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ABSTRACT

Zinc/cysteine coordination environments in proteins are redox-active. Oxidation of the sulfur ligands mobi-
lizes zinc, while reduction of the oxidized ligands enhances zinc binding, providing redox control over the
availability of zinc ions. Some zinc proteins are redox sensors, in which zinc release is coupled to conforma-
tional changes that control varied functions such as enzymatic activity, binding interactions, and molecular
chaperone activity. Whereas the released zinc ion in redox sensors has no known function, the redox signal is
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transduced to specific and sensitive zinc signals in redox transducers. Released zinc can bind to sites on other
proteins and modulate signal transduction, generation of metabolic energy, mitochondrial function, and gene
expression. The paradigm of such redox transducers is the zinc protein metallothionein, which, together with
its apoprotein, thionein, functions at a central node in cellular signaling by redistributing cellular zinc, presid-
ing over the availability of zinc, and interconverting redox and zinc signals. In this regard, the transduction of
nitric oxide (NO) signals into zinc signals by metallothionein has received particular attention. It appears that
redox-inert zinc has been chosen to control some aspects of cellular thiol/disulfide redox metabolism. Tight
control of zinc is essential for redox homeostasis because both increases and decreases of cellular zinc elicit ox-
idative stress. Depending on its availability, zinc can be cytoprotective as a pro-antioxidant or cytotoxic as a
pro-oxidant. Any condition with acute or chronic oxidative stress is expected to perturb zinc homeostasis. An-

tioxid. Redox Signal. 8, 1419-1441.

L. INTRODUCTION

IN PROTEIN EVOLUTION, the functional potential of cysteine
(Cys) as a nucleophile, redox-active amino acid, and metal
ligand (68) is exploited with particular dynamics. Cysteine
occurs more frequently in proteins from organisms with
higher complexity (151). It has not reached its equilibrium
frequency, which is lower than expected and still increasing
(26, 102). These observations suggest an on-going process of
utilizing the functional potential of cysteine. Within protein
sequences, the spacing of cysteines is nonrandom. Cysteine
has a high tendency to occur in Cys—X—X-Cys motifs that are
involved in redox reactions and metal binding (151). In the
interactions of cysteine with zinc, which are the focus of this
review, each partner endows the other with particular charac-
teristics that are the basis for a variety of newly discovered
cysteine-dependent redox functions of zinc proteins (139).

II. REDOX-INERT ZINC
AND REDOX SIGNALING

A. Zinc/cysteine coordination
environments in proteins

Zinc coordination to the sulfur of cysteine occurs in cat-
alytic sites of enzymes and in structural sites (8, 209, 210).
When a cysteine ligand is present in catalytic zinc sites, the
donor atoms usually are the sulfur from one or two cysteines
with additional oxygen (Glu,Asp) and/or nitrogen (His) li-
gands, or the sulfurs from three cysteines, and a water mole-
cule. In sites with four ligands, zinc can have one, two, three,

or four cysteine ligands. Generally, histidine ligands complete
a tetrahedral coordination (Fig. 1). These sites comprise struc-
tural zinc sites and the catalytic zinc sites in the zymogen form
of matrix metalloproteinases where a cysteine binds as a
fourth protein ligand. In some structural sites with three cys-
teines, the fourth ligand is a side chain from glutamate or as-
partate (9). Sequence data mining established that about 3% of
the estimated 32,000 human genes encode for proteins with
structural zinc sites and cysteine ligation, generically referred
to as zinc finger proteins. The metaphor that “zinc galvanized
biology” was introduced to describe the great number of zinc
proteins with cysteine coordination and to emphasize the sig-
nificance of zinc in these proteins (16). Zinc fingers organize
protein domains used in DNA/RNA, protein, or lipid recogni-
tion (117). In many zinc finger proteins, two zinc ions orga-
nize the structure of protein domains. In some of these double
zinc motifs, the ligands do not bind to the zinc ions in the
order in which they occur in the sequence. Rather, they bind
the first zinc, then the second, and finally complete either the
coordination of the second zinc and then that of the first (in-
terleafed), or that of the first and then that of the second (140)
(intertwined) (Fig. 2). A triple zinc motif organizes the TAZ2
domain in the transcriptional adaptor protein CBP (49). In
clustered arrangements, zinc is also surrounded by four lig-
ands, but because cysteine sulfur serves as a bridging ligand,
the total number of ligands is less than four times the number
of zinc ions. Zinc/thiolate clusters with one, two, three, and
five ligand bridges are known (Fig. 3). Individual zinc ions in
these clusters can be bound by one, two, or three bridging sul-
furs. In this way, and based on the deceivingly simple tetrahe-
dral coordination motif, zinc coordination establishes remark-
able control over protein tertiary, quaternary, and quinary!
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FIG. 1. The four tetracoordinate zinc motifs
with cysteine ligands and a single zinc site
per protein domain. From left to right: cat-
alytic zinc in the zymogen form of matrix met-
alloproteinases, classic zinc finger, and motifs
that in some proteins have been referred to as
zinc box, and zinc ribbon. S and N indicate sul-
fur and nitrogen coordination by cysteine and
histidine, respectively.

IThe term quinary structure is used here for heterologous protein—protein interactions (191). The term was originally introduced to describe the
organization of sickle cell hemoglobin into fibers and tubulin units in microtubules (53).
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FIG. 2. Arrangement of double zinc motifs in protein do-
mains with cysteine ligands. Linear arrangement such as in
nuclear receptors or in the LIM domain, intertwined such as in
RING, FYVE, and PHD domains, interleaved such as in Dnal
and the GCM domain, and clustered such as in Gal4 type of
fungal transcription factors. In terms of the order in which cys-
teine pairs bind the first (I) and second (II) zinc ion, the linear
arrangement is represented by 1-2,-3, -4, intertwined by 1,-3 -
2,-4,» and interleaved by 1-4,-2/-3,,. S/N indicates either cys-
teine or histidine coordination.

structure (138,140,141). In this review, it will become evi-
dent that many zinc/sulfur (Zn/S) coordination sites are
dynamic structures that have other than solely structural
functions.

B. Zinc proteins as redox proteins

In biology, zinc ions always remain in the Zn2* state and
are not redox-active. Consequently, zinc proteins have been
considered to be redox-inert. However, because the amino
acid cysteine is redox-active, zinc coordination environ-
ments with cysteine ligands have the remarkable property
that the sulfur ligands can be oxidized and then reduced
again with concomitant release and binding of zinc (143)
(Fig. 4). Thus, the cysteine ligand confers redox properties
on the complex, linking some zinc proteins to redox signal-
ing (143). In contrast to thiol/disulfide equilibria and redox
reactions at single critical cysteines in proteins, redox reac-
tions at Zn/S centers release zinc, and the released zinc can
have additional functions. This mechanism enlarges the
repertoire of cysteine-based regulatory switches (163) and
is referred to as a redox zinc switch (Fig. 4) (139). It en-

ables a link between redox and zinc metabolism. Tipping
the redox balance to oxidative or reductive conditions in-
creases or decreases the availability of zinc (Fig. 5). When
zinc binds to four cysteines, zinc forms a different brace
than two disulfide bonds because four attachment points at
the zinc ion generate less freedom of motion of the poly-
peptide than the joining of four cysteines through two
disulfides. Unlike the oxidation of a single cysteine
residue, but similar to breaking disulfide bonds, zinc re-
lease from Zn/S sites can have large effects on protein con-
formation (71). Disulfide bond formation requires an ox-
idative environment. Therefore, disulfide bonds are
frequent in extracellular proteins, but rare in proteins that
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FIG. 4. Redox zinc switch. The cysteine/cystine intercon-
version is coupled to another redox pair and accompanied by
zinc release and binding. Oxidation of the sulfur (cysteine) li-
gand of zinc sites mobilizes zinc, while reduction of the oxi-
dized sulfur (cystine) induces zinc binding. This molecular
mechanism links redox metabolism and zinc distribution.
When the sulfur is oxidized to an oxidation state higher than
the one in sulfinic acid, the reaction is irreversible.
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FIG. 5. Changing the redox balance changes the availabil-
ity of cellular zinc. An oxidative environment increases the
availability of zinc (cellular available “free” zinc, [Zn?']),
while a reducing environment decreases its availability.

reside in the reducing environment of the cytosol (23).
Thus, zinc can form a brace in the reducing environment of
the cell, a structural feature that may account for its wide-
spread use in proteins. Full reversibility of redox reactions
at Zn/S sites with concomitant release and binding requires
that zinc is available for binding. However, zinc is not
freely available in the cell. Its availability is tightly con-
trolled by zinc homeostatic proteins such as importers, ex-
porters, sensors, and metallothioneins.

Among the different redox zinc switches, we distinguish
redox sensors and redox transducers. In redox sensors, zinc is
released for the purpose of altering protein function without
any apparent function for the released zinc ion. In redox
transducers, zinc is released for a purpose such as binding to
another protein and affecting its function, while conforma-
tional changes of the protein to which zinc was originally
bound may or may not be important. Thus, redox zinc
switches in proteins transduce redox signals into protein
functions or a “zinc signal.” It is critical to appreciate the fre-
quency of zinc/cysteine interactions in proteins to gauge the
possible impact of redox processes on the functions of zinc
proteins. Vice versa, the involvement of zinc in so many cys-
teine interactions indicates a significant control of zinc over
the cellular thiol/disulfide redox state. In essence, the static
principles of how zinc organizes protein domains are en-
larged by dynamic redox processes that change this organiza-
tion with multiple consequences for biological functions in-
cluding receiving and generating cellular signals.

C. Redox zinc switches in the control
of protein function, protein conformation,
and protein—protein interactions

From prokaryotes to eukaryotes, redox zinc switches are
emerging as a general principle for regulation of protein func-
tion, controlling chaperone activity, binding interactions of
proteins with other proteins or DNA, and enzymatic activity.
Proteins with such switches serve rather diverse functions
and one wonders whether the known examples forecast a
much larger number of proteins that employ these or similar
principles. Oxidation can either activate or inactivate a bio-
logical process.

Paracoccus denitrificans glutathione-dependent formalde-
hyde-activating enzyme (Gfa) catalyzes the formation of S-
hydroxymethylglutathione, the first step in the detoxification
of formaldehyde. The protein has two zinc/thiolate centers, a
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tetracoordinate structural ZnS, center and an apparently tri-
coordinate catalytic ZnS; center (158). The proposed mecha-
nism involves mixed glutathione disulfide formation coupled
with association and dissociation of the catalytic zinc ion.
Subsequently, S-hydroxymethylglutathione is oxidized by
class III alcohol dehydrogenase to S-formylglutathione,
which is hydrolyzed to glutathione and formate by S-formyl-
glutathione hydrolase. Alcohol dehydrogenases are zinc en-
zymes. Nitric oxide (NO) inhibits their enzymatic activity
and releases zinc (64).

Escherichia coli Hsp33 is a molecular chaperone that is in-
duced by the heat-shock-specific sigma factor 32 (163). Oxi-
dation of the cysteine ligands of the zinc site in Hsp33 results
in the formation of two disulfides between the four cysteines,
zinc release, and a large conformational change (71, 101). In-
duction of chaperone activity requires dimerization of the ox-
idized monomers; zinc binding to the reduced cysteines pre-
vents the dimerization (72). The human cochaperone Hdj2 is
a homologue of Dnal with an interleaved double zinc motif.
However, instead of activation, as in the case of Hsp33, hy-
drogen peroxide inactivates Hdj2 and releases zinc. Thiore-
doxin reduces the oxidized protein in vivo (41).

The Streptomyces coelicolor o® protein is a key transcrip-
tional regulator of the oxidative stress response (163). Bind-
ing of the anti-sigma factor RsrA (regulator of sigma R) to
the oR protein inhibits transcriptional activity. The Zn/S site
in RsrA is a sensor of disulfide stress? (122). Oxidation of the
cysteine ligands and disulfide bond formation in RsrA expels
zinc and stabilizes a protein conformation that allows dissoci-
ation of the sigma factor. The ensuing transcriptional activa-
tion of genes that counteract the disulfide stress includes the
thioredoxin/thioredoxin reductase system, which reduces oxi-
dized RsrA and restores its capacity to bind the sigma factor.

The activation of the mammalian transcription factor NF-
E2-related factor 2 (Nrf2) embodies the same principle. In the
cytosol, Nrf2 is bound to the Kelch domain of Keapl, a zinc
metalloprotein with cysteine ligands (51). Induction of phase
II gene transcription involves reaction of oxidants/elec-
trophiles with the cysteine ligands of Keap1, followed by zinc
release and translocation of Nrf2 to the nucleus (51).

The Zn/S site in the p70 subunit of heterotrimeric human
replication protein A (RPA, also known as single-stranded
DNA binding protein (SSB)), though not essential for its
single-stranded DNA-binding activity, confers redox depen-
dence on both its interaction with DNA and its recognition of
damaged DNA (167).

Betaine-homocysteine methyltransferase is one of the two
enzymes that regenerate methionine from homocysteine in
the methionine cycle. When the human enzyme is oxidatively
inactivated, the catalytic zinc dissociates upon disulfide for-
mation with two of the three cysteine ligands (54). This pro-
cess is reversible. At present it is unclear whether it is physio-
logically relevant. Human porphobilinogen synthase is
activated by reduction of a disulfide bond in the active site
and migration of a zinc ion from a distal site to three cys-
teines in the active site (180).

2 Disulfide stress is a condition of oxidative stress that generates
disulfide bonds in proteins (5, 46).
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The zinc finger motif in the monomer of cellulose synthase
(CesA) is proposed to participate in oxidative dimerization of
the enzyme (116). Zinc maintains the protein in its mono-
meric state, a functional potential opposite to zinc-induced
oligomerization in other proteins.

The oxidative activation of matrix metalloproteinases
(128), a family of enzymes with 24 mammalian members
(222), is yet another example of the redox activity of
zinc/cysteine coordination environments. In the zymogen of
these enzymes, a thiolate group contributed by a cysteine side
chain blocks the catalytic site by completing the ZnSN, coor-
dination (190). Reaction of this Zn—S bond with glutathione
disulfide (206) or other oxidants such as nitric oxide (73) ac-
tivates the proteinase. This principle of oxidative activation
also applies to the ADAM (a desintegrin and metallopro-
teinase) family of enzymes. Among the 29 mammalian
ADAMs, 17 contain the sequence motif for a catalytic site of
a metalloproteinase (214). TNFa-converting enzyme (TACE)
is activated by nitrosylation of a critical cysteine ligand
(228). This example illustrates the principle that zinc binding
to a cysteine ligand docks an entire protein domain, and that
breaking a single Zn—S bond results in large global change. It
also underscores the fact that different molecular mecha-
nisms for cysteine oxidation exist. Oxidation can result in the
formation of either one or two disulfides. Modification of a
single ligand can be accompanied by either zinc release, for
example, formaldehyde-activating enzyme (see above), or re-
lease of only the ligand while zinc remains bound.

Oxidation of cysteine ligands also can affect the quaternary
structure of proteins because zinc ions can serve as a
crosslink between different protein chains. In such interfacial
zinc sites, zinc is either essential for protein—protein interac-
tions, the assembly of macromolecular complexes, or it is
mainly a stabilizing factor (138). Zinc can crosslink four,
three, or more commonly, two protein monomers (138).
Functions of these interfacial zinc sites include catalysis, in-
hibition of enzymatic or other activities, packaging proteins
for storage, formation of protein/receptor complexes, and
construction of molecular scaffolds (138). Control of the
availability of zinc and cysteine ligand-centered redox reac-
tions in interfacial zinc sites suggest mechanisms for modu-
lating transient protein—protein interactions. In the nitric
oxide synthase dimer, oxidation of the thiolate ligands of the
zinc ion that bridges the subunits releases the zinc ion. As a
consequence, the dimer dissociates into inactive monomers,
thereby uncoupling nitric oxide synthesis (230). Such disso-
ciation can be effected by S-nitrosation of the cysteine li-
gands and disulfide formation in inducible nitric oxide syn-
thase, suggesting both a possible mode of inhibition and
regulation of the monomer—dimer equilibrium (120, 153).

