) with ATP is high (Φ = 0.57). The fluorescence
properties of 3-2Zn(II) allowed it to sense less than 1 μM of

Figure 3. (a) Fluorescence, and (b) UV absorption spectral changes of 2-2Zn(II) upon addition of ATP. Inset in (a): Curve-fitting analysis of the
fluorescence intensity at 528 nm. Measurement conditions: (a) 0.5 μM and (b) 5 μM 2-2Zn(II) in 50 mM HEPES, 10 mM NaCl, 1 mM MgCl2, pH
7.4, 25 °C, λex = 488 nm. (c) Fluorescence spectral change of liposome-anchored 2-2Zn(II) upon addition of ATP. (d) Hill plot analysis of the
liposome-anchored 2-2Zn(II) upon addition of ATP. R indicates fraction of occupied site. Measurement conditions: liposome-anchored 2-2Zn(II) in
50 mM HEPES, 10 mM NaCl, 1 mM MgCl2, pH 7.4, 25 °C, λex = 450 nm.
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ATP with a sufficient change in fluorescence intensity. pH
dependency of the fluorescence of 3-2Zn(II) was also evaluated
(Figure S5). Although the fluorescence gradually increased in
weak acidic region below pH 7, significant fluorescence
intensity change was not observed in the neutral pH range
from 7 to 8 both in the presence and absence of ATP. These
results indicate that 3-2Zn(II) works effectively under neutral
conditions. Table 1 summarizes the apparent binding constant
(Kapp, M

−1) and the change in fluorescence intensity (F/Fo at
590 nm, Fo and F indicate the fluorescence intensity in the
absence and presence of the anions (5 μM), respectively) of 3-
2Zn(II) toward various anion species. 3-2Zn(II) displayed
several-fold increases in fluorescence upon binding to
polyphosphate derivatives with strong binding affinities (Kapp
≈ 106 M−1). These values are almost identical to those of
xanthene-type chemosensor 1-2Zn(II).7 3-2Zn(II) did not
sense monophosphate species and other inorganic anions. This
selectivity is also similar to that of 1-2Zn(II).
Fluorescence Detection of NPPs on Plasma Mem-

brane Surface. Having characterized the sensing properties of
2-2Zn(II) in vitro, its ability to detect NPPs in living cells was
evaluated. CLSM analysis showed that bright fluorescence from
2-2Zn(II) was predominantly observed on the surface of
HEK293 cells, but not from their interior (Figure 5a),
suggesting that 2-2Zn(II) is cell impermeable and sponta-
neously localizes on the plasma membrane surface. Such
membrane localization was not observed for 1-2Zn(II) (Figure
S6), clearly indicating that the BAM group of 2-2Zn(II)
controls its localization onto the plasma membrane. The
fluorescence sensing ability of 2-2Zn(II) embedded on the
plasma membrane was tested by extracellular addition of ATP.
As shown in Figure 5b, the fluorescence intensity on the plasma

membrane surface increased depending on the concentration of
ATP (0−100 μM) by an average of 2.4-fold, and was almost
saturated after addition of 50 μM of ATP (Figure 5c). A control
titration of ATP using fluorescent ligand 2 showed no change
in fluorescence (Figure 5c and Figure S7). These results suggest
that 2-2Zn(II) can fluorometrically detect ATP on plasma
membrane surfaces.
To visualize the extracellular release of NPPs during cell

necrosis, HEK293 cells stained with 2-2Zn(II) were treated
with streptolysin O (SLO),13 a hemolytic protein toxin. As
shown in Figure 6a, a time-dependent increase in fluorescence
was observed on the plasma membrane surface upon treatment
with SLO (50 ng/mL). Time-lapse imaging revealed that the
increase in fluorescence was initiated after a certain induction
period (∼150 s), whereas the extracellular addition of ATP
(100 μM) caused an immediate increase in fluorescence
(Figure 6b). The observed induction time in the case of SLO
addition would correspond to the formation of pores in the
plasma membranes by SLO prior to the extracellular release of
NPPs. In the control experiment, an SLO-induced change in
fluorescence was scarcely observed in HEK293 cells stained
with ligand 2 (Figure S8). A similar imaging study using a
bioactive glycoside, digitonin,13 instead of SLO was also
performed. Time-lapse imaging revealed that the increase in
fluorescence started after a shorter induction time (∼5 s)
compared to the case of SLO, which might be caused by rapid
collapse of the plasma membrane because of the strong
destructive activity of digitonin to plasma membranes (Figure
6c and Figure S8). These results indicate that 2-2Zn(II) is a
useful chemosensor to fluorescently detect the extracellular
release of NPPs with a time resolution in the order of seconds.

