Meeting of the minds: Metalloneurochemistry
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Metalloneurochemistry is the study of metal ion function in the brain and nervous system at the molecular level. Research in this
area is exemplified through discussion of several forefront areas where significant progress has been made in recent years. The
structure and function of ion channels have been elucidated through high-resolution x-ray structural work on the bacterial K+ ion
channel. Selection of potassium over sodium ions is achieved by taking advantage of key principles of coordination chemistry. The
role of calcium ions in neuronal signal transduction is effected by several Ca2*-binding protein such as calmodulin, calcineurin, and
synaptotagmin. Structural changes in response to calcium ion concentrations allow these proteins to function in memory formation
and other neurochemical roles. Metallochaperones help to achieve metal ion homeostasis and thus prevent neurological diseases be-
cause of metal ion imbalance. Much detailed chemical information about these systems has become available recently. Zinc is an-
other important metal ion in neuroscience. Its concentration in brain is in part controlled by metallothionein, and zinc is released in
the hippocampus at glutamatergic synapses. New fluorescent sensors have become available to help track such zinc release.

he discovery that metal ions
perform structural and catalytic
functions in proteins and en-
zymes spawned new research at
the interface of chemistry and biology.
Bioinorganic chemistry is the amalgam-
ation of the concepts that provide the
foundation for the disciplines of bio-
chemistry and inorganic chemistry. Be-
fore the inception of this field, biochem-
istry focused primarily on organic
biomolecules like proteins and DNA,
and many metal ions were dismissed as
inconsequential trace elements. Purely
inorganic chemists may tend to concen-
trate exclusively on metal coordination
chemistry and overlook the importance
of macromolecular structures. The bio-
inorganic chemist has the unique chal-
lenge of blending knowledge about the
chemistry of metal ions with apprecia-
tion for biomolecules to understand how
complex living systems function.

The study of the brain and central
nervous system (CNS) traditionally has
been the domain of neurochemists and
neurophysiologists because of the spe-
cialization required for investigating
their intricacies. Although metal ions
and other inorganic species have numer-
ous vital roles and unidentified func-
tions in the CNS, the interest of bioinor-
ganic chemists in this area is often
minimal because many of the problems
in the field involve studying spectroscop-
ically silent metal ions like Ca?*, Mg?*,
K*, and Na*. Investigating problems in
neurochemistry may be less appealing to
bioinorganic chemists because of the
inability to apply conventional instru-
mental techniques, such as EPR, M0ss-
bauer, UV-visible, and extended x-ray
absorption fine structure (EXAFS) spec-
troscopy, to analyze such metal ions.
Although neurochemists and neuro-
physiologists have made great strides in
elucidating the functions of metal ions
in the CNS, these rescarchers are often
unable to apply the principles of inor-
ganic chemistry. As the study of the
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CNS continues to progress, there is a
tremendous opportunity for bioinorganic
chemists to contribute to the under-
standing of the roles that metal ions
have in synaptic transmission, in mem-
ory formation, and in the causes and
treatments of neurological diseases.

To recognize the unique nature of
this subdiscipline of bioinorganic chem-
istry, we introduce the term metal-
loneurochemistry to describe the study
of metal ions in the brain and nervous
system at the molecular level.” Although
much work in this area is in its early
stages, there are many examples where
researchers in the field have made sig-
nificant progress. In this brief perspec-
tive, we highlight from the recent litera-
ture a few topics in metalloneuro-
chemistry and speculate about the fu-
ture direction of research. In addition,
we emphasize specific areas where bio-
inorganic chemists potentially can make
important contributions to the field of
metalloneurochemistry.

The Structure and Function of
lon Channels

The earliest and most enduring exam-
ples of research in metalloneuro-
chemistry are the longstanding investiga-
tions into the functions of the alkali
metal ions sodium and potassium in
neurotransmission. The opening and
closing of ion channels creates electro-
chemical gradients across membranes
that transmit information and regulate
cellular function. The elucidation of the
x-ray crystal structure of the bacterial
KcsA K* channel, initiated nearly 5
years ago (1), is a landmark advance

in the study of ion channel metallo-
neurochemistry (Fig. 1). This structural
characterization had been elusive be-
cause ion channels are multicomponent,
membrane-spanning proteins. The rapid
propagation of neurochemical signals
requires the K* channel to discriminate
against Na* ions and to pass K* ions at
a rate of 107 to 108 sec™!. A convincing
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description of the mechanism of how
the K* ion channel functions has
emerged from analysis of the structural
data and correlation with previous elec-
trophysiological and mutagenesis
studies.

