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Abstract

The biological role of the zinc(II) ion has been recognized in DNA and RNA synthesis, apoptosis, gene expression,
or protein structure and function. Therefore, development of useful zinc(Il) sensors has recently been attracting
much interest. Chemistry for selective and efficient detection of trace 7Znt is a central issue. Recently, various
types of zinc-fluorophores are emerging, comprising bio-inspired aromatic sulfonamide derivatives, zinc-finger
peptides attached to fluorescent dyes, or fluorophore-pendant macrocyclic polyamines. The chemical principles,
properties and limitations of these Zn>*-fluorophores are discussed.
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Qualitative and quantitative analyses of trace metal
ions with selective analytical reagents have become Y
extremely important for environmental and biological
applications (Czarnik 1995). A remarkable develop-
ment of fluorescent indicators has already been made
for biologically important divalent metal ions, in par-
ticular Ca>* and Mg?*, with quite a few practical
fluorophores such as Fura-2 (1), Quin-2 (2) and Mag-
indo-1 (3) (Grynkiewicz et al. 1985; Tsien 1989; Tsien
& Pozzan 1989; Haugland 1996). Coo

The criteria for good sensors are (i) stability,
(i1) metal selectivity, (iii) metal affinity, (iv) signal
transduction, (v) fluorescent signaling, (vi) kineti-
cally rapid sensitization, (vii) ease of delivery to tar-
get systems, and (viii) availability. For measurement
of dynamic mechanisms of intracellular metal ions,
the typical concentrations in resting cells should be
known: for instance, [Ca%*] = 50200 nM. Therefore,

Fura-2

K4(Ca®): 145 nM

Em: 512 nm (without Ca®")
Em: 505 nm (with Ca®*)

Structure 1.

for the metal affinity criteria, Ca%T-selective biosen-
sors should possess a Kq4 (dissociation constant) near
the median concentration at physiological pH. When a
normal median concentration gives a 50% sensing sig-
nal, sensors could most effectively detect both concen-

tration increases and concentration decreases. Fura-2
(Kgq = 145 nM) and Quin-2 (Kq = 60 nM), in this
regard, are quite appropriate probes for measurement
of intracellular Ca>t concentrations (Haugland 1996).
As for the desirable fluorescent signaling properties,
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Quin-2

K4(Ca*"): 60 nM

Em: 495 nm (without Ca®")
Em: 495 nm (with Ca>*)

Structure 2.

Mag-indo-1

K,(Mg>): 2.7 mM

Em: 480 nm (without Mg**")
Em: 417 nm (with Mg®*)

Structure 3.

(a) intense fluorescence, (b) excitation wavelengths
exceeding 340 nm (to pass through glass microscope
objectives and minimize UV-inducing cell damage)
corresponding to available laser sources, and (c) desir-
ably, emission wavelengths to shift >80 nm before and
after metal complexation, so that ratiometric titration
can be utilized (for quantification) rather than mere
intensity changes.

Development of classical zinc(IT)-fluorophores
Zinc(II) is an essential metal ion in the active sites of
more than 300 enzymes such as carbonic anhydrase,

carboxypeptidase A, class II aldolase, B-lactamase,
alkaline phosphatase, phosphotriesterase, and colla-
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genase (Fraudsto da Silva & Williams 1991; Kimura
1994; Kimura & Koike 1996; Lipscomb & Striter
1996; Striter et al. 1996). Moreover, the importance
of zinc(II), which is critical for the growth and survival
of cells, is becoming recognized in biology, physiol-
ogy, and pathology (Vallee & Falchuk 1993; Lippard
& Berg 1994); e.g., protein structure and function
(Cox & McLendon 2000), DNA and RNA synthesis,
gene expression (Greisman & Pabo 1997), transcrip-
tion mediated by NO, apoptosis (Berendji et al. 1997),
and brain metabolism or diseases (Frederickson et al.
1987; Cuajungco & Lees 1997; Choi & Koh 1998).
The concentration of free Zn>* within biological cells
varies from about 1 nM in the cytoplasm of many cells
to about 1 mM in some vesicles. The need for use-
ful zinc-fluorophores to quantify trace Zn>* in these
biological mechanisms has become more urgent.

A zinc(Il)-fluorophore 6-methoxy-8-p-toluenesul-
fonamido-quinoline (TSQ) 4 was first used as a his-
tochemical stain for Zn>* in various tissue sections
of brain, heart, and some other tissues (Frederick-
son et al. 1987). While TSQ was the only available
Zn**-specific fluorophore in the presence of much
higher concentrations of Ca>* and Mg, the complex
structures and stability constants of the TSQ-Zn**
complexes were neither identified nor characterized.
The complexation of TSQ with free Zn>* probably
occurs not only in a stoichiometry of 2:1 TSQ/Zn?™,
but also in a 1:1 complex that may equilibrate with
protein-binding. The fluorescence intensity (i.e., quan-
tum yield) of the complex(es) varies with the media.
Accordingly, TSQ needed to be carefully studied for
quantitative analysis of Zn>*.

Zalewski’s group developed Zinquin 5 and exten-
sively used it for cellular physiological studies (Za-
lewski et al. 1993; Zalewski et al. 1994a, b). An
ester group was incorporated at 6-position of 5, so
that after the neutral lipophilic probe 5 permeates
into the cell, the ester would be hydrolyzed to a car-
boxylate anionic form 6 by intracellular esterases to
stay within the cell. Thus, 5 became the first prac-
tical zinc-fluorophore to examine the role of Zn>*
in regulation of cell growth. Zinquin 5 could moni-
tor loosely bound, labile intracellular Zn*t (but not
tightly bound Zn?* in zinc-enzymes or zinc-finger
proteins) by fluorescence video image analysis or flu-
orometric spectroscopy. For instance, the importance
of cellular Zn?* distribution in the process of apop-
tosis was first assayed by 5 (Zalewski et al. 1994a)
in zinc-rich cells such as hepatocytes and pancreatic
islet B-cells where the fluorescence was very intense
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Structure 5.

(Coyle et al. 1994; Zalewski et al. 1994b). Very
weak fluorescence (at 490 nm) of a 2 uM solution
of § at pH 7.4 was increased with subnanomolar free
Zn%t and was saturated at 1 uM Zn2t. The fluores-
cence was enhanced 20-fold by 1 uM Zn?>*. Other
biologically relevant metal ions (Ca’t, Mg+, Cu’™,
Fert, Fe3t, Mn?*, Co2*, etc.) did not affect the
Zn**-dependent fluorescence of 5, which empirically
seemed to be a practical fluorophore for probing Zn>*
concentrations ranging 100 pM—10 nM. By fluoro-
metric titration, 5 was shown to form 1:1 and the
subsequent 2:1 complexes with Zn>* with binding
constants of 7.0 x 106 M~! and 11.7 x 10° M~! at
pH 7.4 (Zalewski et al. 1993). However, the structures
of these complexes were not referred to.