Fluorescence Detection of Changes in ATP Concen-
tration in Mitochondria. The most abundant NPP inside
cells is ATP, the average concentration of which is reported to
be ∼2−3 mM in mammalian cells and at least 5-fold higher
than those of other NPPs except for ADP (∼0.7 mM).14

Although these high concentrations are out of the sensing range
of 3-2Zn(II) for NPPs (0.1−5 μM), it would be expected that
the relative concentration of ATP and ADP, the most abundant
NPPs in cells, could be detected because 3-2Zn(II) exhibits
distinct fluorescence saturation (F/Fo, Table 1) toward ATP
and ADP. To test this hypothesis, the fluorescence response of
3-2Zn(II) toward a mixture of ATP and ADP was evaluated by
changing the fraction of ATP ([ATP]/[ATP] + [ADP]), while
maintaining the total concentration ([ATP] + [ADP] = 1 mM)
in Hank’s Balanced Salt Solution (HBSS). As shown in Figure
S9, a linear relationship was observed between the fluorescence
intensity and fraction of ATP, indicating that the binding
equilibrium of 3-2Zn(II) with NPPs can operate in the mM
concentration range. These results also suggest that 3-2Zn(II)
could be used to sense formation and consumption of ATP as
its relative concentration to ADP inside living cells.
When 3-2Zn(II) was loaded in HeLa cells, clear fluorescence

was observed from certain local regions inside the cells.15 The
fluorescence image overlapped well with that of rhodamine123,
a typical dye used to stain mitochondria, indicating that 3-
2Zn(II) selectively and spontaneously localized in mitochon-
dria as expected (Figure 7a). 3-2Zn(II) was then used to detect
changes in the concentration of ATP in mitochondria during
drug-induced apoptosis. When HeLa cells stained with 3-
2Zn(II) were treated with staurosporine (STS, 4 μM), a
distinguishable increase of fluorescence intensity was observed
in the mitochondria. Time-lapse images revealed that the

Table 1. Apparent Binding Constants (Kapp, M
−1) of 2-

2Zn(II) and 3-2Zn(II) to Various Anions and the Relative
Change in Fluorescence Intensity (F/Fo)

2-2Zn(II)a 3-2Zn(II)b

anion speciesc Kapp (M
−1) F/Fo

d Kapp (M
−1) F/Fo

e

ATP 1.3 × 105 4.2 3.5 × 106 4.3
ADP 1.8 × 105 3.1 4.1 × 106 2.7
AMP n.d.f -f n.d.f -f

GTP 6.6 × 105 4.0 1.7 × 107 3.0
CTP 8.8 × 105 3.4 5.1 × 106 3.2
UDP 2.7 × 105 2.9 1.2 × 106 2.0
PPi 5.6 × 105 7.5 1.0 × 107 6.8
HPO4

2− n.d.f -f n.d.f -f

UDP-Gal n.d.f -f n.d.f -f

cAMP n.d.f -f n.d.f -f

cGMP n.d.f -f n.d.f -f

AcO− n.d.f -f n.d.f -f

SO4
2‑ n.d.f -f n.d.f -f

NO3
− n.d.f -f n.d.f -f

HCO3
− n.d.f -f n.d.f -f

a,bMeasurement conditions: liposome-anchored 2-2Zn(II)a or 3-
2Zn(II)b in 50 mM HEPES, 10 mM NaCl, 1 mM MgCl2, pH 7.4,
25 °C, λex = 543 nm. cAbbreviations of anions are given in the
Experimental Section. dF/Fo indicates the relative fluorescence
intensity (F) at 527 nm of liposome-anchored 2-2Zn(II) in the
presence of 10 μM of anion against that of the initial state (Fo).

