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Abstract: We have developed a series of fluorescent Zn?* sensor molecules with distinct affinities for Zn?*,
because biological Zn?* concentrations vary over a wide range from sub-nanomolar to millimolar. The new
sensors have Ky values in the range of 108—10~* M, compared with 2.7 nM for ZnAF-2. They do not
fluoresce in the presence of other biologically important metal ions such as calcium or magnesium, and
they can detect Zn?* within 100 ms. In cultured cells, the fluorescence intensity of ZnAF-2 was saturated
at low Zn?* concentration, while that of ZnAF-3 (Ky = 0.79 uM) was not saturated even at relatively high
Zn?" concentrations. In hippocampal slices, we measured synaptic release of Zn?" in response to high-
potassium-induced depolarization. ZnAF-2 showed similar levels of fluorescence increase in dentate gyrus
(DG), CA3 and CAL, which were indistinguishable. However, ZnAF-3 showed a fluorescence increase
only in DG. Thus, by using a combination of sensor molecules, it was demonstrated for the first time that
a higher Zn?" concentration is released in DG than in CA3 or CA1 and that we can easily visualize Zn>"
concentration over a wide range. We believe that the use of various combinations of ZnAF family members
will offer unprecedented versatility for fluorescence-microscopic imaging of Zn?* in biological applications.

Introduction detecting tools, especially for such a broad concentration range,

. .. hinders further investigation of this spectroscopically silent metal
For over a century, zinc (2n) has been known as an essential . 9 P picaty

trace element, acting as a structural component of proteins or
in the catalytic site of enzymésln general, ZA" is tightly
associated with proteins and peptides. However, recent advance

in cell biology have revealed a fraction of Znthat is free or fluorescence imaging of Zn has become a widely and

chelatable in some organs (bréipancreadand spermatozéa frequently used technique. The first reported sensor molecules

. . o
In the brain, a considerable amount of chelatablé*Zis fé%r cellular Zr#+ were arenesulfonamides of 8-aminoquinoline,

sequestered in the vesicles of presynaptic neurons and is release ch as TSQ° and Zinquint They form 1:2 complexes with

X ey : .
e A1 21, eitng tong furescence n UV excisan, S en
So there is much interest in its detection in vivo, where i'és various kinds of fluorgscent Zh sensor molecples have.been
) . : ' developed and examined, such as TSQ derivaii¥geptide
confent_ratmn varies from 1% M in the cytoplasrh 0 or protein-based sensofssensors for ratiometric measure-
107* M in some vesicle3.However, the lack of appropriate ment!* and others® Above all, various fluorescein derivatives

were introduced: NG¥ ZPsl? FluoZins!® ZnAFs!® and

Fluorescent sensor molecules offer useful information about
chelatable Z#" in cellular systems, because we can study the
Boncentration or distribution of 2n in real time? and
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Zinquin. The high quantum yield in aqueous solution provides is desirable to use a sensor molecule whose apparent dissociation
high sensitivity in the cellular environment, and the excitation constant Kq) is near the target concentration ofZnAlmost
wavelength in the visible range minimizes cell damage during all Zn?" sensor molecules recently developed hiyevalues

irradiation. These sensors have led to great advances?nh Zn

in the nanomolar region (ZnAF-2, 2.7 nM), because cytosolic

biology, and further development of sensor molecules would free Zr#* concentration is controlled at1 nM or lower?

be very valuablé!

Neither Zri#+ deficiency nor ZA" excess affects cell viability

We set out several criteria for developing novel fluorescent and functior?® and these sensors can easily be used in
Zn?* sensor molecules. First, for intensity-based measurement,cytoplasm, etc. However, at higher concentrations dfZthe

the sensor should have no signal in the absence &f,Zmd
the signal should increase in the presence 6f2n an all-or-
none fashion. Second, the sensor should be selective fdr, Zn

without interference by biologically important metal ions, such

as C&" or Mg?*. Third, complexation and decomplexation with

fluorescence intensity of these sensors would be saturatéd. Zn
is known to be sequestered in synaptic vesicles of many
excitatory forebrain neurons, and the concentration ofZn
inside the vesicle was reported to be in the micro- to millimolar
range® This vesicular ZA" is also released into synaptic space,

Zn?* should be rapid, to provide a fast response. Fourth, for where it is estimated to achieve peak levels of- 30 «M.24 In
intracellular study, the sensor should be derivatizable into a cell- such circumstances, sensor molecules with high affinity would
permeable form that can penetrate through the cell membranehave no ability to detect changes of Znconcentration. So,
and be hydrolyzed intracellularly to afford the sensor, which is for precise analysis of the biological roles ofZnwe require

then trapped in the cell. Fifth, their affinity for 2h should be
appropriate for the Zt concentration range of interest.