In addressing the basic chemistry of the TSQ
fluorophores 4 and 5, O’Halloran’s group recently
studied 2-methyl-6-methoxy-8-p-toluenesulfonami-
do-quinoline (2-Me-TSQ) (7) (Nasir, et al. 1999;
Fahrni & O’Halloran 1999). The deprotonation con-
stant of the sulfonamide in 7 was determined to be
9.63 in a 80:20 (v/v) mixture of DMSO/water (I =
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0.1 (KClO4)) at 25 °C by potentiometric pH titra-
tion. The formation constants, log 81 of 8.43 + 0.38
and log B> of 18.24 £ 0.24 for the 1:1 and 2:1
complexes of 7 with Zn>t were established g; =
[(77) — Zn**)/[7][Zn*F] (M™!) and B2 = [(T7)2 —
Zn>*T]/[71? [Zn*T]1 (M~2). It was revealed that the
2:1 7~ -Zn** tetrahedral complex (8) is the dominant
species at neutral pH in DMSO/water, in which the
deprotonated imide N~ and aromatic N atom of 7 co-
ordinated to zinc(Il), as confirmed by the X-ray crystal
structure analysis. It was assumed that the adoption of
the distorted tetrahedral geometry by the two methyl
groups at 2-position of quinoline rings made 7 a
Zn**-selective staining reagent in living cells.
Further, Zinquin § (ester form) and its car-
boxylic acid form 6 (Zinquin acid) have been
more elaborately characterized (Hendrickson et al.
1997; Fahrni & O’Halloran 1999). Under phys-
iological conditions (pH 7.2), the two forms of
Zinquin 5 and 6 bind to Zn>T to form 2:1 com-
plexes with similar overall binding constants, e.g.,
log Kapp of 13.5 for (67)2-Zn*" complex (Kqpp =

[ 7]
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[(67)2—[(6)2 — Zn**]/[6]*[Zn**] (M~?)) (Fahrni &
O’Halloran 1999). In the presence of 50 uM Zin-
quin acid 6, the lower detection of 7Zn%t was ca.
4 pM and the fluorescence intensity reaches saturation
above 100 nM Zn2t. It was evident earlier, however,
that the Zn>*-Zinquin stability constants were appar-
ently not large enough to permit interaction of Zinquin
with extremely tightly bound (Kq << 1 nM) Zn>*
in metalloenzymes or zinc-finger proteins. A typi-
cal intracellular Zn%* chelator N,N,N’,N’-tetrakis(2-
pyridylmethyl)ethylendiamine (TPEN) 10, which ap-
parently has a much higher affinity for Zn?*, masked
the Zn>*-dependent fluorescence of Zinquin in lym-
phocyte cells (Zalewski et al. 1993). O’Halloran’s
group determined the affinity of various ligands to
Zn*t in terms of free [Zn®t] (M), referred to as -
log[Zn**] at [ligand] = 10 mM and [initial Zn>*] =
1 mM at pH 7, 0.1 M ionic strength, and 25 °C: Zin-
quin acid (6) 9.3; TPEN (10) 16.0; EDTA (11) 14.3;
carbonic anhydrase (CA) 12.4 (Fahrni & O’Halloran
1999). Thus, it was quantitatively confirmed that
TPEN 10 and CA bind Zn>* with much higher affini-
ties and therefore Zinquins do not mobilize tightly
bound Zn* from enzymes such as carbonic anhydrase
(CA). It was suggested that once formed in the cell,
the 2:1 complex 8, like 9, is not membrane-permeable,
since these two fluorophores show similar staining pat-
tern in the presence of Zn>* in living cells (Nasir e al.
1999).

Development of zinc-fluorophores from the
zinc-containing enzyme, carbonic anhydrase
Mann and Keilin first discovered that sulfonamides in-

hibit carbonic anhydrase (CA) (Mann & Keilin 1940).
Chen and Kernohan presented evidence that bovine
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erythrocyte CA incorporates equimolar dansylamide
12 to form a highly fluorescent complex 13 with a dis-
sociation constant K4 of 2.5x 10~7 M at pH 7.4 (Chen
& Kernohan 1967). For comparison, the Ky value for
Zn** binding to apoCA is much smaller 4 x 10712 M
(Kiefer et al. 1993). The fluorescence of free 12 in
water has an emission peak at 580 nm with a quantum
yield of only 0.055, but the CA-bound dansylamide
13 dramatically shifted the emission maximum down
to 468 nm with much higher quantum yield of 0.84
(excited at 326 nm). The large blue shift of emission
was rationalized by the well-shielded and extremely
hydrophobic dansyl binding site and in addition by
the sulfonamide group losing a proton (to SOoNH™)
upon binding to CA (Scheme 1). Thus, dansylamide
12 was thought to be a good fluorescent probe of CA
or free Zn>" in the presence of apoCA. The pK, value
of the SO,NH, group in 12 was 9.8 either at ground
state or excited state. Mere deprotonation of the free
12 (in the absence of CA) in alkaline solution shifted
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Scheme 1.

the emission peak less dramatically from 580 nm to
540 nm with the quantum yield from 0.055 to 0.085.
These chemical principles were adopted to a new
CA-based fiber optic zinc-biosensor developed by
Thompson’s group (Thompson & Jones 1993; Thomp-
son & Patchan 1995; Thompson & Maliwal 1998;
Thompson et al. 1998). The concentration of Zn>*+
is proportional to the ratio of fluorescence intensi-
ties (at 580 nm vs. at 480 nm) at 10-1000 nM (with
1 uM apoCA (metal-free CA) and 10 uM 12 in
pH 7.4 HEPES buffer). An advantage with the CA-
dansylamide system is that a great wavelength shift
in fluorescence with or without Zn>* in CA permits
the ratiometric detection at two different wavelengths
to be correlated with the analytical level. This linear
range interestingly corresponds to the zinc(II) concen-
tration range in the ocean. A fiber optic sensor con-
structed using this approach showed the zinc-detection
limit 10-fold inferior (Thompson & Jones 1993). For
practical application of this CA-based sensor to mea-
sure environmental ZnZt (e.g., in sea water), a serious
problem is reversibility. The off-rate of Zn>* from CA
is ca. 1078 s~!, which is too slow to permit taking
continuous data. Another problem is fiber attenuation.
Further development from the CA inhibitors are
sulfonamide-fluorescein conjugate 14 (Elbaum et al.
1996) and dapoxyl sulfonamide 15 (Thompson et al.
1999). The design of 14 was achieved by an iterative
structure-based procedure in which the X-ray crystal
structure of the CAll-arylsulfonamide complex was
determined and analyzed for the optimal attachment
point of fluorescein. The probe 14 bound tightly only
to the Zn?*-bound CAII (K¢ = 2.3 nM) and exhibited
fluorescence anisotropy that is proportional to the con-
centration of bound Zn?7 in the range of 10-100 nM.
Dapoxyl sulfonamide 15 exhibited a large increase

