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Abstract

Metal ions are integral components of numerous enzymes and proteins. Although the field
of bioinorganic chemistry has not focused on the brain and central nervous system, metal
ions are vital to many neurological functions and are implicated in several neurological
disorders. In this review, we give a brief overview of the functions of metal ions in
neurobiology and the highlight recent advances and uses of fluorescent sensors to study the
neurotransmitters nitric oxide and zinc. Emphasis is placed on work from our laboratory to
devise sensors for NO and Zn2+, a project that was initiated 3 years ago in a continuing
effort to study the inorganic chemistry of the nervous system. © 2001 Elsevier Science B.V.
All rights reserved.
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1. Bioinorganic chemistry at the beginning of the 21st century

At the close of the 20th century, the fundamental importance of metal ions in
biology was clearly established after more than 50 years of extensive research [1–5].
Important developments in enzymology allowed metalloproteins to be expressed
and studied by site directed mutagenesis. Technological advances in magnetic and
electronic spectroscopy facilitated exploration of the properties of metal active sites.
And innovative techniques in macromolecular crystallography afforded atomic
resolution structures of numerous metalloenzymes [6]. In addition to their functions
in proteins and enzymes, metals have emerged as important therapeutic and
diagnostic agents in medicinal chemistry [7,8]. New metalloenzymes continue to be
discovered with novel functions and properties, and there is an increase in the
number of metal ions being evaluated as remedies for human ailments [9–11].

The last 50 years has also witnessed the use of small molecule model compounds
as important tools for exploring the properties of systems that are difficult to study
in their natural state [12]. Reactive enzyme intermediates, as well as systems where
detailed structural information is not available, can often be characterized only with
the aid chemical models. Model studies can provide information to help direct work
on the natural enzymes.

Of the areas at the interface between inorganic chemistry and biology that remain
to be explored, the role of metal ions in neuroscience is perhaps the most
prominent. Bioinorganic chemists have been attracted historically to systems in-
volving transition metal ions because of their valuable magnetic and spectroscopic
properties. Despite the preponderance of Na+, K+, Mg2+ and Ca2+ in biological
processes, the inorganic chemistry community has often ignored these metal ions
because they lack the electronic and magnetic properties of their d-block counter-
parts [11]. In a similar manner, neuroscientists have focused on Group 1 and 2
metal ions and, until recently, have dismissed transition metals such as Mn, Fe, Cu,
and Zn as inconsequential trace elements in the central nervous system [13]. By
combining the ability of bioinorganic chemists to evaluate the properties of metal
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ions with that of neuroscientists to explore the physiology of the nervous system, a
powerful new alliance could emerge for understanding such complex processes as
neurotransmission and synaptic plasticity. An important consequence would be to
uncover the causes of, and develop treatments for, neurodegenerative disease.

2. Inorganic chemistry and neurosciences

The nervous system is a complex electrochemical computer linked to mechanical
components. The extracellular medium that envelops nerve cells and the cytoplasm
of these cells are replete with inorganic ions that help generate electrical currents
required for movement, sensation, reflexes, learning, and memory. The unequal
distribution of ions across cell membranes, and the differential permeability of these
ions produced by pumps and channels, generates membrane potentials that provide
the driving force for neurological events [14]. The primary ions involved in the
generation and regulation of the electric currents are the s-block alkali and alkaline
earth metals Na+, K+, Mg2+ and Ca2+. The primary intracellular ion is K+, and
Na+ is the major cation outside the cell. The approximate concentrations of these
ions are summarized in Table 1.

Recently our laboratory has initiated three projects in the neurosciences. One is
to prepare structural and functional models for the K+ channel and the other two
are to explore the neurological functions of ionic zinc (Zn2+) and nitric oxide (NO)
by preparing new fluorescent sensors and applying them to biological systems. This
review highlights recent advances in these areas with a focus on our progress in the
synthesis and application of Zn2+ and NO fluorescent sensors over the past 3 years.
We also provide a brief overview of inorganic chemistry relevant to the brain and
nervous system, as well as a perspective on our future goals including work on ion
channel modeling.

2.1. The chemistry of s-block metal ions and the K+ channel

Cursory examination of the physical and chemical properties of Na+ and K+

reveals that the two ions are quite similar. Both are closed shell, hard ions that
prefer oxygen donors; they have identical coordination geometries and display
similar exchange kinetics for bound water molecules [1]. Despite these similarities,
ion channels, a class of transmembrane proteins responsible for a host of biological
events, can discriminate between Na+ and K+ ions with unprecedented selectivity.

Table 1
Concentrations (mM) of important metal ions in cells [1,5]

Ca2+K+Cation Na+ Mg2+

155Internal 30�10−712
4 1External 1.5145
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In addition to this selective binding property, channels facilitate the flow of ions at
a rate near the diffusion limit. Perhaps the most significant recent breakthrough in
understanding metal ion discrimination and ion channel function was the determi-
nation in 1998 of the X-ray crystal structure at 3.2 A� resolution of the KcsA K+

channel [15].
The structural information provided by the crystal structure affords considerable