In addition to functioning as redox sensors, zinc/thiolate
sites can be zinc sensors (18). The “zinc link”, a zinc/tetrathi-
olate that organizes the quaternary structure of the endori-
bonuclease RNase E, is such a potential zinc sensor. It was
suggested that the catalytically active RNase E tetramer
would not form under conditions of limited zinc availability,
thereby affecting the stability of particular messenger RNAs
(29).

There is the potential for zinc and redox modulation of het-
erologous protein—protein interaction (quinary structure) in
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an even larger number of proteins. A zinc dimerization motif
with tetrathiolate coordination, termed a “zinc hook”, holds
together the coiled coils of the ATPase Rad50, providing a
scaffold for association of the nuclease Mrell with DNA
(89). A similar zinc motif, termed a “zinc clasp”, is essential
for the association between the tyrosine kinase Lck (p56!ck)
and the T-cell co-receptors CD4 and CD8a (106). It is un-
known how these interactions are controlled. Regulation of
the sulfur oxidation state of cysteine ligands by cellular zinc
and redox control of zinc ion availability make it almost cer-
tain that such interactions are modulated by zinc and/or
redox.

Summaries of these redox zinc switches, their functions,
and their underlying redox chemistry are given (Table 1, Fig.
6).

D. Redox sensors and transducers
in cellular signaling

While these examples demonstrate how redox sensing and
transient zinc binding influence diverse proteins functions,
the effect of redox on proteins with zinc/cysteine coordina-
tion environments in signaling cascades underscores more
fundamental principles in cellular function and communica-
tion. Redox effects are expressed at several levels in a cas-
cade, namely at the receptor through redox modulation of ma-
trix metalloproteinases that proteolytically process receptors,
at the phosphorylation state of proteins, at protein—protein in-
teractions, and at transcription factor activity. Considering
the large number of zinc finger proteins, one wonders how
many of them are affected by redox signals under physiologi-
cal conditions. Under conditions of oxidative stress, the func-
tion of a much greater number of proteins will be compro-
mised. Research has been limited by the availability of
purified zinc proteins and tools to investigate redox-mediated
zinc release in cultured cells. In a few cases, it was possible to
investigate the redox chemistry of the isolated proteins and to
establish the redox sensitivity of particular zinc finger do-
mains in tissue extracts. Demonstration that sulfur ligands are
oxidized and release zinc in vivo continues to be experimen-

TABLE 1. EXAMPLES OF REDOX ZINC SWITCHES AND THEIR
FUNCTIONS IN PROTEINS
Protein Control of Function
Metallothionein Zinc redistribution

Subunit interaction
Disulfide stress sensor
DNA binding
Catalysis

Nitric oxide synthase

Anti-sigma factor RsrA

Replication protein A

Betaine-homocysteine methyl-
transferase

Heat shock protein Hsp33

Protein kinase C

Keap 1

Molecular chaperone

Catalysis

Sensor for inducers of
phase 2 response,
activation of transcription
factor

Formaldehyde-activating Catalysis

enzyme
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FIG. 6. Redox zinc switches in proteins. The
first three examples illustrate the redox chemistry
of structural Zn/S sites. (A) Oxidation with the for-
mation of two disulfides bonds. In the Escherichia
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coli heat shock protein Hsp33, dimerization of the
oxidized monomers induces molecular chaperone
activity. Variations on the theme: In cellulose syn-
thase, zinc keeps the protein in the monomeric state;
in nitric oxide synthase, zinc binds at the dimer in-
terface. (B and C) Oxidation with the formation of
one disulfide bond such as in the Streptromyces
coelicolor anti-sigma factor RsrA and in other zinc
finger proteins. The remaining three examples illus-
trate the redox chemistry of catalytic Zn/S sites. (D)
Disulfide bond formation in the catalytic site of
human betaine-homocysteine methyltransferase in-
activates the enzyme. In other enzymes such as

S
s’ ToH,
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human porphobilinogen synthase, reduction of a
disulfide bond in the active site and zinc insertion
may activate the enzyme. (E) Glutathione disulfide
(GSSG) glutathionylates the cysteine ligand in the
zymogen form of mammalian matrix metallopro-
teinases and activates the enzymes. Strictly speak-
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ing, this example does not represent a redox zinc
switch as zinc does not dissociate from the en-
zymes. It merely illustrates the ligand-centered
redox chemistry of another Zn/S site. (F) Glu-
tathione disulfide also participates in the catalytic

GSH

Zn GSSG S +
SSG

Zn 2+ 4

cycle proposed for the Paracoccus denitrificans
glutathione-dependent formaldehyde-activating en-
zyme. For simplicity, the chemical reactions are not
balanced. S, sulfur ligand from cysteine; N, nitrogen

GSH ligand from histidine. See text for details.

tally challenging, in particular for low abundance proteins.
However, some technical limitations have been overcome by
using commercially available, highly sensitive fluorescent
chelating agents and fluorimetric techniques for in situ and in
vivo imaging of picomolar zinc fluxes.

A recent forum on “Redox Control of Zinc Finger Pro-
teins” in this journal provides an account of the state of the
field up to the year 2000 (119). The following examples will
update this account.

a. Transcription factors. The nuclear receptor super-
family contains four classes of proteins: steroid receptors,
retinoid X receptor (RXR) heterodimers, dimeric orphan re-
ceptors, and monomeric/tethered orphan receptors (159). The
nuclear hormone receptors transduce signals from glucocorti-
coids, mineralocorticoids, sex steroids (estrogen, progesterone,
testosterone), thyroid hormones, and vitamin D,. The family
also includes receptors for retinoic acid, fatty acids, prosta-
glandin derivatives, and other ligands (peroxisome prolifera-
tor-activated receptors). Most of the members of this receptor
family have two zinc ions in their DNA-binding domain. In the
estrogen receptor, the zinc finger that mediates receptor dimer-
ization, but not the one involved in DNA binding, is preferen-
tially oxidized, precluding dimerization and abrogating DNA

binding (215). Cysteines in the ZnS, coordination environ-
ments are not chemically equivalent as their reactivity is differ-
entially modulated by nearby basic amino acids (7). Nitric
oxide reacts with the cysteines coordinating zinc in the estro-
gen receptor, inhibiting their DNA-binding (62). The transcrip-
tional activity of the vitamin D, and retinoid X receptors are in-
hibited by nitric oxide (115). /n vitro data demonstrate that
oxidation of the sulfur ligand in the retinoic acid receptor
(RARa) leads to zinc extrusion and loss of DNA-binding
activity (30).

The tumor suppressor p53 controls the production of reac-
tive oxygen species, initiates apoptosis, and inhibits the cell
cycle via induction of the inhibitor p21. A zinc ion in an S;N
coordination environment is essential for maintaining the
structure of p53 and for its interaction with DNA (39). Its
DNA-binding activity is affected by changes of either the con-
centrations of zinc or the cellular redox state. The redox sensi-
tivity of p53 is thought to be a biochemical mechanism by
which p53 can serve as a sensor of multiple forms of stress
(80).

The RING (really interesting new gene) finger domain is
yet another zinc-binding motif frequently found in E3 ubiqui-
tin ligases. The RING finger of the APCI11 subunit
(anaphase-promoting complex) releases zinc when treated
with hydrogen peroxide, suggesting that a peroxide signal
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contributes to the delay in progression of the mitotic cell
cycle under oxidative stress (31).

b. Signaling enzymes. The cysteine-rich C1 domain
of protein kinase C (PKC) isoforms binds two zinc ions in a
double zinc motif with a set of two S;N ligands. In addition to
its activation by diacylglycerol, PKC is activated by oxidation
(69). Superoxide stimulates PKC activity by oxidizing the thi-
ols in the cysteine-rich region and releasing zinc (110). Hydro-
gen peroxide and phorbol esters release zinc from an isolated
PKC fragment, from a PKC immunoprecipitate, and in single
cells (113), demonstrating that redox and lipid signals con-
verge at the Zn/S centers. The roles of zinc are described as
linchpins that are pulled in the process of activating PKC.
Phorbol ester-induced zinc release may involve destabilization
of a histidine ligand of zinc. Oxidants and lipids act on differ-
ent zinc ions because when both are applied together, two zinc
ions are released. cRaf has similar Zn/S sites and is also acti-
vated by oxidant-induced zinc release. Both PKC and cRaf
contain binding sites with nanomolar affinity for retinol (90).
A vitamin A-dependent signaling pathway also converges at
the zinc finger domain and enhances the redox-mediated acti-
vation of these enzymes.

In addition to serine/threonine kinases, zinc and redox af-
fect phosphorylation signaling of protein tyrosine phos-
phatases. The catalytic cysteine of these enzymes is inacti-
vated by oxidation and formation of a sulfenyl amide
intermediate between the sulfur atom of Cys-215 and the
main chain amide of the neighboring Ser-216 (179). These
enzymes do not contain zinc in their active sites. However,
their activity is inhibited by low nanomolar concentrations of
zinc (75, 144). They seem to be modulated by cellular zinc
because addition of chelating agents to cultured cells changes
the phosphorylation state of their substrates (75). Zinc bind-
ing has been mapped to the catalytic subunit of the protein ty-
rosine phosphatase SHP-1 (78). Zinc may protect the cat-
alytic cysteine from oxidative inactivation or modulate the
activity of protein tyrosine phosphatases in addition to or in
combination with redox regulation.

E. Chemistry of zinc/thiol(ate) oxidation

Zinc binding changes the properties of the thiol group in
cysteine. One aspect is a lowering of the pK, value of the
thiol/thiolate couple, allowing the nucleophilicity of thio-
late to be utilized at physiological pH. This change of reac-
tivity is differentially expressed in the different coordina-
tion motifs. In alkylations, a zinc center with four cysteines
has higher reactivity than one with three or two cysteines
(216). Hydrogen bonding (NH --- S) drastically influences
the reactivity of the sulfurs (38, 186). The dielectric proper-
ties of the protein and electrostatic screening of zinc sites
also affect reactivity as does the redox potential of the Zn/S
site (148, 201). Because entropic factors determine the
redox potential of thiol/disulfide pairs the zinc ion is an im-
portant determinant of the redox potential. Zinc aligns the
thiol groups and establishes their proximity. The redox po-
tential remains so low that mild cellular oxidants such as
glutathione disulfide react with Zn/S sites and release zinc
(131). This property makes Zn/S sites a target of redox sig-
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naling. Nitric oxide (NO) has received considerable atten-
tion as a signaling molecule that reacts with the cysteine li-
gands in zinc finger proteins. Signaling by other reactive
species such as peroxide, superoxide, and sulfur and sele-
nium compounds is similarly effective. It is unknown
whether a single species is primarily responsible for oxidiz-
ing Zn/S sites under physiological conditions. Under oxida-
tive stress, the chemistries of reactive oxygen, nitrogen, and
sulfur species are all relevant as these oxidants target Zn/S
sites. Last but not least, toxic compounds and drugs that are
not necessarily oxidants but electrophiles can react with
Zn/S centers and release zinc with critical effects on protein
function and zinc metabolism.

The formal oxidation state of sulfur in cysteine is —2
(RSH). In biology, the reversible oxidation states of sulfur are
the disulfide (—1) (RSSR), the sulfenic acid (0) (RSOH), and
the sulfinic acid (+2) (RSO,H). A host of enzymes reduces
sulfur in higher oxidation states in these species to thiol sul-
fur. For example, sulfiredoxins reduce cysteine sulfinic acid,
a sulfur oxidation state that together with the oxidation state
of sulfur in sulfonic acid (+4) (RSO,H) was believed to be ir-
reversible in biology (32). Sulfur in cysteine also participates
in radical reactions forming thiyl radicals.

Disulfides are the only oxidation states identified so far as
the result of sulfur ligand oxidation in Zn-S sites. The fact
that there is no information about higher oxidation states of
sulfur during oxidation of zinc-bound cysteines should not be
taken as evidence that they are not formed. Disulfide S—oxide
formation was observed when a peptide corresponding to a
Spl zinc finger and containing nickel instead of zinc was
treated with oxygen (219). In model complexes of ZnS,N, co-
ordination environments, ligands were oxidized to disul-
fonates, in most cases followed by zinc release (2). Clearly,
more work is needed to address the chemistry of ligand-
centered oxidation and to understand reactions leading to
higher sulfur oxidation states and irreversible damage of lig-
ands under conditions of high oxidative stress and oxidation
by specific xenobiotics.

a. Reactive species. Nitric oxide (NO), superoxide
and peroxide are the main reactive species discussed in redox
signaling. The reaction of Zn/S sites with nitric oxide can lead
to S-nitrosylation and disulfide formation (114). Another reac-
tion is transnitrosation, a transfer of NO from S-nitrosothiols to
an acceptor (36). NO also reacts with superoxide to form per-
oxinitrite, a very powerful oxidant of Zn/S sites (22). Superox-
ide and peroxide also release zinc from proteins with zinc/thio-
late coordination (110, 174).

b. Sulfur compounds. Disulfides release zinc from
Zn/S sites by thiol/disulfide exchange reactions (131). In anal-
ogy to reactive oxygen species and reactive nitrogen species,
the concept of reactive sulfur species was introduced (66, 67).
Disulfide S-monooxides (thiosulfinates) and disulfide S-diox-
ides (thiosulfonates) are strong oxidizing agents toward thiol
sulfur in proteins. These compounds are formed under oxida-
tive stress (61, 121), release zinc from Zn/S sites, and form
mixed disulfides and the corresponding acids.
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c. Selenium compounds. Selenium is an essential
trace element. In the form of selenocysteine (Sec), the “21st
amino acid,” selenium is incorporated cotranslationally into
selenoproteins. As a homologue of sulfur in the periodic sys-
tem of the elements, the biological chemistry of selenium
bears some resemblance to that of sulfur. Biology capitalized
on the differences between sulfur and selenium, in particular
the significantly lower pK  value of the selenol/selenolate
couple than that of the thiol/thiolate couple, and the different
redox potentials of selenium oxidation states as compared to
those of sulfur. Like sulfur in biology, selenium undergoes
redox reactions, and hence is utilized as a cellular oxidant to-
ward thiols. In the selenium enzyme glutathione peroxidase,
for example, peroxide oxidizes the selenol group of the active
site selenocysteine to the corresponding selenenic acid,
which then oxidizes the thiol group of glutathione to form
glutathione disulfide. Remarkably, this biological chemistry
of selenium extends to cysteine ligands of zinc (100). Ebselen
(2-phenyl-1,2-benzisoselenazol-3(2H)-one), a selenium-
containing redox drug and a glutathione peroxidase mimic
(184), releases zinc from the zinc protein metallothionein
(MT) within seconds. The reaction follows a 1:1 stoichiome-
try with respect to thiols in MT and takes place even in the
presence of an excess of glutathione (98). Selenocystamine re-
acts with MT at much lower concentrations than cystamine
(100, 132). Low molecular weight reducible selenium com-
pounds oxidize MT or reduce the oxidized protein to generate
the apoprotein thionein (T) (34, 35). Reactions resulting in
zinc release occur at substoichiometric amounts of the sele-
nium compound with regard to thiols, demonstrating a cat-
alytic action of some selenium compounds (34, 35). More-
over, selenium compounds catalyze either the release of zinc
from MT or the reduction of oxidized T (T,) by promoting
tight coupling with the glutathione (GSH)/glutathione disul-
fide (GSSG) pair (Fig. 7). Released zinc induces the expres-
sion of T, whose 20 cysteines contribute to the cellular redox
buffering capacity. In this way, the two essential elements zinc
and selenium interact and antioxidant effects of selenium
compounds are expressed through oxidative chemistry on sul-
fur ligands in zinc metabolism.

Redox reactions of selenium compounds are not restricted
to MT. Zinc finger motifs are highly reactive towards oxidiz-
ing selenium compounds. Diselenides such as selenocystine
or compounds with selenium in higher oxidation states re-

GSSG MT GSSG
Se Se
2 GSH To 2 GSH
+
z“2+

FIG. 7. Coupled metallothionein and glutathione redox
cycles. Selenium redox catalysts increase the rates of both
MT oxidation by glutathione disulfide (GSSG) and T, reduc-
tion by glutathione (GSH). MT and T, function like glu-
tathione peroxidase and glutathione reductase, respectively,
but noncatalytically.
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lease zinc from the zinc fingers in formamidopyrimidine-
DNA glycosylase (FPG) and xeroderma pigmentosum group
A protein (XPA), enzymes that are involved in base and nu-
cleotide excision repair (20).