The potassium channel is a 4-fold
symmetric tetramer resembling a teepee
that surrounds a central pore. Each of
the four subunits of the channel has a
sequence of five amino acids, Thr-Val-
Gly-Tyr-Gly, on the extracellular side of
the channel that comprises the selectiv-
ity filter. The carbonyl oxygen atoms of
these five amino acid residues are ori-
ented in a configuration capable of co-
ordinating completely dehydrated K*
but not the smaller Na* ions (2). Ions
within the hydrophobic interior of the
channel are stabilized by the presence of
an aqueous cavity and helices of the
protein with negatively charged side
chains oriented toward the pore region.
In addition to stabilizing interactions
within the channel, electrostatic repul-
sion between K* ions, which pass
through the selectivity filter pore in sin-
gle file, provides the force necessary to
drive the ions through the channel at a
high rate of speed (3).

Crystallizing this integral membrane
protein was a remarkable achievement,
but only the first in a series of accom-
plishments that are revolutionizing the
understanding of ion channel function.
The initial structure revealed only the
membrane-spanning subunit of the K*
channel, including the selectivity filter.
The x-ray structure of the cytoplasmic 8
subunit-T1 assembly has subsequently
been determined (4). Like the mem-
brane component of the channel, the
cytoplasmic subunit exists as a tetramer,
T14B4. The B subunits are oxidoreduc-
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Composite model of a voltage-dependent K* channel. The a subunit containing the selectivity

filter is shown in red, and the g subunit is in blue. An NH,-terminal inactivation peptide is shown entering
a lateral opening to gain access to the pore. [Reproduced with permission from ref. 4 (copyright 2000,

AAAS, www.sciencemag.org).]

tase proteins containing catalytic resi-
dues and a NADPH cofactor. Although
the structure of the B subunit has been
elucidated, the substrate and the biologi-
cal function of the oxidoreductase pro-
tein remain to be identified. One of the
key features of the $ subunit is a se-
quence of 20 amino acid residues at the
N terminus, which serve as an inactiva-
tion gate (5). During inactivation, the
protein tail binds to the cytoplasmic
channel surfaces and then enters the
pore region, blocking the passageway for
the flow of K* ions. Quaternary ammo-
nium compounds also appear to inhibit
channel function in a similar fashion (5).
The original structure determination
of the KcsA K* channel was carried out
on a truncated version of the protein
having 35 of the 160 amino acids re-
moved from the C terminus. Although
this truncation facilitated crystallization,
it also produced a protein that prefers a
closed conformation, limiting the utility
of this form of the channel in other
studies. To overcome this deficiency, a
semisynthesis of the potassium channel
was devised whereby the 73 amino acid
residues of a recombinant N-terminal
peptide were ligated with a chemically
synthesized 52-aa C-terminal peptide
(6). This synthetic channel folds into a
tetrameric state on incorporation into

lipid vesicles, but also remains in the
closed conformation because it is not
the full-length protein. The methodol-
ogy developed in this synthesis, however,
paves the way for future construction of
the full-length protein as well as other
ion channel proteins. In addition, the
synthetic techniques will allow greater
flexibility in studying structure—function
relationships by facilitating site-specific
modification of the ion channel proteins.
There are many remaining questions
about the function of K* channels, in-
cluding the mechanism of gating (7).
The two main classes of ion channel
proteins are ligand-gated and voltage-
gated. Voltage-gated channels, like the
KcesA K* channel, open and close in
response to changes in membrane po-
tential. Ligand-gated channels, like the
MthK K* channel, require the binding
of an external substrate to open the
channel. The MthK K* channel opens
and closes in a Ca?*-dependent fashion,
and crystallographic analysis reveals two
Ca?*-binding sites on the intracellular
side of the protein (8). The Ca?"-bind-
ing sites reside on a protein domain that
contains three carboxylate ligands from
either glutamate or aspartate residues,
and two serine residues in close proxim-
ity. Free energy supplied by Ca?*-bind-
ing induces structural changes that open
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and close the pore. Despite the differ-
ence in mechanism, the two types of
channel appear to share a common
structural basis for gating (7).