We previously showed that ZnAFs, which satisfy most of
the requirements mentioned above, can serve as useful t00lg;0an Ka~

for biological applicationd®22 However, the affinity for Z&"
remains an issue. To follow changes of?Zrconcentration, it
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a range of sensor molecules wklh values not only in the nM
range, but also higher.

Among Zr*™ sensor molecules so far reported, only Newport
1 uM) has been used as a low-affinity Znsensor

to detect synaptically releasedZnfor which purpose the 2
concentration was calculated on the basis of ihevalue?*
There is little other evidence to support the idea that the release
of Zn?* reaches micromolar levels, so confirmation remains
desirable.

Our purpose in this study is to develop a range of low-affinity
sensor molecules whos& values are higher than nanomolar
order without any loss of favorable characteristics, such as low
basal fluorescence and selectivity forZn

In designing low-affinity sensor molecules, we chose ZnAF-2
as a basal structure. ZnAF-2 has a fluorescein fluorophore
conjugated toN,N-bis(2-pyridylmethyl)ethylenediamine as a
Zn2* chelator. The design of the chelator was based on the
structure of TPEN N,N,N',N'-tetrakis(2-pyridylmethyl)ethyl-
enediamine). These groups offer the following advantages.
Derivatives of fluorescein that are amino-substituted at the
benzoic acid moiety emit little fluorescence due to the photo-
induced electron transfer (PeT) quenching pathway, resulting
in low basal fluorescence and high sensiti#R§TPEN is known
as a selective chelator of Zn over C&" or Mg?t.2> For
intracellular application, a cell-permeant form can be obtained
readily, because the TPEN moiety itself cannot be protonated
at physiological pH, so the sensor remains intact. Moreover,
the structural separation of sensor and chelator moieties means
that modification of the chelator should not affect the fluores-
cence properties, such as maximum/minimum quantum yield
or excitation/emission wavelength. This approach, leaving the
fluorophore intact, is a characteristic advantage of fluorescent
sensors utilizing the PeT mechanism. Therefore, we set out to
develop a series of Zn sensor molecules by modification of
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Figure 1. Structures of ZnAF family members. ZnAF-2 was previously
reported to visualize Zf in brain slices. The other sensor molecules were
newly synthesized.
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Figure 2. Changes of fluorescence intensity foul ZnAFs (ZnAF-2,
black circle; ZnAF-2M, red circle; ZnAF-2MM, red square; ZnAF-3, blue
circle; ZnAF-4, black square; and ZnAF-5, blue square) as a function of
the concentration of free Z2h in 100 mM HEPES buffer (pH 7.4,= 0.1
(NaNGy)).

the TPEN moiety to obtain variou& values without affecting
the selectivity against other ions.

Here, we report a series of fluorescent sensor molecules for
Zn2+ with variousKq values from nanomolar up to millimolar
range. Their design, synthesis, and fluorescence properties ar

minimum quantum yield, which is convenient when using and
comparing several sensors (Table 1). In each case, the fluores-
cence increase fitted well with a 1:1 binding model and the
Hill coefficient of 1 suggests that a 1:1 Zn-ZnAF complex

was formed. The apparent dissociation constants were as
follows: ZnAF-2M, 38 nM; ZnAF-2MM, 3.9uM; ZnAF-3,
0.79uM; ZnAF-4, 25uM; and ZnAF-5, 0.60 mM (Table 2).
Thus, we can follow a wide 2 concentration range from
10719 M up to 102 M by using different sensor molecules.
Furthermore, by using them in combination, we can easily
estimate the Z# concentration. For example, if the concentra-
tion of free Z#" is 10 nM, there is strong fluorescence in
ZnAF-2, weak fluorescence in ZnAF-2M, and no fluorescence
in ZnAF-3 (Figure 2). At 100 nM Z#", there is strong
fluorescence in both ZnAF-2 and ZnAF-2M and little or no
fluorescence in ZnAF-3. At 1uM Zn?*, there is strong
fluorescence in ZnAF-3 and no fluorescence in ZnAF-4.