insight into the mechanism by which the potassium channel discriminates for K+

over Na+ by a factor of 103–104 and passes current at a rate of 108 ions s−1

[16,17]. The channel is a C4-symmetric tetramer having a pore created at the
interface of the four subunits. The key event in ion discrimination takes place at the
extracellular end of the pore in a region termed the selectivity filter, a narrow
passageway formed by the confluence of 12–16 oxygen atoms, contributed primar-
ily from protein backbone carbonyl groups. An equatorial belt of four water
molecules around an octahedral K+ ion is stripped away and perfectly compen-
sated by four peptide backbone carbonyl oxygen atoms as potassium passes
through the filter. For the smaller Na+ ion, only three such water molecules can be
so compensated. The fourth water thus provides a steric block to passage of the
partially hydrated sodium ion through the filter. Two octahedrally coordinated ions
were located within the selectivity filter in the crystal structure analysis. Each was
assumed to be equatorially coordinated by four oxygen atoms from the protein and
two axial water molecules. A third hydrated ion appears at the intracellular side of
the channel, presumably awaiting entry into the filter region. In the absence of
excess K+ ions, the filter has an affinity for K+ of �3 �M, but this value is altered
to �0.1 M in the presence of other K+ ions [17]. This dramatic difference
illustrates how the protein balances the needs for selectivity and speed. At physio-
logical concentrations, the channel contains several ions that diminish the inherent
affinity for K+. In addition to the two ions that are held in the pore by chemical
bonds, the third uncoordinated K+ in the selectivity filter is presumably stabilized
by protein electrostatics. The alignment of four helix dipoles acts as a stabilizing
force for the third ion in the lipophilic membrane [15]. The perfect positioning of
these three K+ ions allows coordination chemistry and electrostatic repulsion to
work in concert permitting selectivity at high flow rates.

The K+ channel structure provides a conspicuous example of the importance of
metal ion coordination chemistry in controlling the selection of metal ions and
determining their role in molecular neurobiology. Other work includes studies of
the Na+–K+ pump [18], of Ca2+ pumps [19], and of the relationships between ion
channels and neurological disease [20,21]. The potential for growth of this field is
enormous. Despite the wealth of opportunities, bioinorganic chemists have yet to
make a significant contribution.

2.2. Transition metals including zinc in the brain

The quantities of Fe, Zn, and Cu present in the brain are significantly lower than
that of K+ and Na+, but similar to the concentration of Mg2+, which is present
at 0.1–0.5 mM [13]. Recent work suggests that redox active metals including Mn
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generate and/or protect cells from dioxygen and protein radicals that are implicated
in neurological disease. The dual capacity of transition metals both to regulate and
to generate detrimental radicals requires that their homeostasis be tightly controlled
[4,22–25].

Iron is involved in the synthesis of neurotransmitters [26], required as a cofactor
in brain energy metabolism [25] and suspected to play a role in neural communica-
tion. Copper enzymes also participate in several important neurochemical pro-
cesses. Included are peptidylglycine �-amidating monooxygenase that modifies
neuropeptides, lysyl oxidase that cross-links elastin and collagen, and Cu,Zn-super-
oxide dismutase (SOD) that disproportionates harmful superoxide radicals [27].
Although studies of the chaperone protein (CCS) for providing copper to superox-
ide dismutase suggest that there is essentially no free Cu2+ in the cytoplasm [28],
there is a significant possibility that bound Cu2+ in neurons and glia, the two major
cell types in brain, can be labilized and become cytotoxic. There may be a function
for released Cu2+ during neurotransmission, but so far it has been difficult to
establish such a role [13]. The current interest in learning how metal ions are
transported to their target proteins [25,29], and the increase in research implicating
metals in Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral
sclerosis (ALS), and aging, indicate the need for bioinorganic chemists to help
unravel the roles metal ions in neuroscience [13,30,31].

Although not redox-active like Fe, Cu, and other first row transition metals
required for neurobiology, Zn2+ also plays an important role in the central nervous
system (CNS) [32–34]. Whereas most Zn2+ in the CNS is tightly bound to proteins
and enzymes, pools of free Zn2+ occur at high levels in the mossy fiber terminals
of the hippocampus [35]. Zinc ion has the ability to modulate a variety of ion
channels [36], may play a role in neuronal death during seizures [37], is involved in
neurodegenerative disorders [38], and may be vital to neurotransmission [39]. Since
many of the effects of Zn2+ have been demonstrated in vitro by the addition of the
exogenous metal ion, it is important to devise methods for interrogating how it
functions under physiological conditions [32,35].

Concentrations of ionic Zn2+ are estimated to vary widely throughout the CNS.
The levels of Zn2+ in the brain and elsewhere are regulated by three homologous
Zn2+ transport proteins (ZnT-1, ZnT-2, and ZnT-3) [40–42] and by metalloth-
ioneins (MTs) [43–45], including MT-III and MT-IV, which are expressed mainly
in the brain [46–49]. In addition, Zn2+ can be released from synaptic vesicles
[35,50] and can enter postsynaptic cells through voltage-dependent Ca2+ channels
[32,51]. Because of its diverse functions, Zn2+ continues to be an interesting subject
of research in neurobiology.

2.3. Neurochemistry of NO and other RNOS

Nitric oxide (NO) became the focus of many biological studies following the
discovery of its role as a signaling agent in the cardiovascular system [52], nervous
system [53], and brain [54]. The three isozymes of nitric oxide synthase (NOS)
catalyze the biosynthesis of NO and L-citrulline from dioxygen and L-arginine.
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Neuronal NOS (nNOS), which is expressed in postsynaptic terminals of neurons in
the brain, and endothelial NOS (eNOS), which is found in endothelial cells lining
blood vessels, are activated by the binding of calmodulin at elevated levels of
intracellular Ca2+ [55]. Agonists like acetylcholine and glutamate generate in-
creased levels of Ca2+ that induce these two NOS enzymes to release small
amounts of NO [56]. Inducible NOS, which is regulated at the level of transcription
[57], is expressed by macrophages and produces higher levels of NO over longer
periods of time. Once formed under physiological conditions, NO can have a
lifetime up to 10 min [58] and can diffuse over a range of 100–200 �m [59]. The
relatively long lifetime and dispersion range permit NO to react with a variety of
targets. Reaction with O2 forms reactive nitric oxide species (RNOS) such as NO2

and NO+, and with superoxide (O2
�−), peroxynitrite (ONOO−), a potent oxidant,

arises. In addition to reactions with oxygen species, NO can react with thiols,
amines, and transition metal centers such as iron in oxyhemoglobin [60]. Although
certain of these reactions may be fairly innocuous, peroxynitrite appears to be the
main culprit involved in nitration of tyrosine residues found in disease states, and
can cause DNA strand breaks [61].