These interactions between selenium compounds and Zn/S
centers demonstrate zinc release by an oxidative reaction in a
generally reducing environment. They occur even in the pres-
ence of a relatively large excess of reduced thiols such as glu-
tathione. The catalytic potential of selenol(ate)s suggests that
modulation of zinc release and binding are significant aspects
of selenium’s pharmacology in cancer prevention, diabetes,
and anti-inflammatory therapy. This potential of restoring
redox cycles has been demonstrated by preventing increases
of cellular available “free” zinc and decreases of both MT
and glutathione levels in diabetic rats that received injections
of sodium selenite (11).

F. Cellular redox changes
and redox compartmentation

Tenets of redox signaling are that (a) oxidative mecha-
nisms of activation can occur in an overall reducing envi-
ronment such as the cytoplasm, (b) different redox couples
are held at different redox potentials and are not in equilib-
rium, and (c) there is redox compartmentation within the
cell. The redox potentials of proliferating and confluent fi-
broblasts differ by 34 mV (91). Redox potentials of the
GSH/GSSG couple change from —240 mV in proliferation
to —200 mV in differentiation to —170 mV in apoptosis
(181). Differentiating and apopotic cells have redox poten-
tials that are 60 and 72 mV more oxidizing with regard to
the redox potential of normal cells (28, 109). A change of 60
mV corresponds to a 100-fold change in the GSH/GSSG
ratio. Such a change is conducive to alter the zinc content of
proteins with zinc/cysteine coordination (94). Moreover, the
GSH/GSSG couple is held at —239 mV in the cytosol,
whereas more oxidizing conditions prevail in the endoplas-
mic reticulum where the redox potential of that couple is
—165 mV (92). Other oxidative environments are the mito-
chondrial intermembrane space (IMS), endosomes, and
lysosomes (10). The mitochondrial IMS allows oxidative
protein folding that controls the zinc-binding of proteins
with Zn/S sites (see below). The IMS is believed not to be in
redox equilibrium with either the cytosol or the mitochon-
drial matrix (82). Perhaps a similar situation pertains in the
endoplasmic reticulum, where the cysteines of protein disul-
fide isomerase may bind zinc (188). Thus, redox compart-
mentation within the cell as well as redox changes in the cy-
tosol might be critical determinants of the metal-binding
capacity of proteins with Zn/S sites and the availability of
zinc in different compartments.

3 Cellular available “free” zinc refers to the amount of zinc that is
freely and readily available to a chelating agent. Other terms used in
the literature are “labile” or “readily exchangeable” zinc. For the lack
of a better term, “free” zinc ([Zn?*] ) is used in this article, albeit with
the understanding that the ion is not devoid of any ligands.



REDOX AND ZINC SIGNALING

III. METALLOTHIONEIN AND
THIONEIN: A LINK BETWEEN REDOX
AND ZINC SIGNALING

Metallothioneins (MT) are major cellular transition metal
ion-binding proteins in cells. They were the first proteins
known to have zinc—sulfur coordination bonds. Their Zn/S
sites have served as a paradigm for zinc transfer between pro-
teins, redox functions of zinc proteins, and the link between
redox and zinc metabolism (99, 131, 133, 134, 136, 137,
142). MTs are assigned to three classes (104). The proteins in
class I have strong homology to mammalian MTs. Class II
MTs are a heterogeneous group of proteins with high thiol
content, metal binding characteristics, and some primary
structural features that are reminiscent of those of class I
MTs. Cysteine-containing peptides and glutathione ana-
logues such as phytochelatins belong to class III. In humans,
more than a dozen genes encode a family of class I proteins
with 60—68 amino acids (MT-1 and related proteins, MT-2,
MT-3, and MT-4). The name metallothionein derives from the
observation that the protein contained a relatively high
amount of sulfur and several metal ions, notably cadmium,
when it was first isolated from horse kidney (130). The find-
ing of cadmium in a protein stimulated interest and research
in a possible role in detoxification of this toxic and carcino-
genic metal. Cadmium is a congener of zinc and accumulates
with age, in particular in the kidney. Under most physiologi-
cal conditions MT contains zinc, and therefore, the following
discussion will focus on zinc-containing MT.

Mammalian MTs are two-domain proteins. The protein
completely envelops the seven zinc ions that are bound by
twenty cysteines in two zinc/thiolate clusters (Fig. 8), one
with three zinc ions and nine cysteines in the N-terminal do-
main, and the other with four zinc ions and eleven cysteines
in the C-terminal domain. In contrast to the zinc ions, which
are buried in the protein, some of the sulfur ligands are acces-
sible at the surface of MT (176). Owing to these cysteines,
MT is a relatively reactive molecule both in vitro and in vivo,
and a prime example of a redox-active zinc protein (131, 134,
136). Oxidation of its thiolate ligands and concomitant zinc
release provide a mechanism to explain how zinc can be
tightly bound to protect the cell from the deleterious effects

1427

of the free zinc ion (see below in section IVBD) and still be
available for cellular processes (143). This ligand-centered
redox chemistry also can release cadmium and copper when
these metal ions bind to MT under specific conditions (125,
152).

Remarkably, mild biological oxidants such as glutathione
disulfide (GSSQG) release zinc from MT, indicating a low
redox potential of MT and raising the possibility that oxida-
tion is a physiological mechanism for zinc release (131, 132).
Reactions with GSSG and other disulfides are slow, but can
be enhanced by additional factors such as selenium com-
pounds that either react directly with MT or catalyze the oxi-
dation of MT by disulfides (35, 100). Oxidants, including re-
active species, release zinc in cellular systems. Selenite,
membrane-permeable disulfides, and hydrogen peroxide re-
lease zinc in cardiomyocytes, neurons, and promyelocytic
leukemia cells, respectively (1, 174, 205). While many oxi-
dants release zinc under oxidative stress, it is unknown
whether a single agent, multiple redox pairs, or enzymes react
with MT and release zinc under physiological conditions. The
recognition of this redox chemistry of MT led to the idea that
MT is a transducer of redox signals into “zinc signals” (Fig.
9, top). MT is a target of nitric oxide (189, 192). Nitric oxide
or its adduct with a thiol, S-nitrosothiol, releases zinc from
MT in vitro and in cultured cells (15, 114, 168).

S-nitrosothiols react preferentially with the isoform MT-3
by transnitrosation, a process in which NO transfer occurs be-
tween sulfthydryl groups (36). This preference is caused by
two cysteines that are flanked by consensus motifs for cat-
alytic nitrosylation in the primary sequence of MT-3. (K)C(E)
and C(E) motifs are present only in MT-3 and not in the MT-
1, MT-2, or MT-4 isoforms, rendering MT-3 particularly sen-
sitive to nitric oxide but not to peroxide. The isoform MT-3 is
a neuronal growth inhibitory factor (GIF) in the brain (207), a
biological activity that it does not share with other MT iso-
forms. MT-3 has been isolated on the basis of the fact that its
growth-inhibitory activity on rat embryonic cortical neurons
is absent in extracts from Alzheimer disease brains (207). It
undergoes a redox transition that converts its 4-zinc cluster to
a 3-zinc cluster (177). Based on the observation that MT-3
occurs in approximately equal amounts inside and outside the
cell (208), it has been suggested that the 3-zinc and the 4-zinc
cluster constitute its extracellular and intracellular forms, re-

FIG. 8. Metallothionein primary MEFHEAGAASDICTOND

sequence (human MT-2), zinc
binding, and the structures of the
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FIG. 9. Metallothionein and thionein as transducers of
redox and zinc signals. The redox zinc switch in MT trans-
duces a redox (oxidant) signal into a zinc signal with different
specificity. In this process, oxidized thionein (T,) is formed.
Zinc induces the expression of reduced thionein (T), which
has twenty thiols. Therefore, a zinc signal also can be trans-
duced into a redox (reductant) signal.

spectively (177). MT-3 binds to the GDP complex of Rab3A,
a small GTPase that interacts with docking and trafficking
proteins in the exo-endocytotic cycle of synaptic vesicles,
and is thought to be involved in the pathway of loading
synaptic vesicles with zinc (111). Synaptic zinc vesicles co-
localize with some glutamate vesicles and release their zinc
into the synaptic cleft when the nerve is stimulated (59, 60).

A. Speciation and redox biology
of metallothionein and thionein

While these investigations show that MT can be oxidized
with concomitant zinc release, they have not clarified the
fate of the protein in this process. Since isolations of MTs
are based on their metal content, the apoprotein would es-
cape detection. A new method based on differential chemical
modification of cysteines in their metal-bound and free form
made it possible to distinguish the holoprotein (MT) from
the metal-free apoprotein thionein (T) (220). In the liver,
kidney, and brain of rats, the amounts of T are commensurate
with those of MT. Information on whether T is fully reduced
or partially oxidized is not available from this assay because
it must be performed in the presence of a reducing agent.
Oxidized protein (thionin) can now be analyzed with double
differential modification assays in the presence and absence
of either a chelating agent or a reducing agent. In this way,
both the zinc-load and the redox state of the protein can be
determined (76). Disulfide species of “MT” were detected in
murine hearts that overexpress MT (55). The amount of oxi-
dized protein increases when the heart is oxidatively stressed
with the anticancer drug doxorubicin. A unique structure of
the oxidized protein was not found, however, nor was there
any evidence for disulfides formed in the N-terminal domain
of MT. Twenty cysteines potentially form over 650 million
species with different intramolecular disulfide bonds (97).
To complicate matters further, MT can also engage in inter-
molecular disulfide formation. An intermolecular disulfide
links the C-terminal domains of two MT-1 molecules (225).
Sequence motifs such as Cys—Cys and Cys—X—X-Cys in MT
and the orientation of cysteines by zinc in the clusters are ex-
pected to limit the number of possible disulfides. The cluster
structures may contain a yet to be deciphered blueprint for
the formation of specific disulfides and pathways of zinc re-
lease (143).
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In summary, MT is not just one species but exists in differ-
ent states depending on the redox environment. Potentially,
different redox pairs and enzymes are involved in intercon-
version of these species. For example, T is an excellent sub-
strate for a member of the flavin-dependent quiescin—
sulthydryl oxidase family of enzymes that participate in
disulfide formation in oxidative protein folding (76, 199).
The oxidized protein can be reduced with glutathione in the
presence of a selenium catalyst (35). Thiol/disulfide oxidore-
ductases such as thioredoxin/thioredoxin reductase may also
reduce the oxidized protein. The reversibility of these reac-
tions in vitro suggests a redox cycle of MT dependent on
other cellular redox couples such as glutathione/glutathione
disulfide (GSH/GSSG) and linked to the control of cellular
available “free” zinc (35).

Another important aspect of this redox cycle is that zinc
ions induce the synthesis of glutathione and T, also through
their activation of MTF-1. Induction of T serves at least two
purposes. T is a chelating agent that can bind the excess of re-
leased zinc, thus stopping the zinc signal. Owing to its twenty
reduced cysteines, T (Ty) is also a very efficient reductant.
Therefore, in this redox cycle, zinc signals are also trans-
duced into redox signals (Fig. 9, bottom).

B. Participation of metallothionein
and thionein in signaling pathways

The view emerges from cellular studies that the MT redox
cycle is a component of NO signaling and other cellular sig-
naling pathways. The activation of muscarinic receptors or
calcium influx into sheep pulmonary artery endothelial cells
results in a FRET (fluorescence resonance energy transfer)
signal of a GFP-based MT sensor (168). The sequence of
events includes the calcium activation of endothelial nitric
oxide synthase, NO production, and NO-induced zinc release
from MT. Similarly, activation of murine aortic endothelial
cells with pro-inflammatory cytokines releases zinc in the nu-
cleus through activation of inducible nitric oxide synthase
and nuclear translocation of MT (189).

The extensive transcriptional, posttranscriptional, and epi-
genetic regulation of MT-1/-2 gene expression demonstrates a
high degree of integration into cellular signaling and is con-
sistent with a role of MT in development and in all aspects of
cell fate—proliferation, differentiation, and apoptosis. The
levels of MT are highly variable; there is an over 400-fold
variation of its total amount through isoform- and tissue-
specific expression (217). Until now, functions of the induced
or overexpressed protein had been discussed as properties of
MT. It is, however, by no means a foregone conclusion that
MT forms concurrently with T on the ribosome because zinc
is not necessarily readily available. Therefore, many, if not all
of the functions of these inducers could relate to the proper-
ties of T as a zinc acceptor (chelating agent) and reductant—a
view opposed to the one commonly expressed. The extensive
list of inducers includes metals, various types of stress, and
acute phase and inflammatory responses (103). The promot-
ers contain MREs, E box motif for binding of upstream stim-
ulatory factor (USF), antioxidant response element (ARE),
GC box for Spl binding, enhancer elements for activator
protein-1 and -2 (AP-1/-2), and glucocorticoid response ele-
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ments (84). Interferons, cytokines, growth factors, and agents
that act on nuclear hormone receptors bind to specific cis-
acting elements of the T genes and induce the protein. Oxida-
tive stress induces T directly through action on the ARE and
indirectly through MTF-1. Not only are many transcription
factors zinc proteins (Spl, nuclear hormone receptors, MTF-
1) (Fig. 10), but zinc is also a constituent of the zinc finger
protein PZ120, a transcriptional repressor (196).

Ever since its discovery (130), the function of MT has been
shrouded in uncertainty and there have been competing views
about its function (105, 165). The chemical properties of MT
and T as zinc donor and acceptor, respectively, their redox
properties, and their cellular translocations provide a general
framework for their biological activities. Jointly, these prop-
erties suggest that the MT/T pair serves a physiological func-
tion at a central node in the cellular signaling network where
redox signals are transduced into “zinc signals” (Fig. 9). Mi-
tochondrial shuttling (221), export of MT into the extracellu-
lar space (154, 202) and its translocation into the nucleus (37,
160) suggest a more general role in directing the flow of zinc
across cellular membranes. The nucleocytoplasmic shuttling
of MT requires energy (ATP), depends on signaling kinases,
the state of the cell, and oxidation of a cytosolic factor (4,
182, 197, 218).

It remains to be shown whether any or all of these translo-
cations relate to the interaction of MT with ATP or GTP (95).
ATP changes the shape of MT from that of a dumbbell to one
that is slightly bent by about 20 degrees around the central
hinge region that links the domains (146). Such conforma-
tional changes could determine its cellular translocation or
retention in a particular compartment.

In conclusion, MT translocates to different compartments
and buffers zinc in a process with high integration into cellu-
lar signaling pathways. It transduces redox signals. MT do-
nates zinc and T accepts zinc. Because of these redox- and
zinc-dependent characteristics, MT has been implicated in
numerous cellular functions.