Among these sensors, ZnAF-2MM has lower quantum yield
and fluorescence intensity in the presence ofZthan the
others. The fluorescence enhancement of ZnAFs, we consider,
is attained through Z1 coordination to the amine on the
benzoic acid moiety of fluorescein. In the absence ¢fZthe
fluorescence is quenched due to the PeT from the benzoic acid
moiety to the xanthene moiety. However, 2ZZncoordination
alters the HOMO energy level of the benzoic acid moiety,
thereby preventing PeT and leading to the enhancement of
fluorescence from the xanthene moiety (fluorophdfe)n
ZnAF-2MM, the two methyl groups may alter the coordination
structure of the Z&F—ZnAF complex, in a way that less strongly
affects the HOMO energy level of the benzoic acid moiety,
resulting in weak fluorescence.

Thus, we have completed developing a range &fZgnsor
molecules with various affinities for Zn but whose fluores-
cence properties resemble those of ZnAF-2.

Determination of Complexing Rate.We then measured the
complexing rate of these sensor molecules (Figure 3). When
an excess amount of Zhwas added, all the sensors synthesized
showed very rapid saturation of the fluorescence signal within

Qbout 100 ms, except for ZnAF-2MM, which reached maximum

described. We also present applications to cultured cells andfluorescence after 1 s. Therefore, these sensors except for

hippocampal slices.
Results and Discussion

Design and SynthesisFigure 1 illustrates the structures of
Zr?* sensor molecules, ZnAF-2 and its new derivatives. ZnAF-2
was synthesized by conjugating 5-aminofluorescein and dipi-
colylamine via a linker, dibromoethane, so we introduced
various chelators instead of dipicolylamine and left the fluoro-
phore unchanged. The design was based on three strategie
First, we introduced steric hindrance at the nitrogen atom on
the pyridine ring by substituting a methyl group at the 6-position
(ZnAF-2M, ZnAF-2MM). Second, we removed one ligand,
picolylamine (ZnAF-4). Last, we increased the distance between
the ligands (ZnAF-3, ZnAF-5). The synthetic schemes for these
sensors are described in the Supporting Information.

Fluorescence PropertiesWe measured the fluorescence
intensity of these sensor molecules in various concentrations

of Zn?*. As we had expected, these sensors showed changes in

fluorescence intensity at higher Zn concentrations than
ZnAF-2 (Figure 2) but retained almost the same fluorescence
properties, such as absorption/emission wavelength and maximum

S

f

ZnAF-2MM are suitable for detecting rapid change in cellular
Zn?* concentration. The calculated associatitgy)(and dis-
sociation koff) constants are shown in Table 2. Tkg values

of ZnAF-2M, ZnAF-3, and ZnAF-4 are almost the same as that
of ZnAF-2, and thek values are larger than that of ZnAF-2,
implying that these sensors can detectZimcrease as fast as
ZnAF-2 and ZA" decrease faster than ZnAF-2. ZnAF-2MM
and ZnAF-5 have smalldg, values than ZnAF-2. Apparently,
Just one picolyl group is important for the sensor to make a
rapid complex with Z&". On the other hand, tHe values of
ZnAFs are strongly dependent on the?Zichelating structure.
The kot values of higher affinity sensors, such as ZnAF-2 or
ZnAF-2M, may be relatively small but are not too slow for
reversible assay of 2 concentration. It is also clear that low-
affinity sensors are more suitable for monitoring?Zrin a
reversible fashion because of their lailgg values.