Ao = 520 nm (in CA)
Aex = 488 nm

Structure 14.
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dapoxyl sulfonamide

Aem = 506 nm (in CA)
Ay = 466 nm

Structure 15.

(90-fold) with blue shift (from 605 nm to 530 nm) in
its fluorescence emission upon binding to holoCA (the
dissociation constant is 0.3 uM). Ratiometric detec-
tion of Zn>T was possible by measuring the emission
intensity at 535 nm vs. 685 nm. The increase of emis-
sion seems to be due to the 20-fold increase in the
fluorescence lifetime of 15 bound to Zn** in CA (t
changes from 0.22 ns to 3.80 ns upon binding to CA).

Zn?t Chelation-enhanced fluorescence (CHEF)

The chelation-enhanced fluorescence (CHEF) was re-
ported with anthracene derivatives having chelating
moieties (e.g., 9,10-bis(2,5-dimethyl-2,5-diazahexyl)
anthracene 16) for Zn%t in CH;3;CN (Huston et al.

[9]
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1988; Fabbrizzi 1997). It was extended to a macro-
cyclic system 17 (Akkaya et al. 1990; Huston et al.
1990; Czarnik 1992). A large CHEF effect by Zn>*
(14.4-fold) and Cd*t (9-fold) was observed with
17 (n = 2) at pH 10 in aqueous solution. How-
ever, the protonation(s) and metal complexation at the
macrocyclic polyamine moiety commonly inhibit the
quenching process by the unprotonated benzyl nitro-
gen atom. The diprotonated ligand 17 (n = 2)-2H"
at pH 7 (pK, values for a monosubstituted cyclen are
~12, ~11, <2, and <2; Koike et al. 1996b; Kimura
1997) showed almost 120-fold larger fluorescence in-
tensity than that of the unprotonated ligand 17 (n = 2)
at pH 12. In fluorescence titration of 17 (n = 2)
(10 uM) with Zn** (0-20 uM), impractically alka-
line pH 12 buffer should be used, where 17 (n = 2)
is unprotonated and hence competition between H™
and Zn>* for the macrocycle does not occur. Under
these conditions, the emission maximum at 416 nm
(excited at 335 nm) increases linearly till nearly 1:1
complexation (to 18). Thus, 17 (n = 2) cannot be a
practical zinc-fluorophore in aqueous solution under
normal biological pH conditions.

The drawback of 17 (n = 2) was the protona-
tion of the macrocyclic polyamine part at neutral pH,
which inhibits photoinduced electron transfer (PET)
(Prasanna de Silva et al. 1997), resulting in the strong
fluorescence emission even in the absence of Zn>*. To
remedy this monosubstituted macrocyclic tetraamine
properties, Nagano’s group devised ACF-1 (19a) and
ACF-2 (19b), in which a fluorescein dye and three
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methyl groups are attached to four nitrogens of the
macrocyclic tetraamine (Hirano et al. 2000). Fluores-
cein is advantageous in that it has a high quantum
yield of fluorescence in aqueous solution and its ex-
citation wavelength is in the harmless visible range.
The tetraalkylations of the macrocyclic tetraamines in
19 lower the amine pK, values (~8, ~6, <2, and <2)
(Maumela et al. 1995), so that protonations would be
less likely at neutral pH and Zn>* would bind to 19
without competition against protons. As expected, the
fluorescence of 19 (5 uM) was quenched at pH 7.5
due to PET. Upon addition of Zn** (0-5 M), the flu-
orescence emission intensity of 19a and 19b linearly
increased up to 14- and 26-fold, respectively, with lit-
tle change in the position of excitation and emission
maxima (Aex = 495 nm, Ae;y = 515 nm for 19a
and dex = 505 nm, Aemy = 525 nm for 19b). The
detection limit of 19 was noted as 500 nM of Zn**
under these conditions. ACF-2 19b was selective only
for Zn?* and Cd** and the fluorescence of Zn>t —19
complexes was not interfered by other transition metal
ions, Fe2t, Fe3T, Ni2t, Co?*, or Mn2™. It is unfor-
tunate, however, that the complexation constant with
Zn>*T was not reported. Applicability to biological
systems has yet to be determined.

For detection of trace Zn>* in living cells, good
permeability of the Zn>*-sensors is crucial, e.g. Zin-
quin 5. Recently, Lippard and Tsien er al. developed
a membrane-permeable Zn>*-fluorophore, Zinpyr-1
(20), which is a conjugate of 2’,7'-dichlorofluorescein
with bis(2-pyridylmethyl)amine (DPA), a homologue
to the membrane-permeable heavy metal chelator,
TPEN (10) (Walkup er al. 2000). Zinpyr-1(20)
(0.5 uM) has an excitation maximum at 515 nm in
50 mM PIPES (pH 7.0) with 100 mM KCI with
a quantum yield of 0.39, and saturated with Zn>*
(25 uM), the resulting Zn2+—complex showing Aex at
507 nm and a quantum yield of 0.89. The apparent
dissociation constant, K4, of the 7Zn2t-20 complex
was determined fluorometrically to be 0.7 = 0.1 nM
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under the given conditions (emission was measured
between 509 and 650 nm). The response of 20 to
the concentration change of Zn>* in COS-7 cells was
demonstrated by influxed Zn>* (exogeneous concen-
tration of 50 uM) with the aid of a zinc ionophore
2-mercaptopyridine N-oxide (pyrithione, 20 uM). The
enhanced fluorescence due to the complexation with
7Zn?t was observed, which then was decreased by
addition of TPEN 10 having a much higher affinity
(Kg = 10713 M at pH 7). Preliminary results showed
that Zinpyr-1 stains the Golgi and acidic cellular
compartments.