New insight gained through x-ray crys-
tallographic analysis has sparked the
reevaluation of previous work involving
ion channels. Most of the structural re-
ports thus far have addressed K* chan-
nels; however, the structure of the CIC
chloride channel has recently been re-
ported (9), generating even more enthu-
siasm for new research on ion channels.
Like the K* channel, the Cl- channel
must select for the passage of one ion
over other similar ones. The initial
structural work on this channel provided
some insight into the structural basis for
such discrimination, but more details are
required to understand completely the
mechanism of anion channel selectivity.
In addition to the importance of ion
channels as a fundamental component
of signal transduction and neurochemi-
cal events in the cell, many neurological
diseases are correlated with mutation of
ion channel genes (10). Understanding
the relationships between ion channel
structure and function may provide in-
sight into the causes and potential treat-
ments for these genetic disorders. This
area is certain to be of interest to me-
dicinal bioinorganic chemists.

Ca2* Proteins and Synaptic Transmission

Perhaps the most important metal ion in
signal transduction is Ca?*. Changes in
intracellular Ca?* concentrations initiate
a cascade of signaling events. On Ca?*
binding, calmodulin, an intracellular
protein capable of coordinating four
Ca?* ions, binds to a wide variety of
enzyme targets, modulating their states
of activation. Years of research dedi-
cated to Ca®* signaling have provided
enough information that many of the
functions of calmodulin are now under-
stood (11). The study of calmodulin is
one of the original areas of focus in me-
talloneurochemistry, and research con-
tinues to provide intriguing insight into
neurological function. Evidence now
exists that Ca®*-dependent translocation
of calmodulin in neuronal nuclei is criti-
cal both for rapid signaling and for
memory formation (12).

Calcineurin, which was first isolated
from mammalian brain (13), is one tar-
get of calmodulin involved in Ca?*-
dependent cellular signaling. Calcineurin
is a heterodimeric phosphatase contain-
ing a catalytic subunit with a calmodulin
binding domain and a Ca?"-binding sub-
unit (14). It has been implicated in
many biological functions including apo-
ptosis (15), transcription (13), T cell ex-
pression (16), and heart development
(17). Calcineurin is also involved in syn-
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Fig. 2.

Structure of the Ca2*-binding sites of the (A and C,B domains of synaptotagmins. The C;A

domain contains three Ca2* ions via five aspartate and one serine residue, whereas the C;B domain lacks
the binding site for Ca3 and coordinates two Ca2* ions. [Reproduced with permission from ref. 21
(copyright 2002, American Society for Biochemistry and Molecular Biology).]

aptic plasticity (18). One possibility for
contribution to synaptic function is in-
volvement in an estradiol-dependent
pathway in the hippocampus (19), the
center of learning and memory in the
brain. In the putative signaling mecha-
nism, binding of estradiol to a receptor
decreases Ca’* influx to neurons. At
lower Ca2* concentrations the Ca2*/
calmodulin-dependent phosphatase
activity of calcineurin is diminished.
Although the exact significance of these
results is not certain, they may explain
the facilitation of long-term potentiation
associated with rising estrogen levels,
and they may have implications in hor-
mone replacement therapy for improv-
ing memory.

As progress in the study of the metal-
lochemistry of calmodulin and cal-
cineurin unfolded, another family of
Ca?*-containing proteins involved in the
release of neurotransmitters was identi-
fied (20). Twelve members of this family
of proteins, known as synaptotagmins,
have been characterized (21). They are
typically localized on the membranes of
synaptic vesicles and have two Ca?*-
binding domains, C;A and C,B (Fig. 2).
The C,A domain contains a trinuclear
Ca?*-binding site with four bridging as-
partate residues, and the C,B domain
consists of a dinuclear site with three
bridging aspartate residues. The func-
tions and properties of many members
of the synaptotagmin family remain
unknown (21); however, extensive stud-
ies have been carried out on synapto-
tagmin I.

The affinity of synaptotagmin I for
Ca?" is decreased by a factor of two
when an arginine residue in close prox-
imity to the C;A domain is substituted
by a glutamine. This point mutation
does not modify the structure of the
protein (22). The consequence of the
diminished binding affinity is a 2- to
3-fold decrease in the sensitivity of
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Ca’*-dependent neurotransmitter re-
lease from synaptic vesicles of hip-
pocampal neurons. The implication is
that synaptotagmin I acts a Ca?* sensor,
or is at least part of a cascade of events
in synaptic transmission. Conflicting re-
ports exist, however. In one study, an
aspartate residue of the C,A binding
domain was mutated to an asparagine,
but the Ca’*-dependent binding of syn-
aptotagmin to its targets and the release
of neurotransmitters were unaffected in
vivo (23). In addition, synaptotagmin
1V, which does not bind Ca?" in its CoA
domain, elicited similar responses. This
work raises the possibility that Ca?*-
dependent neurotransmitter release in-
volves the dinuclear C,B site.