C. Released zinc ions as signals

The consequences of oxidant-released zinc from proteins
are twofold. First, zinc compromises the function of the pro-
tein(s) from which it is released, and second, it affects func-
tions of the proteins to which it subsequently binds (139). An
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important aspect is that zinc ions are now recognized as intra-
cellular and intercellular messengers, which may rival cal-
cium in significance (58). The concentrations of cellular
available “free” zinc is in the picomolar/nanomolar range (14,
169, 185), though variations in mammalian cells are not
known with great precision. The absolute basal levels mea-
sured are 25 pM for erythrocytes (185), 5 pM for pheochro-
mocytoma (PC12) cells (198), 520 pM in cardiomyocytes
(11), and 170 and 350 pM for monocytes and lymphocytes,
respectively (79). It is clear that these levels are at least five
orders of magnitude lower than those of the overall cellular
zinc concentrations, which are a few hundred micromolar
(164). Low nanomolar zinc fluctuations can be induced by
stimulation of excitable cells (6), DNA-damaging agents
(187), cellular influx of zinc (40), mitochondrial zinc release
(183), and oxidative release of zinc from proteins when cells
are exposed to oxidizing agents or when an oxidant signal is
generated within the cell (1, 189, 192, 205). Because zinc
fluctuations occur at such low concentrations and zinc inter-
acts strongly with proteins, released zinc is a very potent sig-
nal. In signal transduction from a redox signal, a zinc signal
with a different degree of specificity and selectivity is gener-
ated. Selectivity is determined by the characteristics of coor-
dination sites in proteins. Whereas the coordination of zinc is
generally flexible, certain constellations of a minimum num-
ber of ligands must be fulfilled to provide sufficiently tight
binding. In the nanomolar range, zinc extends the signaling
capabilities of calcium ions in the micromolar range and
those of magnesium ions in the millimolar range (135). Thus,
with these three redox-inert metal ions, the cell has a dynamic
range of well over six orders of magnitude of concentrations
for cation signaling. Multiple lines of investigations have
been pursued to determine the target(s) of released zinc and
the processes that are regulated by zinc ions. The consensus
building from these studies is that zinc affects intermediary
and energy metabolism, signaling, mitochondrial function,
and gene expression.

a. Gene expression. MTF-1 (metal response element
(MRE)-binding transcription factor-1) contains six zinc fingers
arranged in tandem for interaction with DNA (3, 65). It is a
zinc sensor and essential for basal as well as metal-induced ex-
pression of MT (88), and has served as a prime example of
metal-induced eukaryotic gene regulation. Sensing involves

FIG. 10. Metallothionein gene regulation is
redox- and zinc-dependent. Redox affects the
state of the MT/T protein and gene expression of T.
Gene regulation involves the zinc sensor MTF-1

and zinc proteins such as the transcription factors an"‘
Sp1 and nuclear hormone receptors. At the protein
level, the redox dependence of zinc-binding estab-
lishes a feedback loop: Induction of T restores re- znz*
ducing and zinc-binding capacity. Inducers MTF-1
Zn finger proteins 6 Zn fingers ~" -~

Redox stress

MT/T ratio
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multiple fingers, responsiveness to an about 100-fold change
in zinc concentrations, and binding to different types of MREs
at low and high zinc concentrations (171, 213). A string of four
closely spaced cysteines far from the zinc finger domain is also
required for zinc-induced transcriptional activation (33). MTF-
1 is constitutively expressed and its genetic ablation (knock-
out) is lethal at the embryonic stage (74). The activation is
quite specific for zinc (19). MTF-1 is involved in the regula-
tion of the stress response, including the expression of the
heavy chain of y-GCS (gamma-glutamylcysteine synthase)
and many other genes (123). Oxidative stress and hypoxia acti-
vate DNA-binding activity of MTF-1 and increase MT expres-
sion (47,156). The activity of MTF-1 is modulated by MT and
it is believed that it is the oxidative release of zinc from MT or
the displacement of zinc from MT by cadmium that leads to the
activation of MTF-1 (226). In sheep pulmonary aortal endothe-
lial cells, NO-induced zinc release from MT leads to nuclear
translocation of MTF-1 (193). Taken together, the oxidative ac-
tivation of transcription by both MTF-1 and Nrf-2 are linked
through a pool of available zinc that is controlled by MT/T
(Fig. 11). MTF-1 also contributes to hypoxia-inducible factor-
1 (HIF-1) activation by a mechanism that may involve pertur-
bation of oxygen-sensing by increased glutathione levels (157).
In other words, oxidative signals enable a concerted antioxi-
dant response that includes a feedback mechanism whereby T
lowers the availability of zinc. The capacity to reduce oxidized
Keapl and T is restored by induction of T and other antioxi-
dant enzymes, including the thioredoxin/thioredoxin reductase
system, by MTF-1 and Nrf2.

Genomic approaches have provided additional insight into
zinc-dependent gene regulation. An increase in cellular zinc
by either nutritional supplementation in mice or addition to
the medium of cultured cells results in the activation of a
large number of genes (44, 155). A global screen of the
murine thymic transcriptome for genes that are modulated by
changes in dietary zinc did not reveal any modulation of zinc
metalloenzymes or zinc finger transcription factors but iden-
tified a number of genes involved in T-cell development, heat
shock proteins, and translation- and transcription-related fac-
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tors (155). An investigation of the effects of zinc-deficient
and zinc-supplemented media on gene expression of human
THP-1 mononuclear cells found 1045 zinc-responsive genes
(5% cytoskeleton, 8—11% nucleic acid binding, 4-6% apop-
tosis, 10-18% metabolism, 4-8% cell growth/development,
10-16% signal transduction, 9-12% immune/cytokine, and
33-41% uncharacterized) (44). When hepatic gene expres-
sion was examined under zinc deficiency, genes related to
growth, lipid and xenobiotic metabolism, stress response, ni-
trogen metabolism, intracellular trafficking, and signal trans-
duction were affected (200). The “zinc regulon” in zinc-defi-
cient human colon cancer HT29 cells comprises at least 309
genes, 79 of which play a role in intermediary metabolism, 30
in signaling, 15 in cell cycle and growth control, 15 in vesicu-
lar trafficking, 13 in cell-cell interactions, 10 in the cy-
toskeleton, and 19 in transcriptional control (107). More than
half of the proteins that responded to high zinc in these cells
participate in ATP production and in the stress response
(108). The responses of cells or animals to zinc are rather
pleiotropic. Zinc affects almost all aspects of cellular func-
tion, suggesting an indirect mechanism of gene activation
and/or activation through zinc-dependent transcription fac-
tors other than MTF-1. Variation of zinc in the diet or in a
medium of cultured cells presumably has far more complex
effects than cellular zinc signals that are generated by spe-
cific signaling pathways.

b. Mitochondria. MT has a significant effect on mito-
chondrial respiration (221). When imported into the intermem-
brane space (IMS) of liver mitochondria, MT releases zinc,
which inhibits mitochondrial respiration (221). Similar to other
nuclear-encoded zinc- or copper-binding proteins that lack a
mitochondrial targeting sequence but share conserved cysteine
motifs, MT apparently diffuses through the translocase of the
outer membrane (TOM) (87). A mechanism proposed for the
vectorial transport of these proteins includes a disulfide relay
system that catalyzes import into the IMS (149). Central to this
process is a reaction cycle of the protein Mia40 (Tim40), the

FIG. 11. Oxidant signaling in the parallel ac-

tivation of both Nrf2- and MTF-1-dependent
pathways. Two oxidative reactions increase
the availability of zinc. Oxidation of Keapl re-
leases zinc, leading to the nuclear translocation
of Nrf2 and its binding to the ARE (antioxidant
response element) sequence. Oxidative zinc re-
lease from MT leads to activation and nuclear
translocation of MTF-1 and binding to MRE
(metal response element) sequences. It remains
to be shown whether zinc release from Keapl is
sufficient for transcriptional activation of MTF-
1. Both transcription factors participate in cellu-
lar redox homeostasis. The same or different
redox pairs (ox/red) can release zinc from
Keapl and MT. A third redox pair can be cou-
pled to the T, /T, equilibrium. With regard to

Stress response

ox & other genes
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zinc, the net effect of oxidative stress in this
scheme is a stress response with biosynthesis of
T (Ty) for controlling the availability of zinc.
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sulfhydryl oxidase Ervl, and the protein to be imported. The
cycle includes oxidation of Mia40 by Ervl, a transient mixed
disulfide between the sulthydryls of Mia40 and those of the
imported protein, and thiol/disulfide interchange to generate
the oxidized imported protein and reduced Mia40. The IMS is
not in redox equilibrium with the cytosol and an oxidative envi-
ronment for protein folding (126). In the IMS, zinc is removed
from zinc proteins for oxidative folding, an essential step for
formation of the TIM (translocase of the inner mitochondrial
membrane) complex (127). Tim10, one of the small Tim pro-
teins with twin Cys—X-X-X-Cys motifs (112), binds zinc in
an S, motif; it has a low redox potential as GSH cannot reduce
the oxidized protein, but GSSG can oxidize the reduced pro-
tein. Zinc maintains the protein in a reduced form for mito-
chondrial import. Since small Tim proteins apparently occur in
both their disulfide and zinc-bound, reduced states in the IMS,
the oxidatively folded protein must be either reduced for zinc
binding or the zinc-bound form presents the protein before it
reacted with Mia40. Oxidized small Tim proteins may be re-
duced by Hotl3 (helper of Tim) (46). MT undergoes
zinc—thiol/disulfide interchange (131). Therefore, these mech-
anisms provide a plausible explanation for how MT is imported
into the IMS and releases zinc.

Complexes I and III of the respiratory chain have in-
hibitory, high-affinity (submicromolar) zinc binding sites
(27, 124). In complex III, two zinc-binding sites have been
identified (17). Inhibition of mitochondrial respiration is spe-
cific for the N-terminal B-domain of MT (221), which has a
different zinc transfer potential than the C-terminal a-domain
that is inactive in this regard (96). T, on the other hand, acti-
vates zinc- or MT-inhibited respiration. Also, state 3 (cou-
pled) respiration increases when isolated mitochondria are
treated with zinc chelating agents, indicating that normal res-
piration is modulated by zinc (221). Mitochondrial functions
are particularly sensitive to zinc. Zinc inhibition of mitochon-
drial respiration increases the production of reactive oxygen
species (ROS) (183). Nanomolar concentrations of zinc in-
duce MPT (mitochondrial permeability transition) and inhibit
the thiol oxidoreductase activity of lipoamide dehydrogenase
with concomitant production of reactive oxygen species (63,
93). Zinc inhibits mitochondrial aconitase (43), which ac-
cepts zinc directly from MT (56). How and whether MT en-
ters the mitochondrial matrix is unknown.

¢. Zinc inhibition of enzymes. Nanomolar concen-
trations of zinc inhibit enzymes in energy metabolism and sig-
naling (75, 144, 145). Enzymes in glycolysis and cytosolic
glycerol 3-phosphate dehydrogenase are examples of such
tightly inhibited enzymes (144, 145). These findings expand
the repertoire of zinc functions because they identify zinc-
dependent functions of proteins that are generally not consid-
ered to be zinc metalloproteins. Such tight zinc binding sug-
gests specific structural requirements of the binding sites.
Since zinc binding to these proteins has not been characterized
structurally, it is unclear whether such potential regulatory zinc
sites have a common motif.

While protein tyrosine phosphatases (PTPs) and caspase-
3 were known to be inhibited by zinc (24, 170), more recent
investigations demonstrated much stronger zinc inhibition
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at concentrations that can be achieved during oxidative zinc
release. The IC, for zinc inhibition of PTP 1B is 15 nM,
and inhibition of other PTPs is similarly strong (75, 78).
Among other targets, PTP 1B controls the phosphorylation
state of the insulin receptor. Zinc inhibition of this enzyme
could account for the insulinomimetic effects of zinc (77).
Inhibition of PTP 1B maintains the insulin receptor in its
phosphorylated state, which is necessary for propagation of
the signal. The insulin signal generates a redox signal via
coupling to the oxidase Nox4 (70). The resulting hydrogen
peroxide either directly affects the activity of PTP 1B or re-
leases zinc from MT for subsequent inhibition of PTP 1B. In
any event, zinc inhibition of protein tyrosine phosphatases
rather than zinc stimulation of tyrosine kinases could be the
mechanism by which zinc modulates phosphorylation sig-
naling (77).

Caspases are another enzyme family with a catalytic cys-
teine residue. Their activity is also affected by cysteine redox
chemistry and by zinc inhibition. The IC, for zinc inhibition
of caspase-3 is <10 nM (144). Zinc might serve to reversibly
bind and protect the essential catalytic cysteine from oxida-
tive damage during activation of pro-caspase-3 (203).

IV. ZINC AND REDOX CONTROL

Beyond the molecular functions of redox zinc switches,
there is an issue with even greater implications, namely to
what extent zinc controls redox metabolism. It has been
known for some time that zinc elicits antioxidant effects.
However, it can also express oxidant effects when there is ei-
ther too much zinc (overload) or not enough zinc (defi-
ciency). Both conditions generate oxidative stress, albeit by
different mechanisms (83). Tight control of cellular zinc by
zinc homeostatic proteins is critical to maintain thiol/disul-
fide redox homeostasis. The remainder of this article will an-
alyze these relationships that suggest that zinc has been cho-
sen for the control of some aspects of redox metabolism
because of its tight interactions with proteins and its redox-
inert characteristics. Given an overall cellular zinc concentra-
tion of >200 uM and binding to a considerable number of cel-
lular thiols, it is not unexpected that zinc influences the
cellular thiol/disulfide redox balance.

A. Antioxidant effects of zinc

Zinc is considered to be an antioxidant because it protects
the cell against oxidative damage by interacting with cellular
thiols, precluding their oxidative inactivation, and by compet-
ing with redox-active metal ions that produce reactive oxygen
species (25, 172). Because zinc itself is redox-inert, any an-
tioxidant function must be indirect. Therefore, we proposed
the term “pro-antioxidant” (83) to describe functions of zinc
restricted to a range of physiological and perhaps pharmaco-
logical concentrations (Fig. 12A). Pro-antioxidant functions
of zinc are expressed through the activation of the metal re-
sponse element (MRE)-binding transcription factor-1 (MTF-
1), which induces proteins involved in the stress response
such as T and the heavy chain of y-glutamylcysteine synthase
for glutathione synthesis.
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FIG. 12. Pathways for the expression of pro-
oxidant and pro-antioxidant functions of zinc.
The response to an oxidant signal can be either an
amplification or an attenuation of the signal. (A) At
physiological levels of oxidant signals, and perhaps
pharmacological levels of zinc during zinc supple-

MTF-1 —— Attenuation of . . .. .
Oxidant Signal, mentation, zinc is a pro-antioxidant through its ef-
l “Pro-antioxidant” | fects on gene expression. Zinc supplementation can

provide protection, but it can also induce higher lev-
els of MT and increase the amplitudes of zinc signals
during oxidative stress. (B) Under oxidant (oxida-
tive) stress, zinc released from zinc proteins binds to
other proteins and elicits more oxidative stress. In
the case of zinc deficiency, Zn/S sites might not be
protected by zinc and hence susceptible to oxidation
(not shown).

In humans and animals, zinc supplementation has antioxi-
dant effects. When ten healthy humans received 45 mg/d zinc
gluconate for 8 weeks, their inflammatory cytokine response
was dampened (173). The authors suggest that an upregula-
tion of A20, a protein with seven zinc fingers and a negative
feedback regulator of NF-kB, is responsible for this effect. In
human adults with type 2 diabetes, supplementation with 30
mg/day zinc over 6 months reduced the burden of oxidative
stress by 15% (178).

Liver injury due to excessive alcohol consumption is
thought to be mediated by oxidative stress. In a mouse
model of alcoholic liver injury, zinc supplementation pre-
vents alcoholic liver injury by inhibiting the generation of
reactive oxygen species by cytochrome P450 2E1 and by
enhancing the antioxidant response (229). Moreover, zinc
supplementation prevented alcohol-induced myocardial fi-
brosis in the mouse model (212). In cultured cells, zinc has
a pro-oxidant effect, but when the cells are pretreated with
zinc, a pro-antioxidant effect against hydrogen-peroxide-
induced cytotoxicity is observed (42). These antioxidant
effects of zinc under physiological and pathological condi-
tions suggest a therapeutic potential for zinc. However, the
range between safe (recommended dietary allowances) and
unsafe (reference dose) intake is relatively narrow. The
borderline between pharmacological and toxic concentra-
tions is ill defined. Hence, the margin for zinc supplemen-
tation is narrow because additional zinc can induce copper
deficiency with severe consequences including oxidative
stress (147).

Zinc elicits oxidative stress above and below its physiolog-
ical and pharmacological concentrations (Fig. 12B). Strictly
speaking, at low concentrations of zinc, it is its absence that
has the pro-oxidant effect (161). These dual redox actions of
zinc as either a pro-oxidant or a pro-antioxidant are depen-
dent on the concentrations of cellular available “free” zinc
and the zinc buffering capacity of the cellular components,
which jointly determine whether zinc is cytotoxic or cytopro-
tective (Fig. 13). Within the range of operation of homeosta-
tic mechanisms zinc attenuates the oxidant signal. If the con-
centrations of cellular available “free” zinc are too high, zinc
amplifies the oxidant signal (Fig. 12).