Over the past decade several possible roles for NO and RNOS in biological
systems have been explored. NO activates soluble guanylyl cyclase, which catalyzes
the formation of the intracellular messenger guanosine 3�,5�-monophosphate, and
NO is proposed to act as a retrograde neurotransmitter in the hippocampus during
memory formation [62]. In addition, NO damages DNA and inhibits its repair
[63,64]. It is also implicated in vasodilation [65], neurotoxicity [66], and neurotrans-
mission [57,62]. Although NO is necessary for many neurological signaling func-
tions, its overproduction appears to be responsible for oxidative damage in the
CNS. NO and RNOS species are suspected to play major roles in the pathogenesis
of several neurological disorders, such as AD, ALS, PD, multiple sclerosis (MS),
Huntington’s disease (HD), and stroke [56,66].

The study of the various functions of NO in biological systems is often hampered
by the lack of a method to detect it directly and to provide temporal and spatial
information about its distribution. Fluorescent sensors are ideally suited tools for
performing these types of measurements [67,68]. The development of an array of
fluorescent sensors for Ca2+ has facilitated the study and understanding of its
functions in the cell [69–75]; however, few sensors exist for directly imaging NO.

3. Fluorescent sensors for NO and RNOS

The stringent criteria required for an effective intracellular fluorescent sensor for
detecting analytes, particularly an inorganic radical like NO, create design chal-
lenges. Sensors must be able to bind selectively and reversibly the species of interest
in the presence of competitors that could produce a false signal, and should have an
affinity (Kd) close to the median concentration of the analyte. The sensor should
produce a positive fluorescence response or a significant change in the excitation or
emission maximum upon binding of the analyte. The reporting group of the sensor
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should have an intense fluorescence with an excitation maximum above 340 nm to
facilitate use with glass microscope lenses and to avoid UV-induced cell damage.
An emission wavelength exceeding 500 nm helps to prevent interference by
autofluorescence from native species in the cell. In addition to its spectral proper-
ties, the sensor must be water-soluble and have the ability to be passively and
irreversibly loaded into cells. Selective binding of NO in the presence of O2 presents
a challenge, and NO is known to quench the fluorescence of fluorophores [76,77].

3.1. Griess assay, microsensors and fiber optic sensors

Several approaches to detecting biological NO are available that do not involve
a fluorescent signal, including the Griess assay that measures nitrite [78], and
electrochemical microsensors [79–81]. These methods and others are invaluable in
studying NO biochemistry, but are often limited in sensitivity and ability to provide
spatial information [82,83]. Fiber optic fluorescent sensors based on soluble guany-
late cyclase (sGC) [84], cytochrome c � [84,85], vitamin B12 [86], and 4-carboxy-2�-7�-
difluorofluorescein succinimidyl ester adsorbed on a gold surface [87] are capable of
directly detecting NO, but can only measure NO localized near the tip of the fiber
optic. Small molecule fluorescent sensors seem to provide the most powerful
approach for detecting intracellular NO.

3.2. FNOCTs

Fluorescent sensors for directly detecting NO evolved from a class of o-
quinodimethanes developed for monitoring NO by EPR spectroscopy [88–90]. The
sensors called fluorescent nitric oxide cheletropic traps (FNOCTs, Scheme 1)
incorporate a phenanthrene fluorophore into a o-quinodimethane scaffold. Reac-
tion of 1 with nitric oxide generates the nitroxide radical 2 which can be reduced to
the corresponding hydroxylamine, 3. The dimethylamino group was incorporated
into 1b to induce a red shift in the excitation and emission wavelengths compared
to 1a. Reaction of NO with FNOCT 1b produces an approximately ninefold
fluorescence increase (�1b=0.03, �3b=0.27) in the presence of ascorbate as a

Scheme 1.



340 S.C. Burdette, S.J. Lippard / Coordination Chemistry Re�iews 216–217 (2001) 333–361

reductant. Compound 1b has optical properties amenable for intracellular applica-
tions (�ex=460 nm, �em=600 nm), and can detect NO at nM concentrations. The
ability of FNOCT to detect biological NO was demonstrated in alveolar
macrophages after functionalization of the carboxylic acids with ace-
toxymethylesters to permit cell loading. Although FNOCTs are capable of detecting
intracellular NO, they also react with peroxynitrite. In addition, the second-order
rate constant (100 M−1 s−1) of FNOCTs reaction with NO is slower than the
reaction of NO with superoxide and iron complexes [90]. FNOCTs also require a
reductant to achieve maximum quantum yields, which may limit their use for
certain applications. FNOCTs will soon become available to the biological commu-
nity at large [91].

3.3. DAFs

The most widely used fluorescent probes for indirectly detecting intracellular NO
are diaminofluoresceins (DAFs) [92,93]. DAFs were developed as NO sensors to
overcome problems experienced using diaminonaphthalenes at physiological condi-
tions [94,95]. Under aerobic conditions, DAFs react with NO at concentrations as
low as 3 nM to form triazolofluoresceins (DAF-Ts, Scheme 2). Eleven variations of
DAFs have been examined including the more stable N-methylated derivatives and
a fluorinated derivative that has superior pH properties. The diamino compounds
have low quantum yields (�DAF=0.002–0.007), presumably resulting from in-
tramolecular PET (photoinduced electron transfer) quenching of the excited state
by the free amines, which increase dramatically upon the formation of the triazole
ring (�DAF–T=0.53–0.92). DAFs can be loaded into cells by esterification of the
phenols for detection of intracellular NO. Recently similar fluorescent probes based
on rhodamine chromophores have been prepared [96]. Despite their excellent
optical properties owing to the use of fluorescein and rhodamine fluorophores,
DAFs react with NO+ equivalents such as nitric anhydride (N2O3) instead of
directly with NO, so conclusions about NO based experimental results can be
somewhat ambiguous.