eF/Fo
indicates the relative fluorescence intensity (F) at 590 nm of 3-2Zn(II)
in the presence of 5 μM of anion against that of the initial state (Fo).
fNot determined due to a small fluorescence change.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja308754g | J. Am. Chem. Soc. 2012, 134, 18779−1878918783



fluorescence intensity gradually increased over 180 min in the
presence of STS (Figure 7b,c), whereas very little change was
observed in the absence of STS (Figure 7c and Figure S10).
These results suggest that the concentration of ATP in
mitochondria slowly increased in the preapoptotic stage
(∼4hr).16 This finding is consistent with a previous study,
which reported that the concentration of ATP in the cytosol
increases in the preapoptotic stage during STS-induced cell
death.17

Multicolor Imaging of ATP in Different Cellular
Compartments. Multicolor images of the dynamics of NPPs
in different cellular compartments were obtained through
simultaneous use of 2-2Zn(II) and 3-2Zn(II). CLSM analysis
of HeLa cells showed that 2-2Zn(II) and 3-2Zn(II) localized in
distinct cellular regions of the plasma membrane surface and
mitochondria, respectively (Figure 8a). When HeLa cells were
treated with KCN (0.1 mM), an inhibitor of oxidative
phosphorylation, under glucose starvation conditions, a
substantial decrease in the fluorescence intensity of 3-2Zn(II)
was observed in mitochondria region (Figure 8b and c).18

Time-lapse imaging revealed that this decrease in fluorescence
was almost complete after 15 min. The extent of the decrease in
fluorescence intensity in mitochondria was shown to depend on
the concentration of KCN (Figure S13). These results strongly
suggest that the level of ATP in mitochondria reduced as a
result of inhibition of oxidative phosphorylation by KCN. A
KCN-induced change in fluorescence was scarcely observed in
the presence of glucose in the culture medium (Figure 8c and
Figure S12), implying that ATP synthesis is effectively
compensated for by glycolysis in HeLa cells. Interestingly, we
found that the fluorescence intensity of 2-2Zn(II) localized on
the plasma membrane surfaces also decreased upon treatment
with KCN under glucose starvation conditions (Figure 8b,d).
This might be caused by a reduction in the release of basal ATP
from the inside of cells where the intracellular ATP level is
decreased by KCN.19 In the presence of glucose, the
fluorescence intensity of 2-2Zn(II) on the membrane surface
was hardly affected by KCN, which is consistent with the
fluorescence response of 3-2Zn(II) in mitochondria.

Figure 4. (a) UV absorption, and (b) fluorescence spectral changes of 3 upon addition of ZnCl2 (1−15 μM). Insets: (a) plot of the UV absorbance
at 567 nm, and (b) plot of the fluorescence intensity at 590 nm in the Zn(II) titration. Measurement conditions: 3 μM 3 in 50 mM HEPES (pH
7.4), MeOH (1:1), 25 °C, λex = 543 nm. (c) UV absorption, and (d) fluorescence spectral changes of 3-2Zn(II) upon addition of ATP. Inset in (d):
Curve-fitting analysis of the fluorescence intensity at 590 nm. Measurement conditions: (c) 5 μM and (d) 0.5 μM 3-2Zn(II) in 50 mM HEPES, 10
mM NaCl, 1 mM MgCl2, pH 7.4, 25 °C, λex = 543 nm.
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■ CONCLUSION
Two turn-on type fluorescent chemosensors for NPPs, 2-
2Zn(II) and 3-2Zn(II), which spontaneously localize in the
plasma membrane surface and mitochondria, respectively, were

developed. The utility of 2-2Zn(II) and 3-2Zn(II) was
demonstrated in in cell bioimaging studies where they detected
the extracellular release of NPPs on plasma membranes and
change in ATP concentration in mitochondria during drug-
induced apoptosis, respectively. Their difference in subcellular
localization and fluorescent wavelength were fully exploited for
simultaneous multicolor imaging of ATP dynamics in the two
cellular compartments. It is envisioned that the recent progress