Metal lon Selectivity. Figure 4 illustrates the fluorescence
intensity of ZnAFs in the presence of various metal ions. Like

26) Miura, T.; Urano, Y.; Tanaka, K.; Nagano, T.; Ohkubo, K.; Fukuzumi, S.
J. Am. Chem. So@003 125, 8666-8671.
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Table 1. Absorbance and Fluorescence Properties of ZnAFs at pH 7.42

free +Zn%*

Dye Amax € (ol Amax € (ol
ZnAF-2 490 7.8x 10¢ 0.023 492 7.6< 104 0.32
ZnAF-2M 490 5.3x 10 0.034 492 5.2« 10 027
ZnAF-2MM 490 1.1x 1C° 0.006 493 8.8 10 0.10
ZnAF-3 490 7.1x 10¢ 0.029 493 6.2 10* 0.38
ZnAF-4 490 6.8x 10* 0.012 492 6.4¢ 10 0.22
ZnAF-5 490 6.4x 10* 0.004 492 4.3¢ 10¢ 021

a All data were measured in 100 mM HEPES buffer (pH 7.4 0.1 (NaNQ)). ? ¢ stands for extinction coefficient (M cm™1) measured at each
Amax ¢ @ stands for quantum vyield of fluorescence, determined using that of fluorescein (0.85) in 0.1 M NaOH ag. as a standard.

Table 2. Apparent Dissociation Constants (Kg) and Association tion, Figure S7). As in the case of ZnAF-2, the free bases of
ﬁqn,\(j BE;%%agﬂ?feFﬁa(chf Q,Stf‘itso_(f"g,\lz”,\?of’)‘;) ;fénfg s in 100 these sensors exhibit no significant emission enhancement upon
acidification. Thus, the basal fluorescence intensity should be
dye Ko ) fon (M257) fon(57) little affected by physiological pH changes.
ZnAF-2 2.7x10°° 3.1x10° 8.4x 103 Measuring Intracellular Zn 2 W lied th
ZnAF-2M 3.8x 1078 13x 10° 4.9x 1072 g Intracellular 2n ==. VVe applied these sensor
ZnAF-2MM 3.9x 106 6.9 x 10* 0.28 molecules to cultured cells or hippocampal slices. First, we
ZnAF-3 7.9x 10; 1.4x 10° 11 measured the intracellular Znconcentration of CHO cells to
gzﬁﬁ:g g:gi 1g4 é;?i ﬁ i(l) show their utility in fluorescence microscopic imaging by using

membrane-permeable acetyl ester derivatives of ZnAF, ZnAF-2
DA, and ZnAF-3 DA. These nonpolar compounds can easily
penetrate through the cell membrane into the cytosol, where
the acetyl groups are hydrolyzed by esterase to afford the Zn
sensors. After incubation with 10M sensors, cells showed
weak fluorescence, suggesting that these sensors can be used
- intracellularly (data not shown). Then, we examined whether
the difference of affinity is reflected in the fluorescence
microscopic imaging of intracellular 2h or not. The intracel-

o
)

normalized fluorescence
o
[e2]

normalized fluorescence

04 o lular concentration of Z# was controlled with a Z# iono-
phore, pyrithione (2-mercaptopyridin¢-oxide), which brings
0.2 T Y I extracellular ZA™ into the cytoplasm. We added various
“time(sec) ’ concentrations of Zt with pyrithione, and the intracellular
0 L 1 ' ' Zn?* concentration was measured by fluorescence microscopy.
0 0.02 O'Ofime{seg')oe 0.08 01 Figure 5 shows the fluorescence response of each sensor

. s T Cof the i ensity § molecule. With the increase of extracellular’Zitoncentration
gure 3. Ime course measurement O € rijuorescence intensity for H H _
1uM ZnAFs after mixing with Z&*. 50uM Zn?" was mixed with ZnAF-2 from 0.3 to 3004M, the fluorescence intensity of ZnAF-2
(black circle), ZnAF-2M (red circle), ZnAF-2MM (red square), and znAF-3  (Ka = 2.7 nM) was soon saturated. On the other hand, that of
(blue circle). 1 mM ZA* was mixed with ZnAF-4 (black square) and  ZnAF-3 (Kg = 0.79uM) was not saturated until 3QaM zZn2",
ZnAF-5 (blue square). These data were measured in 100 mM HEPES bufferThis different response was clearly derived from the different
(pH 7.4,1 = 0.1 (NaN@)) and 25°C. . . .

affinity of the two sensors for ZAf. ZnAF-2 is superior for

detecting lower Z#" concentrations, while ZnAF-3 can measure
ZnAF-2, they show no response to biologically important metal higher Zr#™ concentrations, which shows the importance of
ions, such as G4 and Mg™, at millimolar concentration. Thus,  affinity for Zn?* in cellular imaging. Thus, we can trace
the sensors with lower affinity for 2 do not show reduced intracellular Z&* accurately by using combinations of several
selectivity for Zr#™. All the sensors have the same coordination sensor molecules.