Scheme 2.
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3.4. Other NO sensors

Several other approaches to detecting NO, such as the use of small molecule
sensors based on the reaction of rhodamine B hydrazine (RBH) with nitrite [97] or
of dichlorodihydrofluorescein and dihydrorhodamine with a number of oxidants
[98–101], have problems similar to those encountered in the application of DAFs.
One possible solution to developing a sensor with the ability to bind NO selectively
and reversibly is to use the formation of a transition metal nitrosyl as the signaling
methodology. Such an approach would provide accurate concentration estimates by
effectively competing with superoxide and metalloenzymes for NO, and eliminating
misleading signals from RNOS species. Recently a quinoline pendant cyclam sensor
that mimics the structure and activity of sGC has been used as a fluorescent NO
sensor [102]. In the absence of NO, the quinoline fluorophore is coordinated to the
Fe2+ center similar to the distal histidine of sGC. In the proposed mechanism, an
Fe-nitrosyl is formed upon exposure to NO under anerobic conditions, and the
quinoline fluorophore is released (Scheme 3). The release of the quinoline results in
a fluorescence decrease. Although the quinoline pendent cyclam sensor monitors
NO by fluorescence quenching, a pH sensor that utilizes a similar strategy with a
Ni2+ cyclam produces a positive response [103].

3.5. Co tropocoronand complexes

During the course of research in our laboratory on the reactivity of Fe [104], Mn
[105] and Co [106–108] tropocoronand complexes, we reasoned that the related
aminotroponiminate ligands might be amenable to the development of Co(II)-based
fluorescent NO sensors. A procedure for synthesizing N,N �-disubstituted aminotro-
ponimine (HR2ATI) ligands was modified to produce a series of differentially
substituted derivatives incorporating a dansyl (5-dimethylaminonaphthalenesulfon-
amide) fluorophore with either an isopropyl, tert-butyl or benzyl group (Scheme 4)
[109]. The four-step synthetic route provided multi-gram quantities of the desired
HRDATI ligands in 20–50% yields. The Co(II) complexes formed by reacting 2
equiv. of the ligand with potassium or sodium hydride and CoCl2 are air stable
crystalline solids that are sensitive to moisture only in solution.

Scheme 3.
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Scheme 4.

X-ray structural studies of [Co(iPrDATI)2] (14), [Co(tBuDATI)2] (15) and
[Co(BzDATI)2] (16) revealed that the steric bulk of the ligand favors bis(chelate)
four-coordinate Co2+ rather than tris(chelate) octahedral Co3+ complexes (Fig. 1)
[110]. The Co center in 14 is pseudo-tetrahedral with a dihedral angle, �, of 76.1°
between the two five-membered chelate rings. The differences in � for the t-butyl
(81.4°) and benzyl (73.8°) derivatives reflect the different steric requirements of the
ligands [109]. In addition, the dansyl groups of 16 are positioned with an appropri-
ate orientation and the correct distance, 3.5(1) A� , for �–� stacking [111]. Although
the coordination chemistry of Co sulfonamides is limited to a few examples of
octahedral [112–114] and tetrahedral [115,116] complexes, the bond distances and
angles are consistent with expected values.

The HR2ATI ligands 11–13, exhibit a broad fluorescence emission with a
maximum around 500 nm when excited at 350 nm. The Co complexes 14, 15 and
16 display dramatically diminished fluorescence emission compared to the corre-
sponding free ligands. Fig. 2 shows the relative fluorescence intensities of 11 and 14,
measured at 40 �M in CH2Cl2. Transition metal ions, particularly those of the first
row with unoccupied of partially filled d shells, can provide non-radiative relaxation
pathways for the excited states of fluorophores by an energy- or electron-transfer
mechanism [117,118].

After several hours of exposure to NO, two new bands develop in the IR spectra
of 14, 15 and 16 at 1838, 1760 cm−1, 1833, 1760 cm−1, and 1833, 1755 cm−1,
respectively. These absorption bands correspond to the symmetric and asymmetric
stretching modes of metal dinitrosyl complexes found between 1750–1798 and
1820–1876 cm−1 [119–126]. A 1H NMR experiment with 14 revealed that, upon
exposure to NO, the paramagnetic resonances of 14 slowly disappear over a 4-day
period, to be replaced by two sets of peaks corresponding to two separate
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diamagnetic compounds. Further studies demonstrated that one set of peaks arises
from the formation of a Co-dinitrosyl species with the other set coming from
HiPrDATI liberated from the Co center (Eq. (1)).

Fig. 1. ORTEP diagrams showing selected atom labels and 50% probability ellipsoids for all non-hydro-
gen atoms of [Co(iPrDATI)2] (14·CH2Cl2), [Co(tBuDATI)2] (15·CH2Cl2·THF), and [Co(BzDATI)2] (16·0.5
CH2Cl2·0.5 THF). Solvent molecules are omitted.
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Fig. 2. Comparison of the fluorescence emission spectra of 46 �M CH2Cl2 solutions of HiPrDATI and
[Co(iPrDATI)2] (14). Excitation=350 nm.