Peptide fluorescent probes for Zn>*

As a bio-inspired zinc-fluorophore, a peptide 21 (25
amino acids) containing a zinc-finger motif (a strong
Zn**-binding site, Cysy/His;) covalently attached
with a dansylamide residue, was synthesized (i) for
selective and efficient Zn>*-binding (Kg = 1.4 x
10719 M at pH 7) and (ii) to create a hydropho-
bic environment around the encapsulated dansylamide
residue upon its Zn>* complexation (Walkup & Impe-
riali 1996). The addition of Zn*t (0.1-1 uM) to the
peptide 21 (1.4 uM) in pH 7 HEPES buffer resulted in
a linearly increasing emission peak at 475 nm (excited
at 333 nm) up to 2.4 fold (the emission maximum of
the Zn?*-21 complex was 525 nm). In the absence
of Zn?t, the emission maximum was 560 nm. The
dissociation constant, K4, of the Zn2t-21 complex
was Kg = 1.4 x 10719 M at pH 7. The presence of
0.5 M Na*t, 50 mM Mg?*, and 100 uM Co** did
not interfere with the Zn>* analysis. The covalently
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attached fluorescent reporter dansylamide is sensitive
to metal-induced conformational changes of the sup-
porting peptide framework and yet is remote from the
Zn**-binding site. The enhanced emission is mostly
due to the reporter to be placed in a hydrophobic en-
vironment. Problems with the zinc-finger peptide, in
addition to its synthetic availability, would be vulner-
abilities to air oxidation of cysteine residues and to
redox active metal ions such as Cu’*, despite the high
affinity to Zn>*. In application to the reductive envi-
ronment of cells, this may not be problematic, but the
digestion by proteases is another problem.

A more oxidatively robust peptidyl zinc-fluoro-
phore was later synthesized by substitution of the
peptide from Cys,/Hisy to Cys/His3 at the Zn>-
binding site (Walkup & Imperiali 1997). However,
the zinc affinity dropped by an order of magnitude
(Kg = 3 x 1079 M at pH 7) and the fluorescence
response to Zn>* became smaller (fluorescence en-
hancement was 1.3 fold upon addition of Zn**) for
a sensitive zinc-fluorophore (the emission maxima are
552 and 548 nm in the absence and the presence of
Zn**, respectively). Another modification of the zinc
finger motif from Cysy/His; to Cys/Asp/His; yielded a
zinc sensor with enhanced oxidative stability, but with
a further weakened affinity (Kq = 6.5 x 1078 M at
pH 7), although this one is responsive to submicro-
molar to micromolar concentrations of Zn>* in the
presence of redox active Cu?* or Fe?.

In order to minimize the size of the peptidyl
component for Zn>* detection, the new heptapeptide
22, in which unnatural amino acids having a chelat-
ing hydroxylquinoline (oxine) unit, were synthesized
(Walkup & Imperiali 1998). The chiral amino acids

[ 11]
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having an oxine unit, 22a and 22b, were prepared via
diastereoselective alkylation of the pseudoephedrine
glycinamide. Cysteine was incorporated for selective
binding to Zn’>* ion. Although 22b was found to form
complicated metal complexes due to the formation of a
disulfide dimer under normal conditions, 22a showed
1:1 complexation with Zn>*. By UV and fluorescence
titrations of 22a with Zn>* in pH 7.0 buffer (50 mM
HEPES with 150 mM NaCl), the dissociation con-
stant, K4, was determined to be 17 uM. The limit of
detection was less than 250 nM.

Another type of a zinc finger consensus peptide
23 (Cysa/Hisy) was designed (Godwin & Berg 1996).
The peptide was attached to two fluorescent dyes, flu-
orescein (F) as the energy donor and lissamine (L) as
the acceptor, to visualize zinc binding. In the absence
of Zn®>*, the peptide is unfolded and the dyes are
relatively far apart (i.e., small intramolecular energy
transfer occurs between F and L). Upon Zn”>*t bind-
ing to the Cys,/His, site, the peptide folds to bring
the two fluorophores closer together, increasing the
amount of intramolecular energy transfer. The binding
of 23 (3.7 uM) to Zn>* at pH 7.1 was monitored by
increasing fluorescence (ca. 2.3-fold) at 596 nm (ex-
citation at 430 nm) with an increase in [Zn?*], which
provided the 1:1 and 1:2 Zn?*-23 complex formation
(the estimated K for the 1:1 complex is 1 x 10712 M
at pH 7.1). Again, the complexation had to be car-

[12]

ried out under a reductive atmosphere to avoid peptide
oxidation.

A bio-inspired macrocyclic fluorophore

While engaged in elucidating roles of Zn?T in
zinc enzymes (in particular carbonic anhydrase
(CA)) by means of macrocyclic polyamine com-
plexes (e.g., Zn>*-1,59-triazacyclododecane (Zn>™-
[12]aneN3) 24 and Zn>*-1,4,7,10-tetraazacyclodode-
cane (Zn**-cyclen) 25, Kimura’s group has discov-
ered intrinsic acid properties of Zn>* (Kimura 1992,
1994, 2001; Kimura et al. 1992, 1997a,b, 1999; Koike
& Kimura 1991, 1998; Kimura & Shionoya 1994,
1996; Kimura & Kikuta 2000). One of the most out-
standing properties of Zn>t revealed was a strong
affinity to aromatic sulfonamides, as illustrated by
formation of coordination bonds between Zn®>* and
deprotonated sulfonamide N~ anions at physiologi-
cal pH. A new chemical model 24¢ was presented to
account for aromatic sulfonamide anions being good
ligands for Zn>T ion at the active center of CA to be
strong inhibitors (Scheme 3) (Koike et al. 1992). The
zinc enzyme models 24 and 25 form stable 1:1 com-
plexes with deprotonated weak acids such as thymine
derivatives (25¢) (Shionoya et al. 1993, 1994; Kimura
et al. 1998, 2000; Aoki et al. 1998a,b; Kikuta ef al.
1999; Aoki & Kimura 2000) and barbital (25d) (Koike
et al. 1996a; Fujioka et al. 1996; Aoki et al. 2000)
in neutral aqueous solution, which results from the
Zn>*-bound OH™ species generated with pK, values
of 7.3 (for 24a = 24b 4+ H™) and 7.9 (for 25a =
25b + H™) acting as bases to dissociate the acidic
protons. The resulting conjugate bases strongly bind to
Zn**, which compensate for the unfavorable deproto-
nations at neutral pH. It was further demonstrated that
tosylamidopropyl[12]aneN3 26 yields a very stable
four-coordinate, tetrahedral zinc(I) complex 27 under
physiological pH (Scheme 2), where the aromatic sul-
fonamide N~ anion strongly binds to Zn** ion from
the fourth coordination site (Koike ef al. 1992).