B. Oxidant effects of zinc and zinc deficiency

a. Zinc deficiency and oxidative stress. Mam-
malian cells respond to zinc deficiency with a global change in
gene expression (44, 48). How they sense zinc deficiency is
unknown. Zinc deficiency induces oxidative stress by unknown
mechanisms (86, 161, 162). One possibility is that transcrip-
tion factors/signaling pathways sense oxidative stress rather
than zinc deficiency.

b. Zinc overload and oxidative stress. If the ca-
pacity of the cellular zinc homeostatic system is overwhelmed,
zinc overload elicits oxidative stress, depleting cellular energy
(50) and increasing mitochondrial production of reactive
species. These deleterious effects of zinc ions were studied ini-
tially in neurons, leading to the paradigm that intracellularly
released zinc ions can be cytotoxic (59), despite the fact that
zinc has very little acute toxicity systemically (209). Different
mechanisms appear to underlie observations made in cultured
cells and in vivo. Prolonged zinc supplementation elicits a con-
ditioned copper deficiency that causes oxidative stress. Cellu-
lar zinc toxicity is evident when cells are exposed to concentra-
tions of extracellular zinc that exceed the buffering capacity of
the medium (usually >200 pM). It remains unproven whether
such studies are physiologically relevant because body zinc ho-

Cellular available “free” Zn

low high

‘_A

Oxidant — Antioxidant — Oxidant

FIG. 13. Cellular zinc availability and redox functions.
Tight control over the cellular available “free” zinc is necessary
to control redox effects. Both low (deficiency) and high
(overload) zinc elicit oxidative stress. Zinc expresses pro-
antioxidant effects only in an intermediary range of physiolog-
ical and possibly pharmacological concentrations.
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meostasis apparently prevents zinc overload of cells. The main
mechanism of increasing cellular available “free” zinc in both
cellular studies and in vivo is the intracellular release of zinc by
oxidative stress. Based on a large body of literature, the follow-
ing sequence of events has been proposed to lead to neuronal
death (22): calcium influx through calcium channels, calcium-
activated nitric oxide production and peroxynitrite formation,
zinc release from MT, zinc-induced production of reactive oxy-
gen species by mitochondria, activation of the mitochondrial
pathway of apoptosis, and a p38(MAPK)-mediated effect on
potassium channels.

Depending on its zinc buffering capacity and plasticity in
expressing defense proteins, the cell can cope with either too
much or too little zinc to a certain degree, but initiates apop-
tosis if there is too much stress through either zinc deficiency
or zinc overload (57, 195). The generation of oxidative stress
is a plausible reason for the pro-apoptotic effects of zinc. De-
crease of cellular zinc precedes even early markers of apopto-
sis (52). In a certain range, presumably where zinc has pro-
antioxidant effects, zinc can also be anti-apoptotic. Inhibition
of caspase-3 could be one reason for its anti-apoptotic effect.
Pathways for modulation of cell death include the production
of mitochondrial reactive species and the generation of pro-
apoptotic signals through zinc proteins such as p53 and PKC.
Other zinc-dependent proteins are IAPs (inhibitor of apopto-
sis proteins), which have zinc-containing BIR (Baculovirus
IAP repeat) and/or RING domains (211).

Thus, another major theme is emerging, namely a role of
the pool of cellular available “free” zinc in controlling the
redox state and cell fate. Zinc- and redox-dependent signals
converge in pathways that determine life and death of cells.
The transcription factors NF-kB, p53, and AP-1 are major
surveillance systems of cells. Their signaling is redox-
regulated (194) and affected by the availability of cellular
zinc (83). The way in which redox controls zinc and vice
versa makes redox and zinc effects virtually inseparable, de-
manding that both be addressed experimentally to distinguish
cause and effect.

V. DRUG INTERACTIONS

The relatively high chemical reactivity of Zn/S sites and
the potency of the effects of released zinc have generated sig-
nificant interest in drug discovery. The redox activity of Zn/S
sites has been exploited for therapeutic purposes. Drugs con-
taining a disulfide bond react with the cysteines in the ZnS;N
site of the nucleocapsid protein of retroviral viruses such as
HIV-1, or the cysteine ligands of zinc in the human papillo-
mavirus E6 protein (12), forming a mixed disulfide interme-
diate. Concomitant zinc ejection abolishes virus infectivity
(175, 204).

Zinc-bound thiolate/disulfide interchange is also a mecha-
nism of potent irreversible inhibition of (-lactamases with
Zn/S sites and a possible strategy to combat antibiotic resis-
tance due to expression of metallo-B-lactamases in bacterial
infections (21).

Anticancer drugs such as chlorambucil and melphalan
form covalent adducts with MT (223, 224). Rarely have the
effects of these reactions on zinc homeostasis been consid-
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ered, and it is in this area where there is a great therapeutic
potential.

Motexafin gadolinium, in clinical trials for several cancers,
mediates electron transfer from various cellular reductants in-
cluding thiols, thereby generating hydrogen peroxide and su-
peroxide (129). The drug increases cellular available “free”
zinc and oxidative stress, both of which affect cancer cell
growth and proliferation. These increases precede and corre-
late with cell cycle arrest and apoptosis (118). Cells treated
with motexafin express MTF-1- and HIF-1 (hypoxia in-
ducible factor 1)-regulated transcripts. Co-treatment with
zinc and motexafin induces Nrf2-regulated transcripts.

VI. IMPLICATIONS FOR DISEASE

The implications of the basic chemical and biochemical
mechanisms for the etiology of diseases, pathology, and the
process of aging are too numerous to be discussed with refer-
ence to individual conditions. Zinc deficiency itself is a
major risk factor for disease (209). Perturbation of zinc ho-
meostasis should be considered as a critical component in any
disease that is accompanied by oxidative/reductive stress.
Oxidative cell injury occurs in exposure to drugs/toxic sub-
stances such as alcohol (ethanol), under conditions of inflam-
mation and hypoxia, in diabetes, neurodegenerative diseases,
cancer, coronary heart disease, viral infections, preeclampsia,
asthma, cataracts, and yet other diseases.

VII. CONCLUDING REMARKS

A brief chronology of events highlights why the signifi-
cance of zinc/cysteine interactions in proteins could only
have been appreciated rather recently. Until the early 1980s,
only two structurally characterized zinc sites with cysteine
ligands were known: alcohol dehydrogenase and aspartate
transcarbamoylase. The identification of the transcription
factor IITA (TFIIIA) as a zinc protein (81) and designation of
its repetitive metal-coordinating domains as zinc fingers
(150) set the stage for a rapid pace of discoveries. Based on
the proximity of zinc ligands and conservation of characteris-
tic spacings between the ligands in primary sequences, it be-
came feasible to search large data bases for the zinc finger
and related motifs. Thus, assignment of zinc fingers was no
longer made on the basis of an actual analysis of zinc but
rather on the presence of a sequence motif. Present counts of
zinc finger proteins in the human genome include 706 pro-
teins with a classical zinc finger, 210 RING, 81 LIM, and 84
PHD domain proteins (140). This count does not even include
the fact that some zinc finger proteins contain up to 36 fin-
gers, nor does it include other enzymes or proteins with
zinc/sulfur coordination, proteins such as MTs and related
cluster motifs, interfacial binding sites, which are not recog-
nizable from inspection of the sequence of the binding part-
ners, or yet other uncharacterized zinc-binding domains
(140). The zinc proteome is even larger, for it includes many
sites that do not contain cysteine ligands. We are now wit-
nessing another important change. Zn/S sites are not solely
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static structures as one might have expected from their prop-
erties in isolation. The cell has harnessed the potential hidden
in these structures for regulation using their reactivity, kinet-
ics, and dynamics (85). Ligand-centered redox chemistry
controls coordination dynamics and associated protein func-
tions such as binding interactions. Sensitivity of Zn/S sites to
redox species is employed in cellular redox signaling and
makes these structures part of the cellular signaling network.
The concept that redox signals are transduced opens another
area for exploration, namely that of zinc signals as potent ef-
fectors of energy metabolism, mitochondrial function, signal-
ing, and gene expression. Nature has solved the problem of
zinc mobilization from tight binding sites by oxidative reac-
tions on the cysteine ligands of zinc. Redox effects on zinc
finger proteins provide an enormous potential for physiologi-
cal regulation and interference with normal physiological
function.

NOTE ADDED IN PROOF

Cys-11, His-37, Cys-41, and Cys-44 are ligands of zinc in
the RsrA protein (section 1IC), a member of the family of
redox-sensing ZAS (Zn-containing anti-sigma factor) pro-
teins. Cys-11 and Cys-44 form the trigger disulfide (178a).

A specific redox pair coupled to the T./T, equilibrium
(Fig. 11) has been identified. In a reaction coupled to thiore-
doxin, thionein can serve as a cofactor for methionine sulfox-
ide reductase (225a).
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ABBREVIATIONS

GSH, glutathione; GSSG, glutathione disulfide; IMS, in-
termembrane space; MT, metallothionein; MTF-1, metal re-
sponse element (MRE)-binding transcription factor-1; NO,
nitric oxide; Nrf2, NF-E2 related factor 2; PKC, protein ki-
nase C; PTP: protein tyrosine phosphatase; T, thionein; T,
oxidized thionein; T}, reduced thionein.

REFERENCES

1. Aizenman E, Stout AK, Hartnett KA, Dineley KE,
McLaughlin B, and Reynolds 1J. Induction of neuronal
apoptosis by thiol oxidation: putative role of intracellular
zinc release. J Neurochem 75: 18781888, 2000.

2. Alves de Sousa R., Galardon E, Rat M, Giorgi M, and Ar-
taud I. Oxidation of Zn(N,S,) complexes to disulfonates:
relevance to zinc-finger oxidation under oxidative stress. J
luorg Biochen 99: 690-697, 2005.

3. Andrews GK. Cellular zinc sensors: MTF-1 regulation of
gene expression. Biometals 14: 223-237,2001.

10.

11.

12.

13.

14.

15.

16.

17.

19.

MARET

. Apostolova MD, Ivanova IA, and Cherian MG. Signal

transduction pathways, and nuclear translocation of zinc
and metallothionein during differentiation of myoblasts.

Biachew Cell Bigl 78: 27-37, 2000.

. Aslund F and Beckwith J. Bridge over troubled waters:

Sensing stress by disulfide bond formation. Cell 96:
751-753, 1999.

. Atar D, Backx PH, Appel MM, Gao WD, and Marban E.

Excitation-transcription coupling mediated by zinc influx
through voltage-dependent calcium channels. J Biol Chem
270:2473-2477, 1995.

. Atsriku C, Scott GK, Benz CC, and Baldwin MA. Reactiv-

ity of zinc finger cysteines: Chemical modifications
within labile zinc fingers in estrogen receptor. J Am Soc
Mass Spectr 16: 2017-2026, 2005.

. Auld DS. Zinc coordination sphere in biochemical sites.

Biometals 14: 271-313, 2001.

. Auld DS. Structural zinc sites. In: Handbook of Metallo-

proteins, Messerschmidt A, ed., Chichester, UK, Wiley,
2004, pp. 403-415.

Austin CD, Wen X, Gazzard L, Nelson C, Scheller RH,
and Scales SJ. Oxidizing potential of endosomes and lyso-
somes limits intracellular cleavage of disulfide-based anti-
body-drug conjugates. Dot cimiad 102:
17987-17992, 2005.

Ayaz M and Turan B. Selenium prevents diabetes-induced
alterations in [Zn?*], and metallothionein level or rat heart
via restoration of cell redox cycle. diulbbisiol Hogil Cire
Physiol 290: H1071-H1080, 2006.

Beerheide W, Bernard HU, Tan YJ, Ganeson A, Rice WG,
and Ting AE. Potential drugs against cervical cancer: zinc-
ejecting inhibitors of the human papillomavirus type 16 E6
oncoprotein. JNat Cancer Just 91: 1211-1220, 1999.
Bellon SF, Rodgers KK, Schatz DG, Coleman JE, and
Steitz TA. Crystal structure of the RAG1 dimerization do-
main reveals multiple zinc-binding motifs including a
novel zinc binuclear cluster. Ngfure Struct Biol 4: 586—
591, 1997.

Benters J, Flogel U, Schifer T, Leibfritz D, Hechtenberg
S, and Beyersmann D. Study of the interactions of cad-
mium and zinc ions with cellular calcium homeostasis
using ""F-NMR spectroscopy. Biochem J 322: 793-799,
1997.

Berendji D, Kolb—Bachofen V, Meyer KL, Grapenthin O,
Weber H, Wahn V, and Kroncke KD. Nitric oxide mediates
intracytoplasmic and intranuclear zinc release. FEBS Lett
405: 3741, 1997.

Berg JM and Shi Y. The galvanization of biology: a grow-
ing appreciation for the roles of zinc. Science 271:
1081-1085, 1996.

Berry EA, Zhang Z, Bellamy HD, and Huang L. Crystallo-
graphic location of two Zn2*-binding sites in the avian cy-

tochrome bc(1) complex. RigehinRignlusedata 1459:
440-448, 2000.

. Bird AJ, McCall K, Kramer M, Blankman E, Winge DR,

and Eide DJ. Zinc fingers can act as Zn2" sensors to regu-
late transcriptional activation domain function. EMBO J
22:5137-5146, 2003.

Bittel D, Dalton T, Samson SL-A, Gedamu L, and Andrews
GK. The DNA binding activity of metal response element-
binding transcription factor-1 is activated in vivo and in



REDOX AND ZINC SIGNALING

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

vitro by zinc, but not by other transition metals. J Biol
Chem 273: 7127-7133, 1998.

Blessing H, Kraus S, Heindl P, Bal W, and Hartwig A. In-
teraction of selenium compounds with zinc finger proteins
involved in DNA repair. ZyrJ Biochem 271: 3190-3199,
2004.

Boerzel H, Koeckert M, Bu WM, Spingler B, and Lippard
SJ. Zinc-bound thiolate-disulfide exchange: A strategy for
inhibiting metallo-f-lactamases. [norg Chem 42: 1604—
1615, 2003.

Bossy—Wetzel E, Talantova MV, Lee WD, Scholzke MN,
Harrop A, Mathews E, Gotz T, Han JH, Ellisman MH,
Perkins GA, and Lipton SA. Crosstalk between nitric
oxide and zinc pathways to neuronal cell death involving
mitochondrial dysfunction and p38-activated K* channels.
Neuron 41: 351-365, 2004.

Brandén C and Tooze J. Introduction to Protein Structure,
Garland Publishing, New York and London, 1991.
Brautigan DL, Bornstein P, and Gallis B. Phosphotyrosyl-
protein phosphatase. Specific inhibition by Zn. J Biol
Chem 256: 6519-6522, 1981.

Bray TM and Bettger WJ. The physiological role of zinc as
an antioxidant. fiegeRadic Bigl Med 8: 281-291, 1990.
Brooks DJ and Fresco JR. Increased frequency of cysteine,
tyrosine, and phenylalanine residues since the last univer-
sal ancestor. Mol Cell Proteom 1: 125-131, 2002.

Brown AM, Kristal BS, Effron MS, Shestopalow Al, Ul-
lucci PA, Sheu KFR, Blass JP, and Cooper AJL. Zn?* in-
hibits alpha-ketoglutarate-stimulated mitochondrial respi-
ration and the isolated alpha-keto-glutarate dehydrogenase
complex. J Biol Chem 275: 13441-13447, 2000.

Cai J and Jones DP. Superoxide in apoptosis. J Biol Chem
273: 11401-11404, 1998.

Callaghan AJ, Redko Y, Murphy LM, Grossman JG, Yates
D, Garman E, Ilag LL, Robinson CV, Symmons MF, Mc-
Dowall KJ, and Luisi BE. “Zn-Link”: A metal-sharing in-
terface that organizes the quaternary structure and cat-
alytic site of the endonuclease, RNase E. Biochemistry 44:
4667-4675, 2005.

Casadevall M and Sarkar B. Effect of redox conditions on
the DNA-binding efficiency of the retinoic acid receptor
zine-finger. JJuorg Bigchem 71: 147-152, 1998.

Chang TS, Jeong WJ, Lee DY, Choo CS, and Rhee SG. The
RING-H2-finger protein APC11 as a target of hydrogen
peroxide. Lreg Radic Rigl Med 37: 521-530, 2004.