[Co(iPrDATI)2]
14

�����
NO�

e−, H+
[Co(NO)2(iPrDATI)2]+HiPrDATI

17
(1)

The formation of the dinitrosyl complexes of 14, 15 and 16 is accompanied by an
intensity increase in fluorescence at 505 nm attributed to fluorescence from the
liberated ligand fragment [109]. No fluorescence response occurs upon similar
exposure of the complexes to O2. The release of a ligand fragment as a signaling
methodology led to the design DATI, an aminotroponimine that would remain
coordinated after liberation of one of its dansyl components upon NO binding. The
synthesis of H2DATI-4 (18, Fig. 3) is similar to that of the unlinked ligands. The
desired complex [Co(DATI-4)] (19) was readily obtained upon reaction of
H2DATI-4 with potassium hydride and [Co(CH3CN)4](PF6)2 [127]. The crystal
structure of 19 revealed the Co2+ center to have a distorted tetrahedral geometry
with �=62.2° and the dansyl groups 3.63(9) A� apart, arranged in a �-stacking type
of interaction (Fig. 4). The tetramethylene linker chain restricts the N2–Co1–N3

Fig. 3. The linked tropocoronand ligand, H2DATI-4 (18), prepared from a modified synthesis based on
the unlinked compound preparation.
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Fig. 4. ORTEP diagram of [Co(DATI-4)] (19) showing 50% thermal ellipsoids and selected atom labels.

angle to be 103.94(10)°, considerably smaller than the unrestricted N1–Co–N4
angle of 123.78(10)° on the opposite side of the complex.

One consequence of this geometry is that the reaction rate of 19 with NO is 50
times faster than [Co(BzDATI)2] and other analogs in which the dansylated
aminotroponimiate moieties were not linked to one another. The distorted tetrahe-
dral environment of 19 may permit better access of NO to the Co center, and the
formation of the psuedotetrahedral dinitrosyl adduct may relieve geometric con-
straints in the starting complex, helping to drive the reaction. The formation of the
desired dinitrosyl product was confirmed by the appearance of bands at 1835 and
1760 cm−1, monitored by in situ IR spectroscopy. These peaks are analogous to
those present in the unlinked compounds. NO stretching bands at 1827 and 1751
cm−1 in the solid state spectrum shift to 1793 and 1719 cm−1 following isotopic
labeling experiments with 15NO, in agreement with calculated values [109]. 1H
NMR experiments reveal the complex to be diamagnetic with proton resonances
indicative of two types of ligand arm environments.

The fluorescence emission of the Co complex 19 (�=9×10−4) is dramatically
quenched compared to that of the free ligand, 18 (�=0.01). Purging of the
headspace over a 40 �M solution of 19 in CH2Cl2 with NO results in a doubling of
the emission intensity at 505 nm (�ex=350 nm) after 3 min; the intensity reaches a
maximum 4-fold increase after 6 h (Fig. 5a). Similar exposure to air affords no such
increase in fluorescence (Fig. 5b). Incremental addition of NO suggests the NO
detection limit of 19 to be on the order of 50–100 �M.

The dissociation of a ligand arm from 19 to form the dinitrosyl cobalt complex
removes one of the dansyl fluorophores from the quenching influence of the Co
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Fig. 5. (a) Fluorescence emission spectra showing the increase in intensity at 505 nm (excitation=350
nm) when a 40 �M CH2Cl2 solution of [Co(DATI-4)] (19) was exposed to 1 atm NO gas. The lowest
intensity spectrum is that of the starting material, the next spectrum was recorded 3 min after addition
of NO into the headspace. After 6 h (top spectrum), a greater than fourfold increase in intensity over
that of the starting material was observed. (b) The fluorescence emission spectra of 40 �M CH2Cl2
solution of 19 is unaffected by exposure to air over 6 h.

center and its ligands, which could account for the observed fluorescence increase
(Scheme 5). In the Enemark–Feltham notation for nitrosyl compounds, the
pseudo-tetrahedral cobalt dinitrosyl 20 is designated {Co(NO)2}10. The number of
electrons, n=10, in an {MNO}n complex corresponds to the sum of d-electrons of
the metal and electrons in the �* orbitals of the NO ligands. The formation of such
a diamagnetic cobalt dinitrosyl with a filled d10 shell may also remove a quenching
mechanism and account for some of the fluorescence increase [127]. The �-stacking
of the dansyl rings in the structure of 19 does not appear to be sufficient to induce
eximer formation [128]; however, the radiative decay of the dansyl group involves
a twisting of the dimethylamino group [129,130], and the proximity of two

Scheme 5.
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fluorophore rings in 19 may create a steric interaction that inhibits TICT (twisted
internal charge transfer). Relaxation pathways involving unoccupied Co d-orbitals
probably dominate the quenching mechanism.

The formation of a Co-dinitrosyl complex with fluorescent DATI ligands over-
comes two important challenges for the detection of NO by small molecule sensors.
It selectively reports NO over O2 and generates a positive fluorescence response.
Although the chemistry provides an important proof of principle, the current
systems are unsuitable for intracellular applications because of their low sensitivity,
water incompatibility, and irreversibility. Our current goals involve utilization of
this new strategy for NO sensing to evolve probes for intracellular applications,
specifically in neurobiology. Addressing the issues of reversible NO binding, water
solubility, and better optical properties are the primary challenges.

4. Fluorescent sensors for Zn2+

4.1. Zinquin and quinoline-based probes

Several strategies have been devised to detect Zn2+ by fluorescence including the
use of peptides [131–133], proteins [134–136], and fluorophore-appended amines
[137,138] and azamacrocycles [139–141]; however, none of these approaches are
amenable to intracellular work [142]. The most widely used probes for detecting
intracellular Zn2+ are the aryl sulfonamide derivatives of 8-aminoquinoline (Fig.
6), TSQ (20, 6-methoxy-(8-p-toluenesulfonamido)quino-line) [143], Zinquin (21)
[144,145], and TFLZn (22) [146]. Recent investigations of the aqueous binding
properties of these quinoline probes have clarified some discrepancies in the
literature on these compounds [147]. Thermodynamic studies reveal that Zinquin
analogues exhibit a high degree of cooperative binding to afford only the ZnL2

complex under physiological conditions (Fig. 7). During Zn2+ binding the sulfon-
amide nitrogen becomes deprotonated, yielding a neutral complex that has been
characterized by X-ray crystallography [148]. The fluorescence of these probes is
independent of pH, and the intensity increases 100-fold by addition of excess Zn2+,
owing to metal coordination to the quinoline nitrogen atom, which inhibits a