atoms, and we think that this metal ion selectivity is mainly  These results are in contrast with a previous refartwhich

due to the charac_ter of nitrogen atom on the pyridine _ril_'lg. I_n affinity for Zn?* was suggested to be of less importance than
hard and soft acids and bases (HSAB) theory, pyridine is gye concentration in fluorescence imaging; i.e., the dye con-
classified as a borderline base. It preferd'Zio C&* or Mg*", centration dominates the sensitivity of the reporting system. If
which is a hard acid. This preference would be important for e gye concentration is relatively high compared with the total
the determination of the metal ion selectivity of ZnAFs. Some g, pool available, the calibration of the dye signal to ion
sensors show an increase in fluorescence intensity in the qncentration may be affected, so care is necessary when using

presence of some transition metals other thaff ZAbove all, high intracellular dye concentrations. However, we consider that
Cd?" shows a similar response toZnHowever Cd" is rarely affinity is always an important factor in fluorescence imaging,

present in biological systems, so there would be no difficulty ;5 we have shown here. Using Znsensor molecules with

in biological applications. , o suitable affinities should allow better calibration of the fluo-
Effect of pH. In addition to metal ion selectivity, it is oqcant signal to Zff concentration.

important for many biological applications that the sensor does
r‘Ot re_spond to Changes _In pH. We measured the quorescenc%n Dineley, K. E.; Malaiyandi, L. M.; Reynolds, |. Mol. Pharmacol.2002
intensity of ZnAFs at various pH values (Supporting Informa- 62, 618-627.
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Figure 4. Relative fluorescence intensity ofi ZnAFs in the presence of various metal ions.INK™, C&", and Mg were added at the concentration
of 5 mM. Zré+ was added at either AM (ZnAF-2, ZnAF-2M) or 10uM (ZnAF-2MM, ZnAF-3) or 100uM (ZnAF-4, ZnAF-5). Other metals were added
at 1uM. These data were measured in 100 mM HEPES buffer (pHI7Z40.1 (NaNQ)).
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Figure 5. Fluorescence response of ZnAFs induced by intracellul&r.ZBHO cells incubated with 1M ZnAF-2 DA (a) or ZnAF-3 DA (b) for 30 min

at room temperature were washed with PBS and fluorescence excited-a420®m was measured at 20 s intervals. At 2 min, cells were exposed to
pyrithione (Pyr, 10tM) in the presence of sequentially increased concentrations of added extracelRiig0Z 3, 30, and 30@M, each for 5 min) as
indicated by the solid lines. Return of intracellular?Zrto the resting level was achieved by addition of TPEN /&®; starting at arrow). Fluorescence
images incubated with ZnAF-2 DA (c, 600 s), (d, 1200 s), or ZnAF-3 DA (e, 600 s; f, 1200 s) are shown in the bottom panels.

Measuring Synaptically Released ZA". For the analysis to hippocampal slices and measured synaptically releas&d Zn
of Zn?* in the central nervous system, we applied these sensorsinduced by membrane potential-depolarizing stimulation. All
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Figure 6. Fluorescence response of ZnAFs detecting extracellularly releagédrizmippocampal slices. Fluorescence excited at-44@0 nm was measured
soon after rat hippocampal slices were loaded wittMLZnAF-2 (a), ZnAF-2M (b), ZnAF-3 (c), or ZnAF-4 (d). Then, 50 mM KCI (at 1 min) and 10 mM
CaEDTA (at 10 min) were added to the imaging solution. Bright field images, fluorescence images at 0 min (before), at-30mm\ KCI), and at

15 min 4-10 mM CaEDTA) are shown in each row. Relative fluorescence intensities of DG, CA3, and CA1 are shown in the bar graph, expressed as mean

+ SE (= 3 for ZnAF-2, ZnAF-3, and ZnAF-4 and = 5 for ZnAF-2M). The bottom schematic (e) shows the approximate positions used for measurements
of fluorescence intensity in the dentate gyrus (DG), CA3, CA1, and R (as a reference) region.

of the nerve terminals were stimulated into depolarization after higher concentration of 21 is released in DG than in CA3 or
addition of potassium ions. We observed a large fluorescenceCA1, and a lower concentration of Zhis released in CA3

increase upon addition of 50 mM KCI to slices loaded with 1
uM ZnAF. To confirm that this fluorescence increase was due
to an increase of extracellular Znconcentration, we further
added CaEDTA, an extracellular Znchelator. This treatment
reduced the fluorescence intensity of ZnAF to the initial level,
which confirmed that the indicator was responding to extra-
cellular Zr*+ and that the extracellular Zh concentration was
below the detection level prior to depolarization. We acquired

than in DG or CA1.