Chang TS, Jeong W, Woo HA, Lee SM, Park S, and Rhee
SG. Characterization of mammalian sulfiredoxin and its
reactivation of hyperoxidized peroxiredoxin through re-
duction of cysteine sulfinic acid in the active site to cys-
teine. J Biol Chem 279: 50994-51001, 2004.

Chen X, Zhang B, Harmon PM, Schaffner W, Peterson DO,
and Giedroc DP. A novel cysteine cluster in human metal-
responsive transcription factor 1 is required for heavy
metal-induced transcriptional activation in vivo. J_Biol
Chem 279: 4515-4522, 2004.

Chen'Y and Maret W. Catalytic oxidation of zinc/sulfur co-
ordination sites in proteins by selenium compounds. 4n-
toxid Redox Siongl 3: 651-656, 2001.

Chen Y and Maret W. Catalytic selenols couple the redox
cycles of metallothionein and glutathione. Eyr J Biochem
268: 3346-3353, 2001.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

1435

Chen Y, Irie Y, Keung WM, and Maret W. S-nitrosothiols
react preferentially with zinc thiolate clusters of metallo-
thionein III through transnitrosation. Biochemistry 41:
8360-8367, 2002.

Cherian MG and Apostolova MD. Nuclear localization of
metallothionein during cell proliferation and differentia-
tion. Cell Mol Biol 46: 347-356, 2000.

Chiou S-J, Riordan CG, and Rheingold AL. Synthetic
modeling of zinc thiolates: Quantitative assessment of hy-
drogen bonding in modulating sulfur alkylation rates. Proc
Natl dcad S 1784 100: 3695-3700, 2003.

Cho Y, Gorina S, Jeffrey PD, and Pavletich NP. Crystal
structure of a p53 tumor suppressor-DNA complex: under-
standing tumorigenic mutations. Science 265: 346-355,
1994.

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

Choi HI, Lee SP, Kim KS, Hwang CY, Lee YR, Chae SK,
Kim YS, Chae HZ, and Kwon KS. Redox-regulated
cochaperone activity of the human DnaJ homolog Hdj2.
Lree Radic Biol Med 40: 651-659, 2006.

Chung NJ, Walker PA, Brown RW, and Hogstrand C. Zinc-
mediated gene expression offers protection against H202-
induced cytotoxicity. Joiealelanlbbaruacal 705: 225—
236, 2005.

Costello LC, Liu Y, Franklin RB, and Kennedy MC. Zinc
inhibition of mitochondrial aconitase and its importance in
citrate metabolism of prostate epithelial cells. J Biol Chem
272:28875-28881, 1997.

Cousins RJ, Blanchard RK, Popp MP, Liu L, Cao J, Moore
B, and Green CL. A global view of the selectivity of zinc
deprivation and excess on genes expressed in human THP-
1 mononuclear cells. Dot aimesd 100:
6952-6957, 2003.

Cumming RC, Andon NL, Haynes PA, Park M, Fischer
WH, and Schubert D. Protein disulfide bond formation in
the cytoplasm during oxidative stress. J Biol Chem 279:
2174921758, 2004.

Curran SP, Leuenberger D, Leverich EP, Hwang DK, Bev-
erly KN, and Koehler CM. The role of Hot13p and redox
chemistry in the mitochondrial TIM22 import pathway. J
Biol Chem 279: 43744-43751, 2004.

Dalton TP, Li Q, Bittel D, Liang L, and Andrews GK. Ox-
idative stress activates metal-responsive transcription fac-
tor-1 binding activity. J Biol Chem 271: 26233-26241,
1996.

Daniel H and Dieck HT. Nutrient-gene interactions: a sin-
gle nutrient and hundreds of target genes. Biol Chem 385:
571-583, 2004.

De Guzman RN, Liu HY, Martinez—Yamout M, Dyson HJ,
and Wright PE. Solution structure of the TAZ2 (CH3) do-
main of the transcriptional adaptor protein CDP. J Mol Biol
303:243-253, 2000.

Dineley KE, Votyakova TV, and Reynolds 1J. Zinc inhibi-
tion of cellular energy production: implications for mito-
chondria and neurodegeneration. J_Newrochem 85:
563-570, 2003.

Dinkova—Kostova AT, Holtzclaw WD, and Wakabayashi N.
Keapl, the sensor for electrophiles and oxidants that regu-
lates the phase 2 response is a zinc metalloprotein. Bio-
chemistry 44: 6889-6899, 2005.



1436

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Dufty JY, Miller CM, Rutschilling GL, Ridder GM, Clegg
MS, Keen CL, and Daston GP. A decrease in intracellular
zinc level precedes the detection of early indicators of
apoptosis in HL-60 cells. Apoptosis 6: 161-172, 2001.

Edelstein SJ. Patterns in the quinary structures of proteins.
Plasticity and inequivalence of individual molecules in he-
lical arrays of sickle cell hemoglobin and tubulin. Biophys

68.

69.

MARET

Giles N, Watts AB, Giles GI, Fry FH, Littlechild JA, and
Jacob C. Metal and redox modulation of cysteine protein
function. Chem Biol 10: 677-693, 2003.

Golapakrishna R and Anderson WB. Ca2*- and phospho-
lipid-independent activation of protein kinase C by selec-
tive oxidative modification of the regulatory domain. Proc
Natl dcad Sci US4 86: 6758-6762, 1989.

J 32:347-360, 1980.

Evans JC, Huddler DP, Jiracek J, Castro C, Millian NS,
Garrow TA, and Ludwig ML. Betaine-homocysteine
methyltransferase: zinc in a distorted barrel. Structure 10:
1159-1171, 2002.

Feng W, Benz FW, Cai J, Pierce WM, and Kang YJ. Metal-
lothionein disulfides are present in metallothionein-over-
expressing transgenic mouse heart and increase under con-
ditions of oxidative stress. J _Biol Chem 281: 681-687,
2005.

Feng W, Cai J, Pierce WM, Franklin RB, Maret W, Benz
FW, and Kang YJ. Metallothionein transfers zinc to mito-
chondrial aconitase through a direct interaction in mouse
hearts. RischeielichbDetmtaiiigy 332: 853-858,
2005.

Fraker PJ and Telford WG. A reappraisal of the role of zinc
in life and death decisions of cells. RrgeSactan Rigl Mcd
215:229-236, 1997.

Frederickson C. Imaging Zinc: old and new tools. Sci
STKE 2003, pel8, 2003.

Frederickson CJ, Koh JY, and Bush Al The neurobiology
of zinc in health and disease. MNgt Rev Newascl 6:
449-462, 2005.

Frederickson CJ. Neurobiology of zinc and zinc-contain-
ing neurons. [utRev Newrohiol 31: 145-238, 1989.
Fukushima D, Kim YH, Iyanagi T, and Oae S. Enzymatic
oxidation of disulfides and thiosulfinates by both rabbit
liver microsomes and a reconstituted system with purified
cytochrome P-450. L RBigchem (Jokua) 83: 1019-1027,
1978.

Garban HJ, Marquez—Garban DC, Pietras RJ, and Ignarro
LJ. Rapid nitric oxide-mediated S-nitrosylation of estrogen
receptor: regulation of estrogen-dependent gene transcrip-
tion. DugeNatldegd ScilIS4 102: 2632-2636, 2005.
Gazaryan IG, Krasnikov BF, Ashby GA, Thorneley RNF,
Kristal BS, and Brown AM. Zinc is a potent inhibitor of
thiol oxidoreductase activity and stimulates reactive oxy-
gen species production by lipoamide dehydrogenase. J
Biol Chem 277: 10064-10072, 2002.

Gergel D and Cederbaum Al Inhibition of the catalytic ac-
tivity of alcohol dehydrogenase by nitric oxide is associ-
ated with S nitrosylation and the release of zinc. Biochem-
istry 35: 16186-16194, 1996.

Giedroc DP, Chen X, and Apuy JL. Metal response ele-
ment (MRE)-binding transcription factor-1 (MTF-1):
Structure, function, and regulation. Jutauid RedarSignal
3:577-596, 2001.

Giles GI, Tasker KM, and Jacob C. The role of reactive sul-
fur species in oxidative stress. figcRadic Rigl Mcd 31:
1279-1283, 2001.

Giles GI, Tasker KM, Collins C, Giles NM, O’Rourke E,
and Jacob C. Reactive sulphur species: an in vitro investi-
gation of the oxidation properties of disulphide S-oxides.
Biochem J 364: 579-585, 2002.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Goldwater BJ, Mahadev K, Wu X, Zhu L, and Motoshima
H. Role of insulin-induced reactive oxygen species in the
insulin signaling pathway. JQugouid RedarSicugl 7:
1021-1031, 2005.

Graf PCF and Jakob U. Redox-regulated molecular chap-
erones. Cell Mol Life Sci 59: 1624-1631, 2002.

Graumann J, Lilie H, Tang X, Tucker KA, Hoffmann JH,
Vijayalakshmi J, Saper M, Bardwell JCA, and Jakob U.
Activation of the redox-regulated molecular chaperone
Hsp33—a two step mechanism. Structure 9: 377-387,
2001.

Gu Z, Kaul M, Yan B, Kridel SJ, Cui J, Strongin A, Smith
JW, Liddington RC, and Lipton S. S-nitrosylation of ma-
trix metalloproteinases: signaling pathway to neuronal cell
death. Science 297: 1186-1190, 2002.

Giines C, Heuchel R, Georgiev O, Miiller K-H, Lichtlen P,
Bliithmann H, Marino S, Aguzzi A, and Schaffner W. Em-
bryonic lethality and liver degeneration in mice lacking the
metal-responsive transcriptional activator MTF-1. EMBO
J 17:2846-2854, 1998.

Haase H and Maret W. Intracellular zinc fluctuations mod-
ulate protein tyrosine phosphatase activity in insulin/
insulin-like growth factor-1 signaling. Exp Cell Res 291:
289-298, 2003.

Haase H and Maret W. A differential assay for the reduced
and oxidized states of metallothionein and thionein. 4nal
Biochem 333: 19-26, 2004.

Haase H and Maret W. Protein tyrosine phosphatases as
targets of the combined insulinomimetic effects of zinc
and oxidants. Biometals 18: 333-338, 2005.

Haase H and Maret W. Fluctuations of cellular, available
zinc modulate phosphorylation signaling. J Trgce Elem
Med Biol 19: 37-42, 2005.

Haase H, Hebel S, Engelhardt G, and Rink L. Flow cyto-
metric measurements of labile zinc in peripheral blood
mononuclear cells. dngl Biochem 352: 222-230, 2006.
Hainaut P and Mann K. Zinc binding and redox control of
p53 structure and function. Lugexd RederSigugl 3:
611-623,2001.

Hanas JS, Hazuda D, Bogenhagen DF, Wu FYH, and Wu
CW. Xenopus transcription factor A requires zinc for bind-
ing to the 5S gene. J Biol Chem 258: 14120-14125, 1983.
Hanson GT, Aggeler R, Oglesbee D, Cannon M, Capaldi
RA, Tsien RY, and Remington SJ. Investigating mitochon-
drial redox potential with redox-sensitive green fluorescent
protein indicators. J Biol Chem 279: 13044—13053, 2004.
Hao Q and Maret W. Imbalance between pro-oxidant and
pro-antioxidant functions of zinc in disease. JAlzheimer
Dis 8: 161-170, 2005.

Haq E, Mahoney M, and Koropatnick J. Signaling events for
metallothionein induction. Mutat Res 533: 211-226, 2003.
Heinz U, Kiefer M, Tholey A, and Adolph HW. On the
competition for available zinc. J Biol Chem 280: 3197—
3207, 2005.




REDOX AND ZINC SIGNALING

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Hennig B, Meerarani P, Toborek M, and McClain CJ. An-
tioxidant-like properties of zinc in activated endothelial
cells. Jdm Coll Nutr 18: 152158, 1999.

Herrmann JM and Hell K. Chopped, trapped or tacked—
protein translocation into the IMS of mitochondria.
Leeuds Riochem Sci 30: 205-212, 2005.

Heuchel R, Radtke F, Georgiev O, Stark G, Aguet M, and
Schaffner W. The transcription factor MTF-1 is essential
for basal and heavy-metal-induced metallothionein gene
expression. EMBO J 13: 2870-2875, 1994.

Hopfner KP, Craig L, Moncalian G, Zinkel RA, Usui T,
Owen BAL, Karcher A, Henderson B, Bodmer JL, McMur-
ray CT, Carney JP, Petrini JHJ, and Tainer JA. The Rad50
zinc-hook is a structure joining Mrel1 complexes in DNA
recombination and repair. Nature 418: 562-566, 2002.
Hoyos B, Jiang S, and Hammerling U. Location and func-
tional significance of retinol-binding sites on the serine/
threonine kinase, c-Raf. J Bigl Chem 280: 6872—6878,
2005.

Hutter DE, Till BG, and Greene JJ. Redox state changes
in density-dependent regulation of proliferation. Exp Cell
Res 232: 435-438, 1997.

Hwang C, Sinskey AJ, and Lodish HE. Oxidized redox
state of glutathione in the endoplasmic reticulum. Sci-
ence 257: 1496-1502, 1992.

Jiang D, Sullivan PG, Sensi SL, Steward O, and Weiss JH.
Zn(2+) induces permeability transition pore opening and
release of pro-apoptotic peptides from neuronal mito-
chondria. JBigol Chem 276: 47524-47529, 2001.

Jiang LJ, Maret W, and Vallee BL. The glutathione redox
couple modulates zinc transfer from metallothionein to
zinc-depleted sorbitol dehydrogenase. Proc Nasldcad Sci
USA 95: 34833488, 1998.

Jiang LJ, Maret W, and Vallee BL. The ATP-metallothionein
complex. RuaeNatldegd S LIS 95: 91469149, 1998.
Jiang, LJ, Vasak M, Vallee BL, and Maret W. Zinc trans-
fer potentials of the a- and B-clusters of metalloth-
ionein are affected by domain interactions in the whole
molecule. SrgeeiatldeadaSeinliSd 97: 2503-2508,
2000.

Jaenicke R and Rudolph R. Folding proteins. In: Protein
Structure—A Practical Approach, ed. Creighton TE, IRL
Press, Oxford, England, 1989, pp. 191-223.

Jacob C, Maret W, and Vallee BL. Ebselen, a selenium-
containing redox drug, releases zinc from metallo-
thionein. Rigckciknioi e 248 569-573,
1998.

Jacob C, Maret W, and Vallee BL. Control of zinc transfer
between thionein, metallothionein, and zinc proteins.
Lrac Natldead S LS4 95: 3489-3494, 1998.

Jacob C, Maret W, and Vallee BL. Selenium redox bio-
chemistry of zinc—sulfur coordination sites in proteins and
enzymes. RuaeNatldead ScL IS 96: 1910-1914, 1999.
Jakob U, Muse W, Eser M, and Bardwell JCA. Chaperone
activity with a redox switch. Cell 96: 341-352, 1999.
Jordan IK, Kondrashov FA, Adzhubei IA, Wolf UI,
Koonin EV, Kondrashov AS, and Sunyaev S. A universal
trend of amino acid gain and loss in protein evolution.
Nature 433: 633-638, 2005.

Kégi JHR. Overview of metallothionein. Meth Enzvmol
205: 613-626, 1991.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

1437

Kégi JHR. Evolution, structure and chemical activity of
class I metallothioneins: an overview. In: Metallothionein
111, Suzuki KT, Imura N, and Kimura M, eds., Birkhéuser,
Switzerland, 1993, pp. 29-55.

Karin M. Metallothioneins: Proteins in search for a func-
tion. Cell 4: 9-10, 1985.

Kim PW, Sun Z-Y]J, Blacklow SC, Wagner G, and Eck
MJ. A zinc clasp structure tethers Lck to T cell corecep-
tors CD4 and CD8. Science 301: 1725-1728, 2003.
Kindermann B, Déring F, Pfaffl M, and Daniel H. Identi-
fication of genes responsive to intracellular zinc deple-
tion in the human colon adenocarcinoma cell line HT-29.
J Nutr 134: 57-62, 2004.