Figure 5. (a) Confocal micrograph of HEK293 cells stained with 2 μM
2-2Zn(II). Scale bar: 20 μm. (b) Confocal micrographs of HEK293
cells stained with 2 μM 2-2Zn(II) upon addition of ATP. Scale bar: 50
μm. (c) Average fluorescence intensity of the plasma membrane
surface of HEK293 cells stained with 2-2Zn(II) (red line) and 2 (blue
line) upon addition of ATP. Each data point was obtained from ROIs
(n = 5) inside the cells.

Figure 6. (a) Time-lapse fluorescence imaging of HEK293 cells
stained with 2-2Zn(II) after treatment with SLO (50 ng/mL). Scale
bar: 50 μm. (b) Time dependence of the change in fluorescence
intensity of HEK293 cells stained with 2-2Zn(II) upon treatment with
SLO (50 ng/mL) (red line) and ATP (100 μM) (black line), and
HEK293 cells stained with 2 upon treatment with SLO (50 ng/mL)
(blue line). SLO or ATP was added at 0 s. Each data point was
obtained from ROIs (n = 5) inside the cells. (c) Time dependence of
the change in fluorescence intensity of the plasma membrane of
HEK293 cells stained with 2-2Zn(II) upon treatment with digitonin
(50 μg/mL) (red line), and HEK293 cells stained with 2 upon
treatment with digitonin (50 μg/mL) (blue line). Digitonin was added
at 0 s. Each data point was obtained from ROIs (n = 5) inside the cells.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja308754g | J. Am. Chem. Soc. 2012, 134, 18779−1878918785



of high-resolution microscopic techniques will facilitate the
application of autolocalizable fluorescent chemosensors in
elucidating unknown biological functions.20 To better under-
stand the dynamics of NPPs in other cellular events and

metabolic processes, new chemosensors that selectively localize
in other cellular compartments such as the nucleus or
endoplasmic reticulum need to be developed. Meanwhile,
improvement of the selectivity of such chemosensors for
specific NPPs and development of ratiometric chemosensors
are also required for highly sensitive bioimaging studies. Our
current research is along these lines.

■ EXPERIMENTAL SECTION
General Materials and Methods for Organic Synthesis.

Unless otherwise noted, chemical reagents were purchased from
commercial suppliers (Aldrich, Tokyo Chemical Industry (TCI),
Wako Pure Chemical Industries, Acros Organics, Sasaki Chemical or
NOF corporation) and used without further purification. 1H NMR
spectra were recorded using a Varian Mercury 400 (400 MHz)
spectrometer (Varian, Palo Alto, CA), and chemical shifts (δ, ppm)
were referenced to tetramethylsilane (0 ppm) for CDCl3 or the
residual solvent peak (3.31 ppm) for CD3OD. FAB mass spectrometry
was recorded using a JMS-HX110A (JEOL, Japan) spectrometer.
MALDI-TOF mass spectrometry was recorded using Autoflex III
(Bruker Daltonics, Billerica, MA) and Ultraflex II (Bruker Daltonics,
Billerica, MA) spectrometers. HPLC purification was conducted with a
Lachrom chromatograph (Hitachi, Japan).