A key advantage of using plural sensors is that estimation of
the released At concentration level is possible. In DG, there
is a fluorescence response of ZnAFK3 & 0.79uM) and no
response of ZnAF-4Ky = 25uM). Namely, the released 2h
concentration in DG is below the detection level for ZnAF-4.
Thus, the released Zh concentration is estimated to be of the
order of 1uM DG (Figure 2). Similarly, in both CA1 and CAS3,

different fluorescence images after stimulation depending on there is a fluorescence response of ZnAF-284 € 38 nM)

the K4 value of the ZnAFs (Figure 6&d). In the fluorescence
imaging using ZnAF-2K4 = 2.7 nM), the fluorescence intensity

increased mainly in three regions, the dentate gyrus (DG), CA3,

and CA1, which were indistinguishable. Therefore, no regional
difference of released 2h concentration was observed using
ZnAF-2, probably because of its high affinity for Zn With
ZnAF-2M (K¢ = 38 nM), on the other hand, the fluorescence

intensity increased in DG and CAL, but increased less in CA3,

and with ZnAF-3 Kq = 0.79uM), a fluorescence increase was
seen only in DG. The lower affinity sensor, ZnAF-K4(=

and no response of ZnAF-3. Thus, the releasett Zoncentra-
tion level in CA1 and CA3 can be estimated to be of the order
of 100 nM or less.

Thus, by using dyes with different affinity for 2h for
fluorescence imaging, we can obtain considerably more infor-
mation from the same sample than would be possible with a
single dye. Furthermore, it is clear that there is no sirigle
value suitable for tracing all of the concentration levels of
synaptically released 2n, because &4 value suitable for one
region would give either no response or a saturated fluorescence

25 uM) showed no fluorescence increase. The mean increasesignal in other regions. So, the importance of using several
of fluorescence intensity in each region is shown in the bar sensor molecules is clear, just as we had anticipated when
graph. So, these results demonstrate for the first time that adesigning this range of sensors. By virtue of having a spectrum
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of affinities for Zr**, ZnAFs are the first Z# sensor molecules
not only to reveal regional differences but also to allow
estimation of the concentrations of synaptically releasetf Zn
in hippocampal slices. In addition, ZnAFs are also suitable for
analyzing temporal changes ofZna fast fluorescence increase
and decrease in the CA1 region was visualized with ZnAF-2M
(data not shown).

Previous reports indicate that electrical stimulation and
potassium stimulation produce similar responses in terms of
released Z&" concentratior#* This would suggest that a similar
concentration level of Zt is released during natural neuronal
activity. However, the reported concentration levels of released
Zn?* vary drastically. Li et al. suggested that synaptic release
of Zn?* during stimulation reaches micromolar levéisThey
used the fluorescent sensor molecule Newport Green, which
has an affinity of~1 uM for Zn?*. On the other hand, Kay
examined synaptic release of Znusing another fluorescent
sensor molecule, FluoZin-3, whodg value is 15 nM and
concluded that litle Z#" (~6 nM) was released during
stimulation?® Both estimations were done with a single sensor
molecule, with quite differenKy values, and they utilized the
maximum and minimum fluorescence intensity fo?Zaalibra-
tion. However, our estimation is based on the use of several
sensor molecules without relying on measurements of maximum
or minimum fluorescence intensity. Moreover, our sensors have
similar fluorescence properties, and only their affinity foPZn
differs. We think these features support the reliability ofZn
estimation with ZnAFs.

permeable derivatives of ZnAFs, different responses to changes
in intracellular Z&* concentration were observed. Extracellular
Zn?" release was also measured using ZnAFs and their use
enabled us to detect regional difference in théZmelease for

the first time, as well as to estimate the approximate concentra-
tion of synaptically released 2h in hippocampal slices. We
can measure Zm concentration over a wide range by using
ZnAFs, which are expected to be useful probes for obtaining
further insight into the physiological importance ofZn