Kindermann B, Déring F, Fuchs D, Pfaffl MW, and
Daniel H. Effects of increased cellular zinc levels on gene
and protein expression in HT-29 cells. BioMetals 18:
243-253, 2005.

Kirlin WG, Cai J, Thompson SA, Diaz D, Kavanagh TJ,
and Jones DP. Glutathione redox potential in response to
differentiation and enzyme inducers. [frgg Radic Biol
Med 27: 1208-1218, 1999.

Knapp LT and Klann E. Superoxide-induced stimulation
of protein kinase C via thiol modification and modulation
of zinc content. J Biol Chem 275: 24136-24145, 2000.
Knipp M, Meloni G, Roschitzki B, and Vasak M.
Zn,Metallothionein-3 and the synaptic vesicle cycle: In-
teraction of metallothionein-3 with the small GTPase
Rab3A. Bigchemistry 44: 3159-3165, 2005.

Koehler CM. The small Tim proteins and the twin Cx,C
motif. Zeuds Bigchen Sci29: 1-4,2004.

Korichneva I, Hoyos B, Chua R, Levi E, and Hammerling
U. Zinc release from protein kinase C as the common
event during activation by lipid second messenger or re-
active oxygen. J Biol Chem 277: 44327-44331, 2002.
Kroncke KD, Fehsel K, Schmid T, Zenke FT, Dasting I,
Wesener JR, Bettermann H, Breunig KD, and Kolb—Ba-
chofen V. Nitric oxide destroys zinc—sulfur clusters in-
ducing zinc release from metallothionein and inhibition
of the zinc finger-type yeast transcription factor LAC9.
ik ekt 200: 1105-1110, 1994.
Kroncke KD and Carlberg C. Inactivation of zinc finger
transcription factors provides a mechanism for a gene reg-
ulatory role of nitric oxide. FASEB J 13: 166—173, 2000.
Kurek I, Kawagoe Y, Jacob—Wilk D, Doblin M, and
Delmer D. Dimerization of cotton fiber cellulose syn-
thase catalytic subunits occurs via oxidation of the zinc-
binding domains. Ligemilaildeddaiaintlsd 99: 11109—
11114, 2002.

Laity JH, Lee BM, and Wright PE. Zinc finger proteins:
New insights into structural and functional diversity.
Qe Qoin Suacr Bigl 11: 3946, 2001.

Lecane PS, Karaman MW, Sirisawad M, Naumovski L,
Miller RA, Hacia JG, and Magda D. Motexafin gadolin-
ium and zinc induce oxidative stress responses and apop-
tosis in B-cell lymphoma lines. Cancer Res 65: 11676~
11688, 2005.

Lee SH and Maret W. Redox control of zinc finger pro-
teins: Mechanisms and role in gene regulation. 4dntioxid
Redox Signal 3: 531-534, 2001.

Li D, Hayden EY, Panda K, Stuehr DJ, Deng H, Rousseau
DL, and Yeh S-R. Regulation of the monomer-dimer




1438

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

equilibrium in inducible nitric-oxide synthase by nitric
oxide. J Biol Chem 281: 8197-8204, 2006.

Li J, Huang FL, and Huang KP. Glutathiolation of pro-
teins by glutathione disulfide-S-oxide derived from S-
nitrosoglutathione. J Bjol Chem 276: 3098-3105, 2000.
Li W, Bottrill AR, Bibb MJ, Buttner MJ, Paget MSB, and
Kleanthous C. The role of zinc in the disulphide stress-
regulated anti-sigma factor RsrA from Streptomyces
coelicolor. J Mol Biol 333: 461-472, 2003.

Lichtlen P, Wang Y, Belser T, Georgiev O, Certa U, Sack
R, and Schaffner W. Target gene search for the metal-
responsive transcription factor MTF-1. Nucl Acids Res
29: 1514-1523,2001.

Link TA and von Jagow G. Zinc ions inhibit the Q(P) cen-
ter of bovine heart mitochondrial BC(1) complex by
blocking a protonable group. J_Biol Chem 270:
25001-25006, 1995.

Liu SX, Fabisiak JP, Tyurin VA, Borsenko GG, Pitt BR,
Lazo JS, and Kagan VE. Reconstitution of apo-superox-
ide dismutase by nitric-oxide induced copper transfer
from metallothioneins. Chom Res Toxicol 13: 922-931,
2000.

Lu H, Allen S, Wardleworth L, Savory P, and Tokatlidis
K. Functional TIM10 chaperone assembly is redox-
regulated in vivo. J Biol Chem 279: 18952—18958, 2004.
Lu H and Woodburn J. Zinc binding stabilizes mitochon-
drial Tim10 in a reduced and import-competent state ki-
netically. J Mol Biol 353: 897-910, 2005.

Macartney HW and Tschesche H. Latent and active
human polymorphonuclear leukocyte collagenases. Eur J
Biochem 130: 71-78, 1983.

Magda D, Lecane P, Miller RA, Lepp C, Miles D, Mesfin
M, Biaglow JE, Ho VV, Chawannakul D, Nagpal S, Kara-
man MW, and Hacia JG. Motexafin gadolinium disrupts
zinc metabolism in human cancer cell lines. Cancer Res
65:3837-3845, 2005.

Margoshes M and Vallee BL. A cadmium protein from
equine kidney cortex. J4p Chem Soc 79: 4813, 1957.
Maret W. Oxidative metal release from metallothionein
via zinc-thiol/disulfide interchange. Prac Natl dcad Sci
USA 91: 237-241, 1994.

Maret W. Metallothionein/disulfide interactions, oxida-
tive stress, and the mobilization of cellular zinc. Neu-
rochem Int 27: 111-117, 1995.

Maret W. The glutathione redox state and zinc mobiliza-
tion from metallothionein and other proteins with zinc-
sulfur coordination. In: Glutathione in the Nervous Sys-
tem, Shaw CA, ed., Taylor and Francis, Bristol, PA, 1998,
pp- 257-273.

Maret W. The function of metallothionein: A link be-
tween cellular zinc and redox state. J Nutr 130: 1455S—
14588, 2000.

Maret W. Crosstalk of the group Ila and IIb metals cal-
cium and zinc in cellular signaling. Brag Natl dead Sci
USA 98: 12325-12327, 2001.

Maret W. Cellular zinc and redox states converge in the
metallothionein/thionein pair. J Nutr 133: 1460S-1462S,
2003.

Maret W. The functions of thionein and metallothionein
in cellular zinc and redox homeostasis. In: Proceedings

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

MARET

of the International Symposium on Bio-Trace Elements
2002, Enomoto S and Seko Y, eds., 2003, pp. 66—68.
Maret W. Protein interface zinc sites: the role of zinc in
the supramolecular assembly of proteins and in transient
protein—protein interactions. In: Handbook of Metallo-
proteins, Messerschmidt A, ed., Wiley, Chichester, UK,
2004, pp. 432-441.

Maret W. Zinc and sulfur: A critical biological partner-

ship. Biochemistry 43: 3301-3309, 2004.

Maret W. Exploring the zinc proteome. J 4ugl Ar Spec-
trom 19: 15-19, 2004.

Maret W. Zinc coordination environments in proteins de-
termine zinc functions. Llwace Llom Med Rigl 19: 7-12,
2005.

Maret W, Larsen KS, and Vallee BL. Coordination dy-
namics of biological zinc “clusters” in metallothioneins
and in the DNA-binding domain of the transcription fac-
tor Gal4. RuaeNatldegd S IS4 94: 2233-2237, 1997.
Maret W and Vallee BL. Thiolate ligands in metallo-
thionein confer redox activity on zinc clusters. Proc Natl
Acad Sci US4 95: 3478-3482, 1998.

Maret W, Jacob C, Vallee BL, and Fischer EH. In-
hibitory sites in enzymes: Zinc removal and reactivation
by thionein. RigeNatldegdnSailiSd 96: 1936-1940,
1999.

Maret W, Yetman CA, and Jiang L-J. Enzyme regulation
by reversible zinc inhibition: Glycerol phosphate dehy-
drogenase as an example. Chem-Bigl Iuterger 130-132:
891-901, 2001.

Maret W, Heffron G, Hill HAO, Djuricic D, Jiang L-J, and
Vallee BL. The ATP/metallothionein interaction: NMR
and STM. Biochemistry 41: 1689—-1694, 2002.

Maret W and Sandstead HH. Zinc requirements and the
risks and benefits of zinc supplementation. J Trace Elem
Med Biol 20: 3—18, 2006.

Maynard AT and Covell DG. Reactivity of zinc finger
cores: Analysis of protein packing and electrostatic
screening. J4m Chem Soc 123: 1047-1058, 2001.
Mesecke N, Terziyska N, Kozany C, Baumann F, Neupert
W, Hell K, and Herrmann JM. A disulfide relay system in
the intermembrane space of mitochondria that mediates
protein import. Cell 121: 1059-1069, 2005.

Miller J, McLachlan AD, and Klug A. Repetitive zinc-
binding domains in the protein transcription factor IIIA
from Xenopus oocytes. EMBO J4:1609-1614, 1985.
Miseta A and Csutora P. Relationship between the occur-
rence of cysteine in proteins and the complexity of organ-
isms. Mol Biol Evol 17: 12321239, 2000.

Misra RR, Hochadel JF, Smith GT, Cook JC, Waalkes
MP, and Wink DA. Evidence that nitric oxide enhances
cadmium toxicity by displacing the metal from metal-
lothionein. Chem Res Toxical 9: 326-332, 1996.

Mitchell DA, Erwin PA, Michel T, and Marletta MA. S-
Nitrosylation and regulation of inducible nitric oxide
synthase. Biochemistry 44: 46364647, 2005.

Moltedo O, Verde C, Capasso A, Parisi E, Remondelli P,
Bonatti S, Alvarez—Hernandez X, Glass J, Alvino CG,
and Leone A. Zinc transport and metallothionein secre-
tion in the intestinal cell line Caco-2. JBiol Chem 275:
31819-31825, 2000.




REDOX AND ZINC SIGNALING

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Moore B, Blanchard RK, and Cousins RJ. Dietary zinc
modulates gene expression in murine thymus: Results
from a comprehensive differential display screening.
Do Natl dead Sci IS4 100: 38833888, 2003.

Murphy BJ, Andrews GK, Bittel D, Discher DJ, McCue J,
Green CJ, Yanovsky M, Giaccia A, Sutherland RM,
Laderoute KR, and Webster KA. Activation of metallo-
thionein gene expression by hypoxia involves metal re-
sponse elements and metal transcription factor-I. Cancer
Res 59: 1315-1322, 1999.

Murphy BJ, Sato BG, Dalton TP, and Laderoute KR. The
metal-responsive transcription factor-1 contributes to
HIF-1 activation during hypoxic stress. Biochem Biophys

Res Commun 337: 860-867, 2005.
Neculai AM, Neculai D, Griesinger C, Vorholt JA, and

Becker S. A dynamic zinc redox switch. J Biol Chem
280: 2826-2830, 2005.

Olefsky JM. Nuclear receptor minireview series. J Biol
Chem 276: 36863-36864, 2001.

Ogra Y and Suzuki KT. Nuclear trafficking of metallo-
thionein: Possible mechanisms and current knowledge.
Cell Mol Biol 46: 357-365, 2000.

Oteiza PI, Olin KL, Fraga CG, and Keen CL. Zinc defi-
ciency causes oxidative damage to proteins, lipids and
DNA in rat testes. J Nutr 125: 823-829, 1995.

Oteiza PI, Clegg MS, Zago MP, and Keen CL. Zinc defi-
ciency induces oxidative stress and AP-1 activation in

373 cells. e Radic Biol Med 28: 1091-1099, 2000.
Paget MSB and Buttner MJ. Thiol-based regulatory

switches. dunu Rev Geper 37: 91-121, 2003.

Palmiter RD and Findley SD. Cloning and function char-
acterization of a mammalian zinc transporter that confers
resistance to zinc. EMBQO J 14: 639-649, 1995.

Palmiter RD. The elusive function of metallothioneins.
i Natl dead SIS 95: 8428-8430, 1998.

Pan T and Coleman JE. The DNA binding domain of
GAL4 forms a binuclear metal ion complex. Biochem-
istry 29: 3023-3029, 1990.

Park JS, Wang M, Park SJ, and Lee SH. Zinc finger of
RPA, a non-DNA binding element, regulates its DNA
binding activity through redox. J_Bigl Chem 274:
29075-29080, 1999.

Pearce LL, Gandley RE, Han W, Wasserloos K, Stitt M,
Kanai AJ, McLaughlin MK, Pitt BR, and Levitan ES.
Role of metallothionein in nitric oxide signaling as re-
vealed by a green fluorescent fusion protein. Proc Natl
dcad Sci US4 97: 477482, 2000.

Peck EJ Jr and Ray WJ Jr. Metal complexes of phospho-
glucomutase in vivo. J_Biol Chem 246: 1160-1167,
1971.

Perry DK, Smyth MIJ, Stennicke HR, Salveson GS,
Duriez P, Porier GG, and Hannun YA. Zinc is a potent in-
hibitor of the apoptotic protease caspase-3. A novel target
for zinc in the inhibition of apoptosis. J Biol Chem 272:
18530-18533, 1997.

Potter BM, Feng LS, Parasuram P, Matskevich VA, Wil-
son JA, Andrews GK, and Laity JH. The six zinc fingers
of metal-responsive factor-1 form stable and quasi-
ordered structures with relatively small differences in
zinc affinities. JBiol Chem 280: 28529-28540, 2005.

172.

173.

174.

175.

176.

177.

178.

178a.

179.

180.

181.

182.

183.

184.

185.

186.

1439

Powell SR. The antioxidant properties of zinc. J Nutr
130: 1447S-14548, 2000.

Prasad AS, Bao B, Beck FWJ, Kucuk O, and Sarkar FH.
Antioxidant effect of zinc in humans. [ree Radic Biol
Med 37: 1182-1190, 2004.

Queseda AR, Byrnes RW, Krezoski SO, and Petering DH.
Direct reaction of H,O, with sulfhydryl groups in HL-60
cells: zinc metallothionein and other sites. 4rch Biochem
Biophys 334: 241-250, 1996.

Rice WG, Supko JG, Malspeis L, Buckheit Jr RW, Clan-
ton D, Bu M, Graham L, Schaeffer CA, Turpin JA, Do-
magala J, Gogliotti R, Bader JP, Halliday SM, Coren L,
Sowder II RC, Arthur LO, and Henderson LE. Inhibitors
of the HIV nucleocapsid protein zinc fingers as candi-
dates for the treatment of AIDS. Science 270: 1194-
1197, 1995.

Robbins AH, McRee DE, Williamson M, Collett SA,
Xuong NH, Furey WE, Wang BC, and Stout CD. Refined
crystal structure of Cd,Zn metallothionein at 2.0 A reso-
lution. J Mol Biol 221: 12691293, 1991.

Roschitzki B and Vasak M. Redox labile site in a Zn4
cluster of Cu4,Zn4-metallothionein-3. Biochemistry 42:
9822-9828, 2003.

Roussel A-M, Kerkeni A, Zouari N, Mahjoub S, Matheau
J-M, and Anderson RA. Antioxidant effects of zinc sup-
plementation in Tunisians with type 2 diabetes mellitus.
LA Coll Nugr22: 316321, 2003.

Zdanowski K, Doughty P, Jakimowicz P, O’Hara L, Buttner
MJ, Paget MSB, and Kleanthous C. Assignment of the zinc
ligands in RsrA, a redox-sensing ZAS protein from Strepto-
myces coelicolor. Biochemistry 45: 8294-8300, 2006.
Salmeen A, Andersen JN, Myers MP, Meng TC, Hinks
JA, Tonks NK, and Barford D. Redox regulation of pro-
tein tyrosine phosphatase 1B involves a sulphenyl-amide
intermediate. Nature 423: 769-773, 2003.