On the basis of these basic studies on the CA-
model, a dansylamide-pendant macrocyclic tetraamine
(dansylamidoethylcyclen) 28 was designed for a
new type of selective and efficient zinc-fluorophore
(Scheme 3) (Kimura 1997; Kimura & Koike 1998;
Koike et al. 1996b). The 12-membered macrocyclic
tetraamine, cyclen (L) forms a much more stable
Zn*t complex (K=[ZnL]/[Zn**][L] = 10153 M~1)
than [12]aneN3 (K = 1034 M~1) in H,O at 25 °C.
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The complexation constant for 29 (K = [Zn2-

H_|LJ/[L-2H"][Zn?"]) was established to be 10%0-8
M~! at 25 °C with I = 0.10 (NaNO3) by poten-
tiometric pH titrations. For comparison with other
Zn2+-ﬂu0rophores earlier described, the dissociation
constants, Kq, of 29 are 1.4 x 10719 M at pH 7.0
to 5.5 x 10713 M at pH 7.8. The Kq values for 29
appreciably change because of competing protona-
tion. As the pH is raised to 7.8, the K4 value for 29
becomes smaller than those for the zinc finger pep-
tides (e.g., 5.7 x 10712 M at pH 7.0), which do not
so dramatically change at pH 7.8. Most remarkably,
1 uM of 28 (almost in L - 2H™ form) sequesters nearly
100% of Zn*t (1 uM) in the form of stoichiomet-
ric Zn?>T-H_L 29 at physiological pH. Such a strong
and pH-dependent affinity to Zn>* is one of the most
characteristic properties of 28 (in comparison to Zin-
quin 5 and anthracene-pendant cyclen 17(n = 2)) and
will be useful for quantifying trace amounts of free
Zn** or bioligand-bound Zn? in environmental and
biological systems.

CHs CHa
0 SO Na

S
R + Zn* 22

oy T
HN N in H,0
2H
G

at neutral pH
H

Structure 26.

O,

Structure 27.
Scheme 2.

The dansylamide deprotonation of 28 with Zn>**+
at pH 7.8 increased the emission intensity by 4.9-fold
at 540 nm and 10-fold at 490 nm, while the non-
metallated dansylamide deprotonation of L to H_1L
without Zn?* at high pH (> 12) brought about only ca.
20% increase in the fluorescence emission intensity.
To the contrary, the dansylamide deprotonation with
Cu”* completely quenched the fluorescence. The flu-
orescence maximum of HpL (582 nm) at neutral pH
blue-shifted upon zinc(II) complexation (Zn?T-H_L)
to 540 nm. A greater fluorescence blue shift (580 nm
to 468 nm) and intensity enhancement (15.3-fold in
quantum yield excited at 320 nm) were reported for
the dansylamide complexation with CA, which were
accounted for by the hydrophobic environment and the
deprotonation of dansylamide on Zn>* at the active
center of CA.

The fluorescence changes of 28 (5 uM) with vari-
ous metal ions (5 uM) at pH 7.3 (HEPES buffer) and
25 °C are summarized in Figure 1. The addition of var-
jous concentrations of Zn%t (0~10 M) resulted in in-
creased emission upon excitation at 330 nm as shown
in Figure 2. The response (at 528 nm) was linear be-
tween 0.1 and 5 uM until it reached a 1:1 [Zn2+]/[28]
ratio, and then became a plateau, indicating that the in-
crease in fluorescence is due to the 1:1 Zn?t-H_;L 29
formation, and moreover, Zn2+-H_1L is stable even
at subnanomolar concentrations. On the other hand,
Cu”* linearly diminished the fluorescence emission

[ 13]
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until complete quenching at [28]/[Cu®*] = 1, although
Cu?* forms the most stable five-coordinate complex
at 25 °C. Other fluorescence-quenching metal ions
(paramagnetic Co”*) that tend to bind fairly strongly
with cyclen also caused some quenching, although
the effects were not so drastic as Cu>*. Other met-
als such as Na™, KT, Ca’*, Mg?t, Fe’*, Fe’™,
Mn?*, or Mg?* gave negligible effect on the fluores-
cence of 29. Preliminary experiments with 28 showed
low toxicity against several cell lines and good cell-
permeability. Further study of 28 and its homologues
for both Zn®>* recognition and fluorescence signaling
would find useful applications in Zn?* biology.

Other types of zinc-fluorophores

Several other types of zinc-fluorophores have been
reported. However, they are less practical than
those earlier described. A tripodal ligand, tris[2-(5-
dimethylamino- 1-naphthalenesulphonamido)ethyl]-

amine 30, was synthesized (Prodi et al. 1999). A quan-
tum yield of fluorescence emission of 30 enhanced
with a blue shift upon addition of Zn** and Cd**
in CH3CN/H;O (1:1 (v/v)) at relatively high pH 9.5
required to remove all of the sulfonamide protons (ex-
citation at 340 nm), while Cu>* and Co’" quenched
the emission. For comparison, an emission of the
monomeric control compound 31 increased by Zn>™,
but the complexation was prevented by formation of
metal hydroxide at the pH employed. Addition of
Nat, KT, Ca’*, Sr**, Ba’*, Eu’*, Ni*f, Mn’t,
Pb>t, Fe?t, Fe?t, and Cr** up to 50 mM caused
negligible change of fluorescence spectra of 30 and 31.

[14]

Recently, a lanthanide(III) complex 32 attached
with a chelator for Zn?>* has been reported (Reany
et al. 2000). While addition of Zn** induced neg-
ligible UV absorption spectral change of the Eu’*
complex 32a, a small blue shift was observed in ab-
sorption of the Th>* complex 32b from 255 nm to
250 nm upon complexation with Zn?*. Fluorescence
emission of 32a and 32b increased by 26% and 42%,
respectively, upon complexation with Zn>* (excitation
at 262 nm), possibly due to inhibition of PET (from
the benzylic nitrogen to the intermediate aryl singlet
excited state). In a fluorescence emission spectra of
32b, two bands were observed at 440 nm and 365 nm.
By complexation with Zn>*, the former band shifted
from 442 nm to 430 nm with decrease of intensity
and the latter band increased without a shift. Affin-
ity constants, log f, of 32a with Zn>* determined
by UV and fluorescence titrations were 5.4-6.0 and
those of 32b with Zn?T are 5.5-6.4. Small changes
of UV and emission spectra of 32a and 32b by addi-
tion of Ca®* and Mg?* were observed, from which
log B values for Ca?t-32a, Ca2t-32b, Mg>*+-32a,
and Mg?*-32b were determined to be 3.9-4.0, 3.8—
4.0, 1.9-2.1, and 2.0-2.5, respectively, suggesting the
possible detection of these metal ions at submillimolar
to millimolar order concentration. However, it is seen
that the biological application for Zn>T detection is
limited.