Synthesis of 5. To a solution of 48 (37 mg, 0.051 mmol) in dry
DMF (1 mL) was added N-Boc piperazine (19 mg, 0.10 mmol) and
K2CO3 (21 mg, 0.15 mmol). The mixture was stirred at 60 °C for 18
h. After removal of insoluble materials by filtration, the solvent was
removed in vacuo. The mixture was purified by flash chromatography
on silica gel (SiO2, CHCl3/MeOH/NH3 (aq) = 100:10:1→ 100:25:1)
to give 5 (5.5 mg, 0.0062 mmol, 12%) as an orange solid. 1H NMR
(400 MHz, CD3OD): δ 1.42 (9H, s), 2.40 (4H, t, J = 4.8 Hz), 3.02
(2H, s), 3.38 (4H, t, J = 4.8 Hz), 3.92−3.90 (8H, m), 4.16−4.13 (4H,
m), 4.59 (2H, s), 6.75 (1H, s), 7.07 (1H, s), 7.12 (1H, s), 7.24−7.21
(4H, m), 7.74−7.49 (8H, m), 8.42−8.40 (4H, m), 9.23 (1H, s).
MALDI-TOF MS m/e 890 [M + H]+.

Synthesis of 2. TFA (2 mL) was added dropwise to a solution of 5
(1.5 mg, 0.0017 mmol) in CH2Cl2 (2 mL) at 0 °C. The mixture was
stirred at room temperature for 30 min. After removal of the solvent in
vacuo, the residual TFA was removed by coevaporation with toluene
(2 mL) to give 6 (1.5 mg, 0.0017 mmol, quant) as a clear yellow oil.
This material was used in the next step without further purification.

To a solution of the crude product of 6 and DIEA (3.0 μL, 0.017
mmol) in dry DMF (1 mL) was added BAM-180-NHS (14 mg, 0.0051
mmol). The mixture was stirred at room temperature for 18 h. After
removal of the solvent in vacuo, the residue was purified by flash
chromatography on silica gel (SiO2, CHCl3/MeOH/NH3 (aq) =
100:1:1 → 100:2:1 → 100:5:1 → 100:10:1) to give 2 (9.1 mg, 0.0010
mmol, 59% from 5) as an orange film. 1H NMR (400 MHz, CD3OD):
δ 0.90 (3H, t, J = 6.8 Hz), 1.33−1.29 (28H, m), 2.03 (4H, q, J = 6.8
Hz), 3.97−3.44 (737H, m), 4.23−4.16 (14H, m), 4.61 (2H, s), 5.39−
5.34 (2H, m), 6.75 (1H, s), 7.08 (1H, s), 7.13 (1H, s), 7.29−7.22 (4H,
m), 7.75−7.52 (8H, m), 8.43−8.42 (4H, m), 9.26 (1H, s). MALDI-
TOF MS Mn = 8666.28, Mw = 8698.62, Mw/Mn = 1.0037.

Synthesis of 2-2Zn(II). A solution of 2 in DMSO (2 mM, 100 μL)
was mixed with an aqueous solution of ZnCl2 (100 mM, 4.0 μL),
which was stored in a freezer (−80 °C) and thawed before use.

Synthesis of 8. Pyridine (3.4 mL, 0.043 mmol) was added to a
suspension of 72d (2.8 g, 4.3 mmol) in dry CH2Cl2 (100 mL). After
stirring for 10 min at 0 °C, Tf2O (2.1 mL, 13 mmol) was added
dropwise over 10 min. The reaction mixture was stirred at room
temperature for 2 h. The reaction was quenched with water, and the
resulting mixture was neutralized with sat. NaHCO3 and extracted
twice with CHCl3. The combined organic layers were washed with
brine and then dried over Na2SO4. After removal of the solvent by
evaporation, the residue was purified by flash column chromatography
on silica gel (CHCl3/MeOH/NH3 (aq) = 500:10:1 → 300:10:1) to
give 8 (3.2 g, 3.5 mmol, 81%) as a pale yellow amorphous powder. 1H
NMR (400 MHz, CDCl3): δ 3.99 (8H, s), 4.54 (4H, s), 7.14 (4H, dd,
J = 7.5 Hz), 7.25 (2H, d, J = 2.4 Hz), 7.52 (4H, d, J = 7.6 Hz), 7.62