Fig. 6. The commonly employed quinoline-based fluorescent sensors for Zn2+ TSQ (20), Zinquin (21),
and TFLZn (22).
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Fig. 7. Graphical representation of the X-ray crystal structure of the Zn2+ complex of a Zinquin
derivative.

quenching pathway [148]. Zinquin can detect Zn2+ at 100 pM to 10 nM concentra-
tions and has been used extensively to study intracellular Zn2+. Vesicle-like
punctate staining patterns are observed widely in a variety of eukaryotic cells,
suggesting that the concentration of free Zn2+ exceeds 100 pM in such compart-
ments [148]. Despite their ability to image intracellular Zn2+, quinoline probes can
form mixed complexes with partially coordinated Zn2+ in cells, generating uncer-
tainty in measurements of free Zn2+. In addition, quinoline probes have relatively
dim fluorescence with quantum yields ca. 0.1 and extinction coefficients ca. 10×
10−3 [149]. Moreover, their excitation wavelengths are somewhat shorter than
desired, so there is considerable room for improvement in sensors to facilitate the
study of intracellular Zn2+.

4.2. Cyclen macrocycles

In one approach, macrocyclic amines were applied to prepare dansylamidoethyl-
cyclen (23), a sensor capable of detecting Zn2+ at sub-nanomolar concentrations
(Kd=5.5×10−13) at physiological pH (Scheme 6) [150]. Like the quinoline sulfon-
amides, compound 23 has an excellent selectivity for Zn2+ over Mg2+ and Ca2+,
two major competing divalent cations present in cells, owing to the use of a
sulfonamide ligand. Compound 23 has a low quantum yield in aqueous solution
(�=0.11), however, exhibits only a fivefold fluorescence intensity enhancement,
and has an excitation wavelength somewhat lower than optimal for intracellular
work. The application of cyclen as a receptor for Zn2+ in a sensor was extended to
a pair of probes utilizing xanthene chromophores as the reporting groups (Fig. 8)
[151]. The two sensors ACF-1 (24) and ACF-2 (25) have excitation and emission
wavelengths, �ex/�em=495/515 and 505/525 respectively, in a range ideal for
intracellular studies. At pH 7.5, the fluorescence intensity of 24 increases 14-fold
upon saturation with Zn2+, and 25 increases 26-fold. Although these sensors have
exceptional optical properties, they have a fairly low affinity (Kd�5.7 �M) [152],
and require an intricate multi-step synthesis with low overall yields, 1.9% for 24 and
0.11% for 25. Sensors 23–25 are presented as fluorescent probes for monitoring
intracellular Zn2+, but none has yet been employed successfully in biological
studies.
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Scheme 6.

Fig. 8. Xanthene-based fluorescent sensor for Zn2+ that employs a cyclen macrocycle as the metal ion
binding moiety.

4.3. Other Zn2+ sensors

Several other sensors have been used with varying degrees of success to study
Zn2+ in biological systems. Newport Green (26), a 2�,7�-dichlorofluorescein-based
sensor (Fig. 9), exhibits a 3.3-fold enhancement under physiological conditions, but
has a relatively high dissociation constant (Kd�1 �M) [149]. Traditional probes for
Ca2+ and Mg2+ including fura-2 (27), mag-fura-2 (28), and mag-fura-5 (29) have
been used as intracellular Zn2+ sensors (Fig. 10), but the Zn2+-induced signals can
be difficult to delineate from those from the alkali earth metal ions [51,153]. With
such probes the concentrations of chelatable Zn2+ have been estimated to range
from sub-nM in undifferentiated mammalian cells [148] to ca. 0.3 mM in hippocam-
pal nerve synaptic vesicles [146]. In addition to its roles in the CNS and involve-
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Fig. 9. The fluorescein-based fluorescent sensor for Zn2+ Newport Green (26).

Fig. 10. Traditional Ca2+ sensor fura-2 (27), and Mg2+ sensors mag-fura-2 (28) and mag-fura-5 (29)
that have been used as Zn2+ sensors.

ment in neurodegenerative disorders [37,38], zinc is a critical cofactor for numerous
cellular functions [39], and is critical for gene expression [154] and apoptosis [144].
These many activities of Zn2+ suggest that it may be a major regulatory ion in the
metabolism of cells [4,155]. With such a wide range of concentrations and func-
tions, there is a need for improved probes for investigating Zn2+.

4.4. Zinpyr sensors

We are interested in preparing Zn2+ sensors utilizing fluorescein as the chro-
mophore. Fluorescein, a xanthene-based fluorophore, is well suited for sensor
applications because of its high extinction coefficient, quantum yield approaching
unity, membrane permeability, and the ready availability of optical filter sets for
fluorescence microscopy. In order to achieve high affinity binding of Zn2+, we
chose to derivatize fluorescein with a DPA (di-2-picolylamine) fragment. This
binding moiety is structurally similar to the high affinity, membrane permeant
heavy metal chelator TPEN (N,N,N �,N �-tetra(2-picolyl)ethylenediamine) [156]. The
[Zn(DPA)]2+ complex has a Kd of 70 nM at pH 7, which may be compared to
[Zn(TPEN)]2+, for which Kd is 1 fM under similar conditions [157].