Concluding remarks
As reviewed here, several useful Zn%t-selective flu-

orescent probes are now developed. Some sensors
are chelators with fluorescent dyes such as fluores-
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Fig. 1. Relative fluorescence intensity of 28 (5 M) responding to 1 eq of various metal ions at pH 7.3 (1 mM HEPES with / = 0.1 (NaNO3y))

and 25 °C. The data marked with # were obtained without the supporting electrolyte.
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Fig. 2. Fluorescence titration curves of 28 (5 uM) with Zn2* and Cu?t at pH 7.3 (1 mM HEPES with / = 0.1 (NaNO3)) and 25 °C.
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cein, whose microenvironments yields stronger flu-
orescence upon Zn>t-complexation. Other sensors
using dansylamide strongly fluoresce by the depro-
tonated sulfonamide binding to Zn>* at neutral pH.
Chemically ideal Zn>* fluorophores will require the
following criteria; (i) The ligands should be easy to
make and chemically and biologically robust; (ii) the
affinity to Zn>* should be sufficiently high, capable of
complexing with trace free Zn>* or protein (e.g., zinc
finger)-bound at physiological pH; (iii) the Zn>* se-
lectivity (either by Zn>*-selective chelation or Zn™-
selective fluorescence) should be high and the pertur-
bation by other metal ions should be minimal (e.g.,
Hg?*, Pb>t). Further, for biological applications, one
has to pay attention to (i) kinetic aspects (e.g., how fast
is the Zn>* chelation?) , (ii) permeability into cells
and how long it stays before diffusion to be respon-
sive to intracellular Zn2t, (iii) excitation of probes
with harmless irradiation wavelengths, and (iv) im-
provement in the fluorescence efficiency. It is evident
that we still need to search for new fluorophores and
study more biologically suitable Zn?>*-fluorophores as
an extension of the present basic chemical knowledge.

[ 16 ]

References

Akkaya EU, Huston MH, Czarnik AW. 1990 Chelation—enhanced
fluorescence of anthrylazamacrocycle conjugate probes in aque-
ous solution. J Am Chem Soc 112, 3590-3593.

Aoki S, Honda Y, Kimura E. 1998a The first selective and effi-
cient transport of imide-containing nucleosides and nucleotides
by lipophilic cyclen—zinc(Il) complexes (cyclen = 1,4,7,10-
tetraazacyclododecane). J Am Chem Soc 120, 10018-10026.

Aoki S, Sugimura C, Kimura E. 1998b Efficient inhibition of
photo[2+2]cycloaddition of thymidilyl(3-5")thymidine and pro-
motion of photosplitting of the cis-syn-cyclobutane thymine
dimer by dimeric zinc(I)-cyclen complexes containing m- and
p-xylyl spacers. J Am Chem Soc 120, 10094-10102.

Aoki S, Kimura E. 2000 Highly selective recognition of thymi-
dine mono- and diphosphate nucleotides in aqueous solution
by ditopic receptors zinc(II)-bis(cyclen) complexes (cyclen =
1,4,7,10-tetraazacyclododecane). J Am Chem Soc 122, 4542—
4548.

Aoki S, Shiro M, Koike T, Kimura E. 2000 Three-dimensional su-
permolecules assembled from a tris(Zn2+-cyclen) complex and
di- and trianionic cyanuric acid in aqueous solution (cyclen =
1,4,7,10-tetraazacyclododecane). J Am Chem Soc 122, 576-584.

Berendji D, Kolb-Bachofen V, Meyer KL, Grapenthin O, Weber
H, Wahn V, Kroncke K-D. 1997 Nitric oxide mediates in-
tracytoplasmic and intranuclear zinc release. FEBS Lett 405,
37-41.

Berg JM. 1995 Zinc finger domains: from predictions to design. Acc
Chem Res 28, 14—19.

Chen RF, Kernohan JC. 1967 Combination of bovine carbonic
anhydrase with a fluorescent sulfonamide. J Biol Chem 242,
5813-5823.

Choi DW, Koh JY. 1998 Zinc and brain injury. Annu Rev Neurosci
21, 347-375.

Cox EH, McLendon GL. 2000 Zinc-dependent protein folding. Curr
Opin Chem Biol 4, 162-165.

Coyle P, Zalewski PD, Philcox JC, Forbes 1J, Ward AD, Lincoln
SF, Mahadevan I, Rofe AM. 1994 Measurement of zinc in he-
patocytes by using a fluorescent probe, Zinquin: relationship to
metallothionein and intracellular zinc. Biochem J 303, 781-786.

Cuajungco MP, Lees GJ. 1997 Zinc metabolism in the brain: rele-
vance to human neurodegenerative disorders. Neurobiol Disease
4, 137-169.

Czarnik AW. 1992 Fluorescent Chemosensor for lon and Molecule
Recognition. Washington, DC: American Chemical Society.

Czarnik AW. 1994 Chemical communication in water using fluores-
cent chemosensors. Acc Chem Res 27, 302-308.



Czarnik AW. 1995 Desperately seeking sensors. Chem Biol 2, 423—
428.

Elbaum D, Nair SK, Patchan MW, Thompson RB, Christian-
son DW. 1996 Structure-based design of a sulfonamide probe
for fluorescence anisotropy detection of zinc with a carbonic
anhydrase-based biosensor. J Am Chem Soc 118, 8381-8387.

Fahrni CJ, O’Halloran TV. 1999 Aqueous coordination chemistry of
quinoline-based fluorescence probes for the biological chemistry
of zinc. J Am Chem Soc 121, 11448-11458.

Fradsto da Silva J, Williams RIP. 1991 The Biological Chemistry of
the Elements. Oxford: Clarendon Press.

Fabbrizzi L, Francese G, Licchelli M, Perotti A, Taglietti A. 1997
Fluorescent sensor of imidazole and histidine. J Chem Soc Chem
Comm 581-582.

Frederickson CJ, Kasarskis EJ, Ringo D, Frederickson RE. 1987
A quinoline fluorescence method for visualizing and assaying
the histochemically reactive zinc (bouton zinc) in the brain. J
Neurosci Meth 20, 91-103.