Figure 7. Fluorescence analysis of HeLa cells stained with 3-2Zn(II).
(a) Confocal micrographs of HeLa cells stained with 2 μM 3-2Zn(II)
and 2 μM rhodamine123. Scale bar: 50 μm. (b) Time-lapse
fluorescence imaging of HeLa cells before (0 min) and after (180
min) treatment with 4 μM STS. Scale bars: 50 μm. (c) Time
dependence of the change in fluorescence intensity upon treatment
with 4 μM STS (red line) and without STS (blue line). Each data
point was obtained from ROIs (n = 5) inside the cells.
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(4H, dt, J = 2.0, 7.6 Hz), 8.32 (2H, d, J = 2.8 Hz), 8.53 (4H, m). FAB-
MS m/e 915 [M + H]+.
Synthesis of 9.11 To a solution of 8 (200 mg, 0.22 mmol) in dry

DMSO (1.1 mL) was added pyrrolidine (364 μL, 4.4 mmol) in one
portion. The reaction mixture was stirred at 90 °C for 4 h. The
solution was cooled to room temperature and diluted with water. The
resultant mixture was extracted three times with CHCl3. The
combined organic layers were washed with sat. NaHCO3 (aq) and
brine, and then dried over Na2SO4. After removal of the solvent by
evaporation, the residue was purified by flash chromatography on silica
gel (CHCl3/MeOH/NH3 (aq) = 300:10:1→ 200:10:1) to give 9 (138
mg, 0.18 mmol, 82%) as a white powder. 1H NMR (400 MHz,
CDCl3): δ 2.02 (8H, t, J = 6.4 Hz), 3.36 (8H, t, J = 6.2 Hz), 4.01 (8H,
s), 4.56 (4H, s), 6.20 (2H, d, J = 2.4 Hz), 7.08 (4H, dd, J = 6.0 Hz),
7.40 (2H, d, J = 1.6 Hz), 7.58 (4H, dd, J = 7.8 Hz), 7.65 (4H, d, J = 8.0
Hz), 8.50 (4H, d, J = 4.8 Hz). FAB-MS m/e 757 [M + H]+.
Synthesis of 10. To a solution of LiBH4 (50 mg, 2.3 mmol) in dry

THF (10 mL) heated at 60 °C was added dropwise a solution of 9
(100 mg, 0.12 mmol) in dry THF (10 mL) over 20 min. The mixture

was stirred at 60 °C for 30 min. After cooling to room temperature,
chlorotrimethylsilane (TMSCl) (100 μL) was added, and the mixture
was further stirred for 10 min at room temperature. The reaction was
quenched with water, and the resultant mixture was neutralized with
aqueous HCl and extracted twice with CH2Cl2. The organic layers
were washed with sat. NaHCO3 (aq) and brine, and then dried over
Na2SO4. The solvent was removed by evaporation to give a white
solid. The solid was dissolved in 4N NaOH (aq)−MeOH−THF
(1:1:2, 8 mL), and then the mixture was heated at 60 °C for 4 h. After
neutralization with HCl (aq), the resulting mixture was extracted three
times with CH2Cl2 and then dried over Na2SO4. After removal of the
solvent by evaporation, the residue was purified by flash chromatog-
raphy on silica gel (CH2Cl2MeOH/NH3 (aq) = 300:10:1→ 200:10:1)
to give 10 (48 mg, 0.064 mmol, 53%) as a brown powder. 1H NMR
(400 MHz, CDCl3): δ 1.99 (8H, t, J = 6.4 Hz), 3.27 (8H, t, J = 6.4
Hz), 3.67 (4H, s), 3.77 (2H, s), 3.89 (8H, s), 6.12 (2H, d, J = 2.8 Hz),
6.64 (2H, d, J = 2.4 Hz), 7.13 (4H, ddd, J = 1.4, 4.8, 7.2 Hz), 7.56 (4H,
d, J = 7.6 Hz), 7.62 (4H, ddd, J = 2.0, 7.6 Hz), 8.51 (4H, d, J = 4.8
Hz). FAB-MS m/e 743 [M + H]+.