Evidence for the importance of the
C,B domain for synaptic transmission
comes from site directed mutagenesis
studies of the Ca?"-binding residues in
synaptotagmin I. Mutating two of the
key aspartate residues in the C,B bind-
ing site decreases the release of neuro-
transmitter by >95% (24). Because the
two Ca?"-binding sites are in close prox-
imity, Ca®"-binding to the C;B domain
may act cooperatively with the C,A do-
main by facilitating binding of synapto-
tagmin I to its target membranes. Inves-
tigation of the cooperative interactions
between the domains with fluorescent
probes suggests that both are involved in
binding interactions with vesicular mem-
branes (25).

Although the exact mechanism of
Ca?*-mediated synaptic transmission by
synaptotagmin remains to be elucidated,
evidence suggests that the neurotoxicity
of heavy metals such as lead may arise
from competitive binding to the Ca?*
locale in the C, domains of the protein
(26). Competitive metal binding studies
indicate that the affinity of synaptotag-
min for Pb?* is significantly higher than
for Ca2", and that both metals coordi-
nate to the protein in a similar manner.

Pb?*-binding alters the ability of synap-
totagmin to bind to target membranes
involved in neurotransmitter release.
Pb?*-synaptotagmin binds phosphoslipid
targets at concentrations 1,000 times
lower than that required by the Ca?*-
loaded protein, but impairs its ability to
bind to its protein partner syntaxin (27).
Further experiments are required to de-
termine whether and how this binding
influences neurotransmitter release.

Although not a substitute for bio-
chemical investigations, modeling studies
on metalloenzymes have provided con-
siderable insight into protein function.
The field of synaptotagmin seems
primed for contributions by bioinorganic
chemists in the modeling field. In partic-
ular, understanding the basis for Pb>*
toxicity would well be facilitated by in-
vestigation of model complexes. Al-
though synaptotagmin appears to bind
Ca?* and Pb?* in a similar manner, the
detailed molecular structure has yet to
be reported. In addition, modeling stud-
ies may provide a means to address po-
tential treatments, such as the design of
drugs for Pb?>* removal by chelation
therapy.

Metallochaperones and Metal
lon Homeostasis

Many neurological disorders have been
associated with the accumulation of
toxic amounts of metal ions in the ner-
vous system (28). The maintenance of
metal ion homeostasis is an important
topic in metalloneurochemistry. The
seminal work on the iron-transport pro-
tein transferrin and the iron-storage
protein ferritin epitomizes the impor-
tance of tight regulation of metal ion
concentrations (11). More recently, re-
search has been carried out on copper
chaperone proteins (29-32). The molec-
ular handshake that occurs between the
copper-zinc superoxide dismutase
(SOD1) and the copper chaperone for
superoxide dismutase (CCS) (33) en-
sures delivery of copper to the enzyme
and prevents indiscriminate binding to
inappropriate targets. It may also pre-
serve the stability of the Cu*, which
would otherwise disproportionate to
Cu?* and Cu(s) under physiological con-
ditions. A breakdown in copper traffick-
ing can have detrimental consequences.
Accumulation of toxic amounts of cop-
per in the brain results in neuronal deg-
radation, and may be directly linked to
copper chaperone proteins that deliver
copper to ATPases involved in translo-
cation of heavy metals across cell mem-
branes (34). Metallochaperones of Ni?*
have also been identified (35), although
a connection between nickel and neuro-
nal damage has not yet been implicated.
Given the importance and complexity of
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the known metal delivery systems, it is
likely that additional proteins with traf-
ficking functions will be discovered.