Fujioka H, Koike T, Yamada N, Kimura E. 1996 A new bis(zinc(II)-
cyclen) complex as a novel chelator for barbiturates and phos-
phates. Heterocycles 42, 775-787.

Godwin HA, Berg JM. 1996 A fluorescent zinc probe based on
metal-induced peptide folding. J Am Chem Soc 118, 6514-6515.

Greisman HA, Pabo CO. 1997 A general strategy for selecting high-
affinity zinc finger proteins for diverse DNA target sites. Science
275, 657-661.

Grynkiewicz G, Poenie M, Tsien RY. 1985 A new generation of
Ca* indicators with greatly improved fluorescence properties.
J Biol Chem 260, 3440-3450.

Haugland RP. 1996 Handbook of Fluorescent Probes and Research
Chemicals, 6th edn. Eugene: Molecular Probes.

Hendrickson KM, Rodopoulos T, Pittet P-A, Mahadevan I, Lin-
coln SF, Ward AD, Kurucsev T, Duckworth PA, Forbes 1J, Za-
lewski PD, Betts WH. 1997 Complexation of zinc(II) and other
divalent metal ions by the fluorophore 2-methyl-8-(toluene-p-
sulfonamido)-6-quinolyloxyacetic acid in 50% aqueous solution.
J Chem Soc Dalton Trans 3879-3882.

Hirano T, Kikuchi K, Urano Y, Higuchi T, Nagano T. 2000 Novel
zinc fluorescent probes excitable with visible light for biological
applications. Angew Chem Int Ed 39, 1052-1054.

Huston MH, Haider KW, Czarnik AW. 1988 Chelation-enhanced
fluorescence in 9,10-bis(TMEDA )anthracene. J Am Chem Soc
110, 4460-4462.

Huston MH, Englem NC, Czarnik AW. 1990 Chelatoselective fluo-
rescence perturbation in anthrylazamacrocycle conjugate probes.
Electrophilic aromatic cadmiation. J Am Chem Soc 110, 7054—
7056.

Kiefer LL, Krebs JF, Paterno SA, Fierke CA. 1993 Engineering a
cysteine ligand into the zinc binding site of human anhydrase.
Biochemistry 32, 9896-9900.

Kikuta E, Murata M, Katsube N, Koike T, Kimura E. 1999
Novel recognition of thymine base in double-stranded DNA
by zinc(II)-macrocyclic tetraamine complexes appended with
aromatic groups. J Am Chem Soc 121, 5426-5436.

Kimura E, Shiota T, Koike T, Shiro M, Kodama M. 1990 A zinc(II)
complex of 1,5,9-triazacyclododecane ([12]aneN3) as a model
for carbonic anhydrase. J Am Chem Soc 112, 5805-5811.

Kimura, E. 1992 Macrocyclic polyamines with intelligent functions.
Tetrahedron 48, 6175-6217.

Kimura E, Shionoya M, Hoshino A, Ikeda T, Yamada Y. 1992 A
model for catalytically active zinc(Il) ion in liver alcohol de-
hydrogenase: a novel “hydride transfer” reaction catalyzed by
zinc(II)-macrocyclic polyamine complexes. J Am Chem Soc 114,
10134-10137.

203

Kimura E. 1994 Macrocyclic polyamine zinc(Il) complexes as ad-
vanced models for zinc(II) enzymes. In: Karlin KD. ed. Progress
in Inorganic Chemistry. Vol. 41. New York: John Wiley & Sons:
443-490.

Kimura E, Shionoya M. 1994 Macrocyclic polyamine complex be-
yond metalloenzyme models. In: Fabbrizzi L, Poggi A. eds.
Transition Metals in Supramolecular Chemistry. Dordrecht, The
Netherlands: Kluwer Academic Publishers, 245-259.

Kimura E, Shionoya M. 1996 Zinc complexes as targeting agents for
nucleic acids. In: Sigel A, Sigel H. eds. Metal Ions in Biological
Systems. Vol. 33. New York: Marcel Dekker: 29-52.

Kimura E. 1997 A novel biomimetic zinc(II)-fluorophore,
dansylamidoethyl-pendant  macrocyclic tetraamine.  South
African J Chem 50, 240-248.

Kimura E, Aoki S, Koike T, Shiro M. 1997a A tris(Zn''-1,4,7,10-
tetraazacyclododecane) complex as a new receptor for phosphate
dianions in aqueous solution. J Am Chem Soc 119, 3068-3076.

Kimura E, Koike T, Aoki S. 1997b Why are zinc phosphatases
multinuclear? J Synth Org Chem [Japan] 55, 1052-1061.

Kimura E, Koike T. 1998 Recent development of zinc-fluorophores.
Chem Soc Rev 27, 179-184.

Kimura E, Ikeda T, Aoki S, Shionoya M. 1998 Macrocyclic zinc(II)
complexes for selective recognition of nucleobases in single- and
double-stranded polynucleotides. J Biol Inorg Chem 3, 259-267.

Kimura E, Gotoh T, Koike T, Shiro M. 1999 Dynamic enolate
recognition in aqueous solution by zinc(Il) in a phenacyl-pendant
cyclen complex: implications for the role of zinc(Il) in class 1T
aldolases. J Am Chem Soc 121, 1267-1274.

Kimura E, Kitamura H, Ohtani K, Koike T. 2000 Elabora-
tion of selective and efficient recognition of thymine base
in dinucleotides (TpT, ApT, CpT, and GpT), single-stranded
d(GTGACGCC), and double-stranded d(CGCTAGCG), by
Zn2+—acridinylcyclen (acridinylcyclen = (9-acridinyl)methyl-
1,4,7,10-tetraazacyclododecane). J Am Chem Soc 122, 4668—
4677.

Kimura E, Kikuta E. 2000 Why zinc in zinc enzymes? From biolog-
ical roles to DNA base-selective recognition. J Biol Inorg Chem
5, 139-155.

Kimura E. 2001 Model studies for molecular recognition of car-
bonic anhydrase and carboxypeptidase. Acc Chem Res 34, 171—
179.

Koike T, Kimura E. 1991. Roles of zinc(Il) ion in phosphatases. A
model study with zinc(II)-macrocyclic polyamine complexes. J
Am Chem Soc 113, 8935-8941.

Koike T, Kimura E, Nakamura I, Hashimoto Y, Shiro M. 1992
The first anionic sulfonamide-binding zinc(II) complexes with
a macrocyclic triamine: chemical verification of the sulfon-
amide inhibition of carbonic anhydrase. J Am Chem Soc 114,
7338-7345.