Figure 8. Fluorescence analysis of HeLa cells stained with 2-2Zn(II) and 3-2Zn(II). (a) Confocal micrographs of HeLa cells stained with 2-2Zn(II)
and 3-2Zn(II). Scale bars: 20 μm. (b) Time-lapse multicolor fluorescence imaging of HeLa cells before (0 min) and after (15 min) treatment with
KCN (0.1 mM) in the absence of glucose. Scale bars: 50 μm. (c and d) Time dependence of the change in fluorescence intensity of (c) 3-2Zn(II)
and (d) 2-2Zn(II) after treatment with KCN (0.1 mM) in the absence of glucose (red line), KCN (0.1 mM) in the presence of glucose (blue line)
and without KCN in the absence of glucose (green line). Each data point was obtained from ROIs (n = 5) inside the cells.
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Synthesis of 3. To a solution of 10 (30 mg, 0.040 mmol) in dry
EtOH (4 mL) was added dropwise a solution of DDQ (11 mg, 0.048
mmol) in dry EtOH (2 mL). The mixture was stirred at room
temperature for 10 min. After removal of the solvent by evaporation,
the residue was purified by flash column chromatography on silica gel
(CHCl3/MeOH/NH3 (aq) = 100:10:1). The product was further
purified by reverse-phase HPLC. HPLC conditions: column, YMC-
pack ODS-A, 10 × 250 mm; mobile phase, CH3CN (containing 0.1%
TFA)/H2O (containing 0.1% TFA) = 25/75 → 50/50 (linear gradient
over 25 min); flow rate, 3 mL/min; detection, UV (220 nm). The
collected fractions were neutralized with NH3 (aq), and then extracted
three times with CHCl3. The combined organic layers were washed
with brine and then dried over Na2SO4. The solvent was removed in
vacuo to give 3 (7.2 mg, 0.0097 mmol, 24%) as a purple powder. 1H
NMR (400 MHz, CD3OD): δ 2.14 (8H, t, J = 6.4 Hz), 3.50−3.70
(8H, br), 3.96 (8H, s), 4.25 (4H, s), 6.54 (2H, d, J = 2.4 Hz), 7.22
(4H, ddd, J = 0.8, 4.8, 8.0 Hz), 7.25 (2H, d, J = 2.0 Hz), 7.49 (4H, d, J
= 8.0 Hz), 7.66 (4H, J = 1.6, 7.6 Hz), 8.42 (4H, d, J = 4.4 Hz), 9.47
(1H, s). FAB-HRMS m/e calcd. for 741.4015; observed [M]+.
Synthesis of 3-2Zn(II). A solution of 3 in DMSO (3.8 mM, 100

μL) was mixed with an aqueous solution of ZnCl2 (100 mM, 7.6 μL),
which was stored in a freezer (−80 °C) and thawed before use.
Anchoring of 2-2Zn(II) onto Liposome. Multilamellar vesicle

(MLV) liposome was synthesized according to a standard procedure
using dipalmitoylphosphatidylcholine (DPPC) (54 mol %), cholester-
ol (40 mol %) and dipalmitoylphosphatidylglycerol (DPPG) (6 mol
%).9b A solution of MLV liposome in buffer (50 mM HEPES, 10 mM
NaCl, 1 mM MgCl2, pH 7.4) was homogenized using a probe
sonicator (5 min) to give small unilamellar vesicle (SUV) liposome,
which was mixed with 2-2Zn(II) (final concentration 1 μM) and
ultrafiltered (Amicon Ultra Centrifugal Filter Units, membrane
NMWL = 100 kDa, Millipore) to give liposome (SUV)-anchored 2-
2Zn(II).
Fluorescence Measurement. Fluorescence spectra were re-