ZnTs and Synaptic Zn?+

Like the complex cellular mechanism
for copper distribution, several proteins
involved in Zn?* transport have been
characterized. These zinc transporters
(ZnTs) are widely expressed, transport
Zn?" across membranes, and compart-
mentalize the metal ion into vesicles.
This family of integral membrane pro-
teins includes ZnT-1, which is found in
intestinal cells and is responsible for up-
take of dietary Zn?* (36), and ZnT-2,
which occurs in the kidney (37). ZnT-4
in breast cells may be involved in deliv-
ering zinc into milk (38), ZnT-5, which
is found abundantly in the pancreatic
cells loads Zn?" into secretory granules
(39), and ZnT-6 may transport Zn>*
from the cytoplasm into the Golgi appa-
ratus (40). Of particular interest to the
discussion of Zn?>" metalloneuro-
chemistry, however, is ZnT-3, which is
found exclusively in brain and testis
(41). The occurrence of ZnT-3 on the
membranes of presynaptic vesicles of
Zn?*-enriched neurons in the hippocam-
pus suggests this transporter is the pri-
mary protein responsible for Zn?*-
loading in the brain (42).

The function of synaptic Zn?* has
been the subject of much research. For
example, high concentrations of Zn>* in
the olfactory bulb of mice and the oc-
currence of two kinds of zinc-enriched
(ZEN) terminals suggest a role in olfac-
tion (43). Although none of the func-
tions of synaptic Zn?>* has been defini-
tively established, there are several
potential targets for released metal ion
(Fig. 3) (44). Zinc may bind to receptors
on the postsynaptic neuron and modu-
late the flow of ions through channels,
or it may act as an intracellular signal
following entry of postsynaptic neuron
through Zn?*-permeable channels. Al-
ternatively the Zn?>* may simply diffuse
away freely, or be taken back up into
the presynaptic neuron. Zn?* released
from presynaptic neurons during high-
frequency electrical stimulation induces
long-term potentiation (LTP) between
the mossy fiber and CA3 synapses of the
hippocampus (45). Moreover, the pres-
ence of [CaEDTA]?>~ blocks the signal,
and glutamate that is coreleased from
synaptic vesicles is required for induc-
tion of LTP. Studies indicate that, once
released by electrical stimulation, Zn>*
traverses the synaptic cleft and can per-
meate ion channels on postsynaptic neu-
rons gated by glutamate. This work sug-
gests that Zn?* may act as a second
messenger, similar to Ca* (46).
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Fig. 3. Schematic illustration of putative Zn2*-
signaling pathways. After its release from presyn-
aptic neurons, Zn2* can (1) bind to receptors of ion
channels of postsynaptic neurons modulating their
activity; (2) enter postsynaptic neurons via Zn2+-
permeable ion channels (i.e., voltage-gated CaZ*
channels); (3) be taken back up into the presynaptic
neuron and vesicles; or (4) diffuse away into the
extracellular fluid. [Reproduced with permission
from ref. 45 (copyright 2001, American Physiolog-
ical Society).]

The requirement of ZnT-3 for seques-
tering Zn?* into synaptic vesicles was
examined by generating ZnT-3 knockout
mice (47). Plasma emission spectroscopy
indicates a 20% decrease in hippocam-
pal Zn?" in these mice, and histochemi-
cal staining reveals no evidence for syn-
aptic Zn*. The mice were confronted
with a battery of tests designed to evalu-
ate the sensitivity of their auditory and
olfactory senses and to test their learn-
ing and memory (48). These measure-
ments were chosen for their relevance to
roles and functions postulated for synap-
tic Zn?*. The ZnT-3 knockout mice dis-
played no appreciable differences in be-
havior compared with control (normal)
mice. This result raises the possibility
either that the neuromodulatory Zn?* is
not relevant for brain function under
normal conditions, or simply that these
tests were not sensitive enough to detect
subtle changes in behavior. More likely,
however, because these mice developed
from birth without the ZnT-3 gene, they
compensated for the loss of synaptic
Zn?* by reprogramming the affected
functions. Not only do the studies raise
interesting questions about the function
of synaptic Zn>* in vivo, but they also
highlight the difficulty in studying metal
ions in biological systems as complex as
the CNS.

One salient feature of the ZnT-3 defi-
cient mice appeared when they were

3608 | www.pnas.org/cgi/doi/10.1073/pnas.0637711100

crossed with transgenic mice expressing
a mutant human amyloid precursor pro-
tein that induces cerebral amyloid
plaque pathology (49). The aggregation
of B-amyloid plaques is well established
in the neuropathology of Alzheimer’s
disease (50, 51). Abnormal amounts of
Zn?* have been detected in amyloid
plaques taken from Alzheimer’s pa-
tients, and Zn?>* has been implicated in
the aggregation of the peptides that
form the senile plaques (52). In ZnT-3-
null mice that also exhibit amyloid
plaque pathology, a drastically de-
creased plaque formation was observed
in the brain tissue compared with that
found in mice having the ZnT-3 gene
(49). This study strongly suggests that
synaptic Zn’>* may contribute to the
deposition of Alzheimer’s plaques in
vivo.