351S.C. Burdette, S.J. Lippard / Coordination Chemistry Re�iews 216–217 (2001) 333–361

The derivatized fluorescein of interest was prepared by two different methodolo-
gies, each having its advantages. The ligand Zinpyr-11 (30, 9-(o-carboxyphenyl)-2,7-
dichloro-4,5-bis[bis(2-pyridylmethyl)aminomethyl]-6-hydro-xyl-3-xanthenone) was
synthesized in a Mannich reaction between 2�,7�-dichlorofluorescein (DCF) and the
iminium ion condensation product of formaldehyde and DPA (Scheme 7) [158].
Under the Mannich conditions, reaction with fluorescein yields a mixture of
structural isomers that cannot be separated by flash chromatography [159]. In an
alternative synthesis, reductive amination of DPA with 4�,5�-fluoresceindicarbox-
aldehyde (33) yielded the closely related ligand Zinpyr-2 (34, 9-(o-carboxyphenyl)-
4,5-bis[bis(2-pyridylmethyl)aminomethyl]-6-hydroxyl-3-xanthenone). The prepara-
tion of Zinpyr-2 involves derivativation of 4�,5�-dimethylfluorescein by a 4-step
synthesis (Scheme 8).

Under simulated physiological conditions (50 mM PIPES (piperazine-N,N �-bis(2-
ethanesulfonic acid)), 100 mM KCl, pH 7.0), Zinpyr-1 has an excitation maximum
at 515 nm (�=79.5×103 M−1 cm−1) and a quantum yield of 0.39 in the absence
of Zn2+. Addition of excess ZnCl2 induces a slight blue shift in the excitation
maximum (507 nm) and an increase in the quantum yield to 0.87. The emission
maximum also shifts slightly upon Zn2+ addition, from 525 to 529 nm. Similarly,
Zinpyr-2 has an excitation maximum at 498 nm (�=36.7×103 M−1 cm−1) with a
quantum yield of 0.25 that shifts to 490 nm accompanied by an increase in the
quantum yield to 0.92 upon that addition of excess ZnCl2. The emission maximum
of free Zinpyr-2 is 518 nm and that of the Zn complex, 513 nm [160]. The
fluorescence of unmetallated Zinpyr-1 and Zinpyr-2 is also pH-dependent with
maximal emission occurring at pH 5.5 and almost complete quenching above pH
12. The pH-dependent fluorescence response could be fit to an apparent pKa of 8.3
for Zinpyr-1 and 9.4 for Zinpyr-2. The Zn2+-induced fluorescence enhancement is
greater at high pH, consistent with quenching via PET from a deprotonated
benzylic amine that is interrupted by coordination to Zn2+ [158]. The fluorescence
of the Zinpyr dyes is responsive selectively to Zn2+ over other biologically relevant

Scheme 7.

1 The name Zinpyr indicates the structural composition of the ligand (four pyridyl groups) as well as
its ability to ‘peer’ into the Zn2+ concentration of samples.
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Scheme 8.

ions. The ions Mn2+, Co2+, Fe2+, Ni2+, and Cu2+ quench Zinpyr fluorescence,
and Ca2+ and Mg2+ have a negligible effect on the intensity [158,160].

The metal ion affinity of the Zinpyr ligands was measured by a fluorescence
titration experiment employing a dual-metal single-ligand buffer system [161]
composed of 1 mM total EDTA, 2 mM Ca2+ (or Mg2+ up to 5 mM) and 0–1 mM
total Zn2+. The Kd of the [Zn(EDTA)]2− complex under these conditions is 2.11
nM, and the buffer system controls the variation of [Zn2+] and demonstrates the
selectivity of the fluorescence response (Fig. 11). Although the quantum yield of
Zinpyr-1 increases by 2.25-fold upon Zn2+ complexation, additional changes in the
absorption of the ligand and metal complex induce a 3.1-fold increase in integrated
emission with excitation at 507 nm. The quantum yield of Zinpyr-2 increases
3.7-fold and absorption changes produce an approximate sixfold increase in inte-
grated intensity. The apparent Kd values of Zinpyr-1 and Zinpyr-2 were calculated
to be 0.7�0.1 and 0.5�0.1 nM, respectively, with a Hill coefficient of 1 consistent
with a 1:1 Zn2+:ligand binding stoichiometry that is responsible for the intensity
increase.

Binding of a second zinc ion is not accompanied by a fluorescence change, but
can be measured by monitoring the absorption spectrum at higher concentrations
of Zn2+. Slight increases in absorption at 497 nm for Zinpyr-1 and at 486 nm for
Zinpyr-2 at concentrations of Zn2+ exceeding 1 equiv. can be observed by
meticulous measurements. At pH 7, Zinpyr-1 has a Kd2 value of ca. 85 �M that
drops to 35 �M at pH 7.5. The second binding event of Zinpyr-2 is accompanied
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Fig. 11. Fluorescence emission response of Zinpyr-2 to buffered Zn2+ solutions. Spectra were acquired
in 100 mM KCl, 50 mM PIPES, pH 7.00 at 25°C. Excitation was provided at 490 nm. The spectra
correspond to buffered free zinc concentrations of 0, 0.172, 0.424, 0.787, 1.32, 2.11, 3.34, 5.60, 10.2 and
24.1 nM, respectively. The final spectrum is for �25 �M free Zn2+. Inset: fitting curve obtained from
the integration of the emission spectra from 500 to 575 nm after subtraction of the baseline (0 Zn2+)
and normalizing to the full scale response (25 �M free Zn2+).

by changes in the absorption spectrum and fits to a Kd2 of ca. 9 �M at pH 7, and
ca. 2 �M at pH 7.5. The change in Kd2 from pH 7 to 7.5 is consistent with the
displacement of a proton from the ligand at the lower pH.

The nature of the zinc coordination environment in the Zn/Zinpyr complex was
investigated by X-ray crystallography. In the structure of the perchlorate complex,
two Zn2+ ions bind Zinpyr-1 (Fig. 12). Each Zn2+ is trigonal bipyramidal,
coordinated by the three nitrogen donors of one DPA arm, a phenolic oxygen atom
and a water molecule. The tertiary amines and water molecules are in the axial
positions with the pyridine and phenol ligands occupying the equatorial sites. The
crystal structure of [Zn2(Zinpyr-1)(H2O)2(ClO4)2]×x(H2O) (35) is the first such
determination of a fluorescein functionalized with metal-binding ligands.