Koike T, Takashige M, Kimura E, Fujioka H, Shiro M. 1996a
Bis(ZnH—cyclen) complex as a novel receptor of barbiturates in
aqueous solution. Chem Europ J 2, 617-623.

Koike T, Watanabe T, Aoki S, Kimura E, Shiro M. 1996b.
A novel biomimetic zinc(II)-fluorophore, dansylamidoethyl-
pendant macrocyclic tetraamine 1,4,7,10-tetraazacyclododecane
(cyclen). J Am Chem Soc 118, 12696-12703.

Lippard SJ, Berg JM. 1994 Principles of Bioinorganic Chemistry.
Mill Valley: University Science Books.

Lipscomb WN, Striter N. 1996 Recent advances in zinc enzymol-
ogy. Chem Rev 96, 2375-2433.

Mann T, Keilin D. 1940 Sulphanilamide as a specific inhibitor of
carbonic anhydrase. Nature 146 164—165.

Maumera H, Hancock RD, Carlton L, Reibenspies JH, Wainwright
KP. 1995 The amide oxygen as a donor group. Metal ion com-

[ 17]



204

plexing properties of tetra-N-acetamide substituted cyclen: a
crystallographic, NMR, molecular mechanics, and thermody-
namic study. J Am Chem Soc 117, 6698—6707.

Nasir MS, Fahrni CJ, Suhy DA, Kolodsick KJ, Singe CP, O’Halloran
TV. 1999 The chemical cell biology of zinc: structure and intra-
cellular fluorescence of a zinc-quinolinesulfonamide complex. J
Biol Inorg Chem 4, 775-783.

Prasanna de Silva A, Gunaratne HQN, Gunnlaugsson T, Huxley
AJM, McCoy CP, Rademacher JT, Rice TE. 1997 Signaling
recognition events with fluorescent sensors and switches. Chem
Rev 97, 1515-1566.

Prodi L, Bolletta F, Montalti M, Zaccheroni N. 1999. Searching for
new luminescent sensors: synthesis and photophysical properties
of a tripodal ligand incorporating the dansyl chromophore and of
its metal complexes. Eur J Inorg Chem 455-460.

Reany O, Gunnlaugsson T, Parker D. 2000 Selective signalling of
zinc ions by modulation of terbium luminescence. J Chem Soc
Chem Comm 473-474.

Shionoya M, Kimura E, Shiro M. 1993 A new ternary zinc(II) com-
plex with [12] and Ny (=1,4,7-10-tetraazacyclododecane) and
AZT (=3'-azido-3'-deoxythymidine). Highly selective recog-
nition of thymidine and its related nucleosides by a zinc(II)
macrocyclic tetraamine complex with novel complementary as-
sociations. J Am Chem Soc 115, 6730-6737.

Shionoya M, Ikeda T, Kimura E, Shiro M. 1994 Novel “mul-
tipoint” molecular recognition of nucleobases by a new
zinc(II) complex of acridine-pendant cyclen (cyclen = 1,4,7,10-
tetraazacyclododecane). J Am Chem Soc 116, 3848-3859.

Striiter N, Lipscomb WN, Klabunde T, Krebs B. 1996 Two-metal
ion catalysis in enzymatic acyl-and phosphoryl-transfer reactions
Angew Chem Int Ed 35, 2024-2055.

Thompson RB, Jones ER. 1993 Enzyme-based fiber optic zinc
biosensor. Anal Chem 65, 730-734.

Thompson RB, Patchan MW. 1995 Lifetime-based fluorescence
energy transfer biosensing of zinc. Anal Biochem 227, 123-128.

Thompson RB, Maliwal BP. 1998 Expanded dynamic range of free
zinc ion determination by fluorescence anisotropy. Anal Chem
70, 1749-1754.

Thompson RB, Maliwal BP, Feliccia VL, Fierke CA, McCall K.
1998 Determination of picomolar concentrations of metal ions

[18]

using fluorescence anisotropy: biosensing with a “reagentless”
enzyme transducer. Anal Chem 70, 4717-4723.

Thompson RB, Maliwal BP, Zeng H-H. 1999 Improved fluo-
rophores for zinc biosensing using carbonic anhydrase. Proc
SPIE-Int Soc Opt Engin 3603, 14-22.

Tsien R. 1989 Fluorescent indicator of ion concentrations. Meth Cell
Biol 30, 127-156.

Tsien R, Pozzan T. 1989 Measurement of cytosolic free Ca2t with
Quin2. Methods Enzymol 172, 230-262.

Vallee BL, Falchuk KH. 1993 The biochemical basis of zinc
physiology. Physiol Rev 73, 79-118.

Walkup GK, Imperiali B. 1996 Design and evaluation of a peptidyl
fluorescent chemosensor for divalent zinc. J Am Chem Soc 118,
3053-3054.

Walkup GK, Imperiali B. 1997 Fluorescent chemosensors of di-
valent zinc based on zinc finger domains. Enhanced oxidative
stability, metal binding affinity, and structural and functional
characterization. J Am Chem Soc 119, 3443-3450.

Walkup GK, Imperiali B. 1998 Stereoselective synthesis of fluores-
cent o-amino acids containing oxine (8-hydroxyquinoline) and
their peptide incorporation in chemosensors for divalent zinc. J
Org Chem 63, 6727-6731.

Walkup GK, Burdette SC, Lippard SJ, Tsien RY. 2000 A new cell-
permeable fluorescent probe for Zn*t. J Am Chem Soc 122,
5644-5645.

Zalewski PD, Forbes 1J, Betts WH. 1993 Correlation of apoptosis
with change in intracellular labile Zn(II) using Zinquin [(2-
methyl-8-p-toluenesulphonamido-6-quinolyloxy)acetic acid], a
new specific fluorescent probe for Zn(Il). Biochem J 296, 403—
408.

Zalewski, PD, Forbes 1J, Seamark RF, Borlinghaus R, Betts WH,
Lincoln SF, Ward AD. 1994a Flux of intracellular labile zinc
during apoptosis (gene-directed cell death) revealed by a specific
chemical probe, Zinquin. Chem Biol 3, 153-161.

Zalewski PD, Millard SH, Forbes 1J, Kapaniris O, Slavotinek A,
Betts WH, Ward AD, Lincoln SF, Mahadevan 1. 1994b Video
image analysis of labile zinc in viable pancreatic islet cells using
a specific fluorescent probe for zinc. J Histochem Cytochem 42,
877-884.