corded on a Perkin-Elmer LS55 spectrometer (Perkin-Elmer,
Waltham, MA). Titration experiments with phosphate anion species
were carried out with a solution (500 μL) of liposome-anchored 2-
2Zn(II) or a solution (3 mL) of 3-2Zn(II) (0.5 μM) in 50 mM
HEPES, 10 mM NaCl, 1 mM MgCl2, pH 7.4 in a quartz cell at 25 °C.
The abbreviations of the analytes listed in Table 1 are as follows: ATP
= adenosine-5′-triphosphate, ADP = adenosine-5′-diphosphate, AMP
= adenosine-5′-monophosphate, GTP = guanosine-5′-triphosphate,
CTP = cytidine-5′-triphosphate, UDP = uridine-5′-diphosphate, PPi =
inorganic pyrophosphate, c-GMP = guanosine-3′,5′-cyclic mono-
phosphate, c-AMP = adenosine-3′,5′-cyclic monophosphate, UDP-
Gal = uridine-5′-diphosphogalactose.
Cell Culture. HeLa and HEK293 cells were cultured in high-

glucose Dulbecco’s Modified Eagle Medium (DMEM, 4.5 g of
glucose/L) supplemented with 10% fetal bovine serum (FBS),
penicillin (100 units/mL), streptomycin (100 μg/mL) and amphoter-
icin B (250 ng/mL) under a humidified atmosphere of 5% CO2 in air.
For all experiments, cells were harvested from subconfluent (<80%)
cultures using a trypsin-EDTA solution and then resuspended in fresh
medium. A subculture was performed every 2−3 days.
Fluorescence Imaging of 2-2Zn(II) in Mammalian Cells. In a

35 mm glass-bottomed dish (IWAKI, Japan), HEK293 cells (1 × 105)
were cultured in high-glucose DMEM (4.5 g of glucose/L)
supplemented with 10% FBS, penicillin (100 units/mL), streptomycin
(100 μg/mL) and amphotericin B (250 ng/mL) under a humidified
atmosphere of 5% CO2 in air at 37 °C for 24 h. After washing with
HBS buffer (containing 107 mM NaCl, 6 mM KCl, 1.2 mM MgSO4, 2
mM CaCl2, 11.5 mM glucose, 20 mM HEPES, pH 7.4), the cells were
treated with 2 μM (final concentration) of 2-2Zn(II) (prepared from 2
and a slight excess (3 equiv) of aqueous ZnCl2 solution) in HBS buffer
for 5 min at room temperature. After washing with HBS buffer, the
cells were subjected to imaging analysis using CLSM (FLUOVIEW
FV1000, Olympus, Japan). Fluorescence images (530−630 nm) were
obtained by excitation with a multi Ar laser (515 nm) and analyzed by
ImageJ software (Wayne Rasband, National Institute of Health, MD).

Fluorescence Imaging of 3-2Zn(II) in Mammalian Cells. HeLa
cells cultured in DMEM were washed with HBS buffer, and treated
with 2 μM (final concentration) of 3-2Zn(II) (prepared from 3 with a
slight excess (3 equiv) of aqueous ZnCl2 solution) in HBS buffer for
15 min at 37 °C. After washing with DMEM-HEPES solution, the cells
were subjected to imaging analysis using CLSM at 37 °C under 5%
CO2 atmosphere. Fluorescence images (590−690 nm) were obtained
by excitation with a He−Ne laser (543 nm), and analyzed by ImageJ
software.

Multicolor Fluorescence Imaging of 2-2Zn(II) and 3-2Zn(II)
in Mammalian Cells. HeLa cells cultured in DMEM were washed
with HBS buffer, and treated with 2 μM (final concentration) of 3-
2Zn(II) (prepared by mixing 3 with a slight excess (3 equiv) of ZnCl2)
in HBS buffer for 15 min at 37 °C. After replacement of HBS buffer
with DMEM-HEPES (glucose (+) or (−)), the cells were incubated
under a humidified atmosphere of 5% CO2 at 37 °C for 1 h. The cells
were then treated with 2 μM (final concentration) of 2-2Zn(II)
(prepared by mixing 2 with a slight excess (3 equiv) of aqueous ZnCl2
solution) in ice-cooled HBS buffer (glucose (+) or (−)) for 5 min at 4
°C. After washing with ice-cooled HBS buffer, the cells were subjected
to imaging analysis using CLSM. Fluorescence images of 2-2Zn(II)
and 3-2Zn(II) were obtained for each excitation and detection channel
and analyzed by ImageJ software.
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