Scheme 9 shows the expected solution coordination behavior of the Zinpyr
ligands consistent with the physical measurements and X-ray structure. The modest
fluorescence enhancement and pKa values indicate that the benzylic amines respon-
sible for PET quenching are largely protonated at physiological pH, and the
correlation of the fluorescence enhancement with the binding of one Zn2+ suggests
that the second benzylic amine is still protonated in the 1:1 Zn/Zinpyr complex. The
large difference in Kd values for the two sites indicates different binding modes for
the two Zn2+ ions, with the second site being coordinatively unsaturated. The
closing of the lactone ring, which would not afford a fluorescent molecule, does not
occur in aqueous solution and is probably the result of crystallization [160].
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Fig. 12. ORTEP diagram of [Zn2(Zinpyr-1)(H2O)2(ClO4)2]×x(H2O) (35) showing 50% thermal ellipsoids
and selected atom labels.

Scheme 9.
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The capability of Zinpyr dyes to detect intracellular Zn2+ was demonstrated in
Cos-7 cells labeled with 5 �M Zinpyr. Bright punctate staining that co-localized
with the acidic-compartment probe LysoTracker (Molecular Probes, Eugene OR)
occurred in a manner similar to observations made with quinoline-based sensors
(Fig. 13a) [42,148]. Additional double-labeling experiments with a galactosyl trans-
ferase-enhanced cyan fluorescent protein fusion (GT-ECFP) that co-localizes in the
medial/trans-Golgi [162] revealed that Zinpyr stains the Golgi or a Golgi-associated
vesicle. An enhanced fluorescence was observed in the puncta after addition of
exogenous Zn2+ with the zinc ionophore 2-mercapto-pyridine N-oxide (pyrithione
Fig. 13b) that could be reversed by the addition of TPEN [158,160].

The primary shortcoming of the Zinpyr probes is their modest fluorescence
enhancement at physiological pH. We are interested to extend and improve upon
the chemistry developed during the course of our research to prepare future
generation Zn2+ sensors with improved fluorescence behavior. Zinpyr is struc-
turally similar to calcein (36), an early fluorescent sensor for Ca2+ (Fig. 14) [163].
Recently a sensor with elements of both calcein and Zinpyr, Zincarboxypyr-1 (37)2,

Fig. 13. (a) Fluorescence microscopy images of COS-7 cells labeled with 5 �M Zinpyr-1 for 0.5 h at
37°C. The fluorescence is not diminished by the addition of the high affinity membrane-permeable
heavy-metal chelator, TPEN, indicating the fluorescence in not Zn2+-induced. (b) The bright perinu-
clear punctate staining increases upon the addition of the zinc ionophore Zn2+/pyrithione, and can be
reversed by treatment with TPEN.

2 The name Zincarboxypyr indicates the structural composition of the ligand two carboxylates and
two pyridines.
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Fig. 14. The early fluorescein-based sensor for Ca2+, calcein.

Scheme 10.

was synthesized in our laboratory by the Mannich reaction (Scheme 10). The
introduction of a carboxylate donor further increased the pKa value of the benzylic
amine to 9.5, away from the desired range for use under physiological conditions
[164]. Further experiments indicated that the Mannich reaction is too limited in
scope to allow us to access the ligand families of interest. Our current objective is
to prepare sensors that exhibit a greater fluorescence change upon metal binding
with a single binding event.

5. Conclusions and future prospects

There have been numerous methodologies reported for detecting Ca2+, Zn2+

and NO. We have devised a new strategy for sensing NO that produces a positive
fluorescence change in response to the release of a fluorescent ligand arm from a Co
center to form a metal–dinitrosyl complex. The [Co(DATI-4)] complex has rela-
tively low affinity for NO (50–100 �M), but reacts specifically with NO and not O2.
An ideal NO biosensor should react reversibly with NO under aqueous, aerobic
conditions, produce a more intense fluorescence response than we have achieved so
far, and have different emission wavelengths in the bound and free states.

Our Zinpyr compounds have superior optical properties than other intracellular
Zn2+ sensors owing to the use of fluorescein as the chromophore. A more dramatic
change in emission intensity or wavelength is desirable, however, to measure zinc
ion concentrations accurately. Initial investigations demonstrate the ability of our
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fluorescein-based sensors to monitor Zn2+ in cells. We are continuing work with
fluorescein scaffolds as a platform for preparing new and improved NO and Zn2+

sensors in an ongoing effort to study the roles of such species in neurotransmission.
A third focus of interest in our laboratory at the interface between coordination

chemistry and the neurosciences is the potassium channel. In particular, we wish to
construct small molecule mimics of the selectivity filter of the KcsA K+ channel.
Several approaches using calixarenes [165–167] and macrocycles [168] as models for
ion channels have been reported, but they fail to mimic the key features of the K+

channel structure. We are interested in building a model that more closely resembles
the actual structure of the selectivity filter. In this ongoing model work we plan to
study aspects of the selectivity filter and ion flow that are difficult to examine at the
resolution currently available from the crystal structure determination.

Interest in the sub-field of metalloneuroscience is continuing to grow in the
bioinorganic chemistry community [11]. The study of ion channels and pumps
[17,19], transition metals in normal and disease states [13,31], brain enzymes like
nerve growth factor [169] and synaptotagmin [170], and the continuing need for
new and better sensors [67,68,142] highlight only some of the potential areas for
future research. Understanding the inorganic chemistry of the brain will be vital to
a full appreciation of memory formation, synaptic transmission, and neurodegener-
ative disorders in the new millennium.
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