Experimental Section

General Information. All reagents and solvents were of the highest
commercial quality and were used without purification. ZnAF-2 and
ZnAF-2 DA were purchased from Daiichi Pure Chemicals Co., Ltd.
(Tokyo, Japan). ZnAF-2M, ZnAF-2MM, ZnAF-3, ZnAF-4, ZnAF-5,
and ZnAF-3 DA were prepared as described in the Supporting
Information. Dimethyl sulfoxide (DMSO), 2-[4-(2-hydroxyethyl)-1-
piperazinyllethanesulfonic acid (HEPES), nitrilotriacetic acid (NTA),
andN,N,N',N'-tetrakis-(2-pyridylmethyl)ethylenediamine (TPEN) were
purchased from Dojindo Laboratories, Ltd. (Kumamoto, Japan). All
other reagents were purchased from either Tokyo Kasei Kogyo Co.,
Ltd. (Tokyo, Japan), or Wako Pure Chemical Industries, Ltd. (Osaka,
Japan).

Fluorometric Analysis. Fluorescence spectroscopic studies were
performed with a Hitachi F4500 (Tokyo, Japan). The slit width was
2.5 nm for both excitation and emission. The photomultiplier voltage
was 750 V. ZnAFs were dissolved in DMSO to obtain 10 mM stock
solutions. Fluorescence intensities of«l ZnAFs as a function of
free Zr*™ concentration were measured in 100 mM HEPES buffer
(pH 7.4,1 = 0.1 (NaNQ)). Free Zi#* concentration was controlled by

On the basis of the above results, our ZnAFs introduced hereusing 6-9 mM ZnSQ/10 mM NTA (nitrilotriacetic acid) system%

are expected to become useful tools in the investigation &f Zn
biology, especially the role of 2n in the central nervous
systenm?d These ZnAFs should have a wide range of application.
In addition to synaptic release of Zn Zrn?* is suggested to be
involved in excitotoxic neuronal death after head trauma,
epilepsy, and cerebral ischemia and reperfudioRecently,
extracellular accumulation of 2h during ischemia and reper-
fusion was reporteg? However, regional differences of Zh
over the areas of DG, CA3, and CA1 were not observedZn
sensor molecules with suitatitg values may visualize regional
differences, allowing detailed analysis of the?Zulistribution.

Although other ZA™ sensor molecules with various affinities
are availablé!9139ZnAFs are the first sensor molecules suitable
for both intra- and extracellular applications in biology.
Combined with fluorescence microscopic imaging, ZnAFs have
the potential to play a central role in the investigation ofZn
biology.

Conclusion

We have developed a range of fluorescen&Zisensor
molecules, ZnAF-2M, ZnAF-2MM, ZnAF-3, ZnAF-4, and
ZnAF-5, whoseKqy values range from nanomolar to sub-
nanomolar levels. They all have similar fluorescence properties
and differ only in their affinity for ZA*, without any loss of
selectivity for Zi#. Using ZnAF-2 DA and ZnAF-3 DA, cell-

(28) Kay, A. R.J. Neurosci.2003 23, 6847-6855.

(29) (a) Choi, D. W.; Koh, J. YAnnu. Re. Neurosci.1998 21, 347—375.
(b) Frederickson, C. J.; Hernandez, M. D.; McGinty, JBFain Res1989
480 317-321. (c) Suh, S. W.; Chen, J. W.; Motamedi, M.; Bell, B.; Listiak,
K.; Pons, N. F.; Danscher, G.; Frederickson, CBthin Res.200Q 852,
268-273.

(30) Wei, G.; Hough, C. J.; Li, Y.; Sarvey, J. Meuroscienc®004 125, 867—
877.

for ZnAF-2 and ZnAF-2M and unbuffered Znfor other ZnAFs. The
fluorescence intensity data were fitted to eq 1, gdvas calculated,
whereF is the fluorescence intensitifmaxis the maximum fluorescence
intensity, Fo is the fluorescence intensity with no addition of?Zn
and [Zr#']t is the free ZA" concentration.

F = Fo+ (Fnax— FO[Zn*1)I(Ky + [Zn*1]) @)

Relative quantum yields of fluorescence were obtained by comparing
the area under the corrected emission spectrum of the sample at
492 nm with that of a solution of fluorescein in 0.1 M NaOH (quantum
yield: 0.85). U\*visible spectra were measured with a Shimadzu
UV-1600 (Tokyo, Japan).