In addition to neurodegenerative disor-
ders (53), acute disruption of Zn?>" ho-
meostasis during seizures, ischemia, and
head trauma may play a role in neuronal
damage (54, 55). The basis for such
Zn>*-induced toxicity is corroborated by
the ability of Zn?>* chelators to prevent
neuronal death. Administration of [Ca-
EDTAJ?>~, which binds Zn?* but does not
significantly buffer Ca>* concentrations,
before or immediately after traumatic in-
jury prevents Zn>* accumulation in
postsynaptic neurons and thus neuronal
death (56, 57). The cause of cell death is
not fully understood. It appears, however,
that Zn?" enters the neurons through
voltage-gated Ca?" channels (58) and may
trigger cell death by a number of mecha-
nisms. Included would be cytotoxic up-
regulation of NMDA receptor activity
(59) or by downstream generation of reac-
tive oxygen species (60, 61). Despite some
evidence that Zn?" is lost from synaptic
vesicles during trauma (57, 62), the fact
that the ZnT-3 knockout mice also suffer
from Zn?*-induced neuronal toxicity ar-
gues against vesicular origin (63). Interest-
ingly, there is also evidence that synaptic
Zn** may induce the production of a
neuroprotective protein after traumatic
injury (64).
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Fig. 4. Chemical structure of the quinoline sul-
fonamide Zn2* sensors TSQ and Zinquin.
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Chemical structures of the fluorescein-based sensors for Zn2* ZP1, ZP2, ZP4, and RF2. The ZP refers

to the Zinpyr family and RF stands for Rhodafluor. The name Zinpyr comes both from the utilization of
pyridine ligands and the ability to “’peer” at the Zn2* concentrations in cells. The name Rhodafluor reflects
the hybrid nature of the fluorophore, which has chemical features of both rhodamine and fluorescein.

MTs and ZnZ+

Another class of proteins involved in
metalloneurochemistry are the metal-
lothioneins (65). These cysteine-rich
proteins have a number of functions in
the central nervous system, including
heavy-metal detoxification (66). MT-III
is a brain-specific member of this family
of proteins that is particularly abundant
in zinc-containing neurons (67). In con-
trast to other MT isoforms, MT-III
binds Zn?" in a noncooperative manner
and can house a greater number of
metal ions. MT-III typically contains
seven Zn>" ions but has a capacity for
at least nine (68). In addition, proteins
containing fewer than seven ions are
stable. The binding properties of MT-III
suggest that it may have a chaperone-
like function, delivering Zn?* to vesicu-
lar membranes where the ion is com-
partmentalized by ZnT-3. One
observation about MT-III is that the
levels of this protein are lower in the
brains of Alzheimer’s patients (69, 70),
although Alzheimer’s disease neuronal
changes may not be a consequence of
such down-regulation (71). Because free
Zn?* promotes the formation of B-amy-

Fig. 6.

loid aggregation (72), the depletion of
MT-III in Alzheimer’s tissue suggests
that a breakdown in the expression of
proteins capable of sequestering Zn?*
may contribute to the onset of symp-
toms or deterioration of function.

There also seems to be a synergistic
relationship between Zn?* and the
neurotransmitter nitric oxide (NO).
Upon reaction with cysteine residues
that bind Zn?*, NO is capable of re-
leasing Zn?* from MTs with concomi-
tant formation of a disulfide bond (73,
74). S-nitrosation of Zn?>*-bound cys-
teine residues in MT-III can occur ei-
ther by direct reaction with NO or by
transnitrosation with S-nitrosothiols
(75). This reactivity suggests that MT-
IIT may be responsible for converting
NO signals into Zn?* signals. In addi-
tion, release of Zn?* due to oxidative
stress may serve as a source of cyto-
toxic metal ion (53). Understanding
the exact function of synaptic Zn?* in
vivo, and the consequences of loss of
Zn?* homeostasis, remain interesting
topics in metalloneurochemisty.