Stopped-Flow Measurements.Stopped-flow experiments were
performed with a SF-61 DX2 double-mixing stopped-flow spectro-
fluorimeter (Hi-Tech, Salisbury, U.K.) equipped with a monochromator
between the 75 W xenon light source and the reaction cuvette excitation
window. The quartz sample cuvette and syringes containing the
reactants were maintained at 250.1 °C by a circulating water bath.
The pneumatic cylinder was driven by a nitrogen pressure of 6 bar,
which resulted in an instrument dead time of 1 ms. A solution of
2 uM ZnAF in 100 mM HEPES buffer (pH 7.4,= 0.1 (NaNQ)) was
combined with an equal volume of 1Q&M or 2 mM of ZnSQ.
Fluorescence was measured with excitation at 492 nm and with emission
at >530 nm, using a 530 cutoff filter. The fluorescence intensity data
were fitted to eq 2, an#y,s was obtained, wherE is the normalized
fluorescence. Thet,, andkyt were calculated as described previou8ly.

F=1-exp(- kyd) @

Imaging System.The imaging system was comprised of an inverted
fluorescence microscope (IX-71; Olympus, Tokyo, Japan), CoolSNAP
HQ CCD camera (Roper Scientific, Tucson, AZ), and an image
processor (MetaFluor; Universal Imaging Corp., Downingtown, PA).
The microscope was equipped with a xenon lamp (AH2-RX; Olympus),
an objective lens for CHO cells (PlanApo 6/L.40 oil; Olympus) or
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for hippocampal slices (UPlanAPox40.16; Olympus), an excitation slices with a rotary slicer (Model DTY 7700; Dosaka Co., Osaka,
filter (BP470-490; Olympus), a dichroic mirror (DM505; Olympus), Japan). The fresh hippocampal slices were incubated in ACSF
and an emission filter (BA510-550; Olympus). equilibrated with 95/5 @CO, for more than 30 min at room

Preparation of Cells. CHO cells were cultured in Alpha medium  temperature. Then each slice was transferred to a chamber on the
(aMEM,; Invitrogen Corp., Carlsbad, CA) containing 10% fetal bovine microscope, where it was held in place by a metal wire ring with a
serum (Invitrogen Corp.), 1% penicillin (Invitrogen), and 1% strepto- stretched nylon net.
mycin (Invitrogen) at 37C in a 5/95 CQair incubator. Cells were . )
passaged 3 days before dye loading on a 35 mm glass-based dish (lwaki, Acknowledgment. This work was supported in part by the
Funabashi, Japan). Then the cells were rinsed with phosphate-bufferedVinistry of Education, Culture, Sports, Science and Technology
saline (PBS; Invitrogen), and incubated with PBS containing«¥D of Japan (Grants for The Advanced and Innovational Research
ZnAF-2 DA or ZnAF-3 DA for 30 min at 37C. The cells were washed ~ Program in Life Sciences to T.N., 15681012 and 16048206 to
with PBS twice and mounted on the microscope stage. FluorescenceK Kikuchi). K.Kikuchi was also supported by the Sankyo
excited at 476-490 nm was measured at 20 s intervals, and the Foundation, by the Kanagawa Academy of Science, and by the
responses of three cells were compiled to generate a single trace.  g,,zyuken Memorial Foundation.

Preparation of Rat Hippocampal Slices.The whole brains of adult
Wistar rats (male, 200250 g) were removed quickly under ether Supporting Information Available: Synthetic details and
anesthesia and placed in ice-cold ACSF (artificial cerebrospinal fluid), characterization of ZnAF-2M, ZnAF-2MM, ZnAF-3, ZnAF-4,
which was aerated with 95/5(Z0;. The composition of ACSF was  znAF-5 and ZnAF-3 DA (PDF). This material is available free
124 mM NaCl, 2.5 mM KCI, 26 mM NaHC& 1.25 mM NaHPQ, of charge via the Internet at http://pubs.acs.org.
2.0 mM CacC}, 1.0 mM MgClh, and 10 mM glucose. The hippocampus
was isolated, placed on an agar plate, and sliced into/@00hick JAO50301E
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