Fluorescent Sensors for Zn2* and NO

Our interest in metalloneurochemistry, in
particular synaptic transmission, required

TSQ

the development of new tools for studies
at the interface of bioinorganic chemistry
and neurochemistry. Studying spectro-
scopically silent metal ions like Zn?*, and
small inorganic radicals like NO, require
methodologies to visualize these otherwise
undetectable species in neuronal cells.
Small molecule fluorescent sensors have
been instrumental in the study of Ca?*,
an important intracellular second messen-
ger (76). When we initiated our work, the
primary fluorescent probes available for
Zn>* were quinoline sulfonamides such as
TSQ (77) and Zinquin (78) (Fig. 4); how-
ever, their fluorescence properties are not
ideal for application to metal-
loneurochemistry (79). In particular, these
sensors require excitation with near-UV
wavelength light, whereas longer wave-
length absorption is desired to prevent
damage of living tissues. In addition, these
probes have a limited range of dissocia-
tion constants (sub-nM), whereas effective
study of the numerous functions of Zn?*
requires multiple sensors with a wide ar-
ray of binding affinities. With these objec-
tives in mind, we have designed, prepared,
and characterized a series of sensors
based on fluorescein fluorophores that
include Zinpyr 1 (ZP1) (80), ZP2 (81),
ZP4 (82), and Rhodafluor 2 (RF2) (83)
(Fig. 5). These sensors are especially ame-
nable to biological investigation. They em-
ploy a fluorescein fluorophore and there-
fore can be excited with and emit visible
light. Although all of the ZP sensors pre-
pared thus far have sub-nM dissociation
constants, the RF2 sensor has a Ky of
~15 uM. The synthetic strategy devel-
oped during the preparation of these sen-
sors also provides the groundwork to ac-
cess additional new probes with better
fluorescence properties and a greater
range of dissociation constants. Apart
from our sensors, several others using flu-
orescein as the reporting group have been
prepared (84-87). This combined collec-

neuropil

Comparison of the imaging of Zn2* damaged neurons between TSQ and ZP4 stained slices from a mouse following drug-induce traumatic seizure.

Because TSQ is membrane permeable, it images the Zn?*-containing synaptic vesicles in intact neurons (neuropil). [Reproduced with permission from ref. 82

(copyright 2003, American Chemical Society).]
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tion of probes provides a new set of pow-
erful tools for studying the metal-
loneurochemistry of Zn?*. Our current
efforts are focused on making sensors
with improved fluorescence properties as
well as application of the probes to prob-
lems in neurochemistry. In pursuit of the

latter goal, we discovered ZP4 to be supe-

rior to all other sensors screened for im-
aging neurons damaged by Zn>* during
seizure and blunt head trauma (Christo-
pher J. Frederickson, S.C.B., Cathy J.
Frederickson, S. L. Sensi, J. H. Weiss, R.

Balaji, E. Bedell, D. S. Prough, and S.J.L,,

unpublished data). Unlike TSQ, which
permeates vesicular membranes and
images synaptic Zn?* in addition to Zn>*
in damaged cells, ZP4 is membrane
impermeant and selectively images the
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injured neurons (Fig. 6). In addition to
Zn?* sensors, we have ongoing efforts to
develop NO sensors, and have had some
initial success (88, 89). Access to both
Zn?>* and NO sensors would be useful for
studying such problems as the transforma-
tion of NO signals to Zn?>* ones by MTs
as well as other questions in metallo-
neurochemistry.

Future Prospects

In this perspective we have highlighted
progress in several areas in the field of
metalloneurochemistry. This sampling is
not meant to be comprehensive, for there
are many other areas of interest, including
release of intracellular Ca?* triggered by
extracellular Zn?* (90), Zn?*-containg
polypeptides such as nerve growth factor,
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nal populations (91, 92), and S100 pro-
teins that bind Ca2*, Zn?*, and Cu?* and
have been linked to neurodegenerative
disorders (93). Neurochemists and neuro-
physiologists have carried out much of the
research in metalloneurochemistry, so
there is tremendous potential for bioinor-
ganic chemists to contribute to this field
because of their expertise in coordination
chemistry. In order for progress in unrav-
eling the fundamental concepts of synap-
tic transmission and neurodegenerative
conditions to continue, it is essential that
a connection be made between the fields
of bioinorganic chemistry and neurobiol-
ogy. Such union would provide a powerful
coalition to improve our knowledge of
metalloneurochemistry.
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