Sawada N, Nagahara N, Sakai T, Nakajima Y, Minami M,
and Kawada T. The activation of human porphobilinogen
synthase by 2-mercaptoethanol: intrasubunit transfer of a
reserve zinc ion and coordination with three cysteines in
the active center. LRl Juoro Chen 10: 199-207, 2005.
Schafer FQ and Buettner GR. Redox environment of the
cell as viewed through the redox state of the glutathione
disulfide/glutathione couple. LigeRadic Riol Mcd 30:
1191-1212, 2001

Schmidt C and Beyersmann D. Transient peaks in zinc
and metallothionein levels during differentiation of
3T3L1 cells. duckoRigckeu Rignlys 364: 91-98, 1999.
Sensi SL, Ton-That D, Sullivan PG, Jonas EA, Gee KR,
Kaczmarek LK, and Weiss JH. Modulation of mitochon-
drial function by endogenous Zn2+ pools. Proc Natl Acad
Sci USA 100: 6157-6162, 2003.

Sies H. Ebselen, a selenoorganic compound as glu-
tathione peroxidase mimic. goRadicRiallMed 14:
313-323, 1993.

Simons TJB. Intracellular free zinc and zinc buffering in
human red blood cells. J Membr Biol 123: 6371, 1991.
Smith JN, Shirin Z, and Carrano CJ. Control of thiolate
nucleophilicity and specificity in zinc metalloproteins by
hydrogen bonding: lessons from model compound stud-

ies. Ldm Chem Soc 125: 868-869, 2003.



1440

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Smith PJ, Wiltshire M, Davies S, Chin SF, Campbell AK,
and Errington RJ. DNA damage-induced [Zn(2+)](i)
transients: correlation with cell cycle arrest and apoptosis
in lymphoma cells. ielebbicialCell Dhusiagl 783:

C609-C622, 2002.

Solovyov A and Gilbert HE. Zinc-dependnet dimerization
of the folding catalyst, protein disulfide isomerase. Pro-
tein Sci 13: 1902-1907, 2004.

Spahl DU, Berendji-Griin D, Suschek CV, Kolb—
Bachofen V, and Kroncke K-D. Regulation of zinc ho-
meostasis by inducible NO synthase-derived NO: nuclear
metallothionein translocation and intranuclear Zn?* re-
lease. DugeNatbdead S LIS4 100: 13952-13957, 2003.
Springman EB, Angleton EL, Birkedahl-Hansen H, and
Van Wart HE. Multiple modes of activation of latent
human fibroblast collagenase: Evidence for the role of a
Cys™ active-site zinc complex in latency and a “cysteine
switch” mechanism for activation. Sz Natl decad Sci
USA 87:364-368, 1990.

Srere PA. Heterologous protein—protein interactions—
quinary structure. Editorial. Methods 19: 193, 1999.

St. Croix CM, Wasserloos KJ, Dineley KE, Reynolds 1J,
Levitan ES, and Pitt BR. Nitric oxide-induced changes in
intracellular zinc homeostasis are mediated by metallo-
thionein/thionein. ikttt it
282: L185-1.192, 2002.

Stitt MS, Wasserloos KJ, Tang X, Liu X, Pitt BR, and St.
Croix CM. Nitric oxide-induced nuclear translocation of
the metal responsive transcription factor, MTF-1 is medi-
ated by zinc release from metallothionein. Jascular
Pharmacol 44: 149-155, 2005.

Sun Y and Oberley LW. Redox regulation of transcrip-
tional activation. LigeaRadic Rigl Mcd 21: 335-347,

1996.

Sunderman Jr FW. The influence of zinc on apoptosis.
dup Clin Igh Sci?5: 134-142, 1995.

Tang CM, Westling J, and Seto O. Trans repression of the
human metallothionein IIA gene promoter by PZ120, a
novel 120 KDa zinc finger protein. Mol Cell Biol 19:
680—689, 1999.

Takahashi Y, Ogra Y, and Suzuki KT. Nuclear trafficking
of metallothionein requires oxidation of a cytosolic part-
ner. J Cell Physiol 202: 563-569, 2005.

Thompson RB. Studying zinc biology with fluorescence:
ain’t we got fun? Ly Qnin Chem Rial 9: 526-532, 2005.
Thorpe C, Hoober KL, Raje S, Glynn NM, Burnside J,
Turi GK, and Coppock DL. Sulthydryl oxidases: emerg-
ing catalysts of protein disulfide bond formation in eu-
karyotes. duckRigchem Rignhys 405: 1-12, 2002.

tom Dieck H, Doring F, Roth HP, and Daniel H. Changes
in rat hepatic gene expression in response to zinc defi-
ciency as assessed by DNA arrays. J Nutr 133: 1004—
1010, 2003.

Topol 1A, McGrath C, Chertova E, Dasenbrock C, La-
course WR, Eissenstat MA, Burt SK, Henderson LE, and
Casas—Finet JR. Experimental determination and calcula-
tions of redox potential descriptors of compounds di-
rected against retroviral zinc fingers: implications for ra-
tional drug design. Prot Sci 10: 1434-1445,2001.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

MARET

Trayhurn P, Duncan JS, Wood AM, and Beattie JH. Regu-
lation of metallothionein gene expression and secretion
in rat adipocytes differentiated from preadipocytes in pri-
mary culture. Horm Metah Res 32: 542-547, 2000.
Truong—Tran AQ, Carter J, Ruffin RE, and Zalewski PD.
The role of zinc in caspase activation and apoptotic cell
death. Biometals 14: 315-330, 2001.

Tummino PJ, Scholten JD, Harvey PJ, Holler TP, Mal-
oney L, Gogliotti R, Domagala J, and Hupe D. The in
vitro ejection of zinc from human immunodeficiency
virus (HIV) type 1 nucleocapsid protein by disulfide ben-
zamides with cellular anti-HIV activity. Proc Natl dcad
Sci USA 93: 969-973, 1996.

Turan B, Fliss H, and Désilets M. Oxidants increase intra-
cellular free Zn2* concentration in rabbit ventricular my-
ocytes. Am J Physiol Heart Circ Physiol 272: H2095—
H2106, 1997.

Tyagi SC, Kumar SG, and Borders S. Reduction-
oxidation (redox) state regulation of extracellular matrix
metalloproteinases and tissue inhibitors in cardiac nor-
mal and transformed fibroblast cells. JCell Biochem 61:
139-151, 1996.

Uchida Y, Takio K, Titani K, Thara Y, and Tomonaga M.
The growth inhibitory factor that is deficient in the Alz-
heimer’s disease brain is a 68 amino acid metallo-
thionein-like protein. Neuron 7: 337-347, 1991.
Uchida Y, Gomi F, Masumizu T, and Miura Y. Growth in-
hibitory factor prevents neurite extension and the death
of cortical neurons caused by high oxygen exposure
through hydroxyl radical scavenging. J Biol Chem 277:
32353-32359, 2002.

Vallee BL and Falchuk KH. The biochemical basis of
zinc physiology. Physiol Rev 73: 79118, 1993.

Vallee BL and Auld DS. Zinc coordination, function, and
structure of zinc enzymes and other proteins. Biochem-
istry 29: 5647-5659, 1990.

Vaux DL and Silke J. IAPs, RINGs and ubiquitylation.
Nat Rep Mal Cell Bigl 6: 287-297, 2005.

Wang LP, Zhou ZX, Saari JT, and Kang YJ. Alcohol-
induced myocardial fibrosis in metallothionein-null
mice—prevention by zinc supplementation. 4m_J Path
167: 337-344, 2005.

Wang Y, Lorenzi I, Georgiev O, and Schaffner W. Metal-
responsive transcription factor-1 (MTF-1) selects differ-
ent types of metal response elements at low vs. high zinc
concentration. Biol Chem 385: 623-632, 2004.

White JM. ADAMs: modulators of cell-cell and cell-
matrix interactions. Lz Quin Cell Big/ 15: 598-606, 2003.
Whittal RM, Benz CC, Scott G, Semyonov J, Burlingame
AL, and Baldwin MA. Preferential oxidation of zinc fin-
ger 2 in estrogen receptor DNA-binding domain prevents
dimerization and, hence DNA binding. Biochemistry 39:
84068417, 2000.

Wilker JJ and Lippard SJ. Modeling the DNA methyl-
phosphotriester repair site in Escherichia coli Ada. Why
zinc and four cysteines? L dm Chom Soc 117: 8682—
8683, 1995.

Woo ES, Monks A, Watkins SC, Wang AS, and Lazo LS.
Diversity of metallothionein content and subcellular lo-




REDOX AND ZINC SIGNALING

218.

219.

220.

221.

222.

223.

224.

225.

225a.

226.

calization in the National Cancer Institute tumor panel.
(Eernes Chusathor Dhosmacol 111 61 68, 1997

Woo ES, Dellapiazza D, Wang AS, and Lazo JS. Energy-
dependent nuclear binding dictates metallothionein local-
ization. JCell Phvsiol 182: 69-76, 2000.

Xu'Y and Wilcox DE. Oxidation of zinc finger cysteines
to thiolsulfinate. J4p Chem Soc 120: 7375-7376, 1998.
Yang Y, Maret W, and Vallee BL. Differential fluores-
cence labeling of cysteinyl clusters uncovers high tissue
levels of thionein. Sigcemiidimt et 98:
5556-5559, 2001.

Ye B, Maret W, and Vallee BL. Zinc metallothionein im-
ported into liver mitochondria modulates respiration.
Lrac Natl dead Sci US4 98: 2317-2322, 2001.

Yong VW. Metalloproteinases: Mediators of pathology
and regeneration in the CNS. Natwe Rev Newroscl 6:
931-944, 2005.

Yu X, Wu Z, and Fenselau C. Covalent sequestration of
melphalan by metallothionein and selective alkylation of
cysteines. Biochemistry 34: 3377-3385, 1995.

Zaia J, Jiang L, Han MS, Tabb JR, Wu Z, Fabris D, and
Fenselau C. A binding site for chlorambucil on metallo-
thionein. Bigchemistry 35: 2850-2835, 1996.

Zangger K, Shen G, Oz G, Otvos JD, and Armitage IM.
Oxidative dimerization in metallothionein is a result of
intermolecular disulphide bonds between cysteines in the
a-domain. Biochem J 359: 353-360, 2001.

Sagher D, Brunell D, Hejtmancik JF, Kantorow M, Brot
N, and Weissbach H. Thionein can serve as a reducing
agent for the methionine sulfoxide reductases. Proc Natl
Acad Sci US4 103: 8656-8661, 2006.

Zhang B, Georgiev O, Hagmann M, Giines C, Cramer M,
Faller P, Vasak M, and Schaffner W. Activity of metal-re-

227.

228.

229.

230.

1441

sponsive transcription factor 1 by toxic heavy metals and
H202 in vitro is modulated by metallothionein. Mol Cell
Biol 23: 8471-8485, 2003.

Zhang X, Tamaru H, Khan SI, Horton JR, Keefe LJ,
Selker EU, and Chen X. Structure of the Neurospora SET
domain protein DIM-5, a histone H3 lysine methyltrans-
ferase. Cell 111: 117-127, 2002.

Zhang Z, Kolls JK, Oliver P, Good P, Schwarzenberger
PO, Joshi MS, Ponthier JL, and Lancaster JR. Activation
of tumor necrosis factor-a-converting enzyme-mediated
ectodomain shedding by nitric oxide. J Bjol Chem 275:
1583915844, 2000.

Zhou Z, Wang L, Song Z, Saari JT, McClain CJ, and
Kang YJ. Zinc supplementation prevents alcoholic liver
injury in mice through attenuation of oxidative stress. Am
J Path 166: 1681-1690, 2005.

Zou M-H, Shi C, and Cohen RA. Oxidation of the zinc-
thiolate complex and uncoupling of endothelial nitric

oxide synthase by peroxynitrite. J_Clin Jnvest 109:
817-826, 2002.

Address reprint requests to:

Wolfgang Maret, Ph.D.

Division of Human Nutrition

Preventive Medicine and Community Health
University of Texas Medical Branch

700 Harborside Drive

Galveston, TX 77555

E-mail: womaret@utmb.edu

Date of first submission to ARS Central, February 28, 2006;
date of acceptance, April 8, 2006.






Thisarticle has been cited by:

1. Pilar Sanchez-Blazquez , Maria Rodriguez-Mufioz , Concha Baildn , Javier Garzén . 2012. GPCRs Promote the Release
of Zinc lons Mediated by nNOS/NO and the Redox Transducer RGSZ2 Protein. Antioxidants & Redox Signaling 17:9,
1163-1177. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links] [Supplemental material]

2.Mikaela D. Stewart, Tatyana I. Igumenova. 2012. Reactive Cysteine in the Structural Zn 2+ Site of the C1B Domain from
PK C#. Biochemistry 51:37, 7263-7277. [ CrossRef]

3.Nobuko Yoshimoto, Tomoyuki Sasaki, Katsuyoshi Sugimoto, Hidemi Ishii, Keiko Yamamoto. 2012. Design and
Characterization of a Selenium-Containing Inhibitor of Activated Thrombin-Activatable Fibrinolysis Inhibitor (TAFla), a
Zinc-Containing Metalloprotease. Journal of Medicinal Chemistry 55:17, 7696-7705. [ CrossRef]

4. IngaWessels, Hajo Haase, Gabriela Engelhardt, Lothar Rink, Peter Uciechowski. 2012. Zinc deficiency induces production
of the proinflammatory cytokines IL-1# and TNF# in promyeloid cells via epigenetic and redox-dependent mechanisms. The
Journal of Nutritional Biochemistry . [CrossRef]

5. Roberta R. Holt, Janet Y. Uriu-Adams, Carl L. KeenZinc 521-539. [ CrossRef]

6. Shradha Prabhulkar , Hui Tian, Xiaotang Wang , Jun-Jie Zhu , Chen-Zhong Li . Engineered Proteins; Redox Properties and
Their Applications. Antioxidants & Redox Signaling, ahead of print. [Abstract] [Full Text HTML] [Full Text PDF] [Full
Text PDF with Links]

7. SoraiaMeghdadi, Valiollah Mirkhani, RezaKia, Majid Moghadam, Shahram Tangestaninejad, Iraj Mohammadpoor-Baltork.
2012. Electrochemical synthesis and crystal structure of zinc(ll) complexes with N2N#2S2 amide-thioether hexadentate
ligands. Polyhedron 41:1, 115-119. [CrossRef]

8. Luis De Leon-Rodriguez, Angelo Josue M. Lubag, A. Dean Sherry. 2012. Imaging free zinc levels in vivo — What can be
learned?. Inorganica Chimica Acta . [CrossRef]

9. Matgorzata Sikorska, Artur Kr##el, Jacek Otlewski. 2012. Femtomolar Zn2+ affinity of LIM domain of PDLIM1 protein
uncovers crucial contribution of protein-protein interactions to protein stability. Journal of Inorganic Biochemistry .
[CrossRef]

10. Zink und seine anorganischen Verbindungen [MAK Value Documentation in German language, 2010] . [ CrossRef]
11. David B. Briggs, Rebecca M. Giron, Karina Schnittker, Madeline V. Hart, Chad K. Park, Andrew C. Hausrath, Tsu-Shuen

Tsao. 2012. Zinc enhances adiponectin oligomerization to octadecamers but decreases the rate of disulfide bond formation.
BioMetals . [CrossRef]

12. Eugenio Mocchegiani, Laura Costarelli, Robertina Giacconi, Francesco Piacenza, Andrea Basso Marco Maavolta. 2012.
Micronutrient (Zn, Cu, Fe)—gene interactions in ageing and inflammatory age-related diseases. Implications for treatments.
Ageing Research Reviews . [ CrossRef]

13. Atsushi Takeda, Haruna Tamano. 2012. Proposed glucocorticoid-mediated zinc signaling in the hippocampus. Metallomics
4.7, 614. [CrossRef]

14. Wolfgang Maret. 2011. New perspectives of zinc coordination environments in proteins. Journal of Inorganic Biochemistry
. [CrossRef]

15. Rui Gusméo, Rafel Prohens, José Manuel Diaz-Cruz, CristinaArifio, Miquel Esteban. 2011. Combination of chemometrically
assisted voltammetry, calorimetry, and circular dichroism as a new method for the study of bioinorganic substances:
application to selenocystine metal complexes. JBIC Journal of Biological Inorganic Chemistry . [ CrossRef]

16. Regina Brigelius-Flohé , Leopold Flohé . 2011. Basic Principles and Emerging Concepts in the Redox Control of
Transcription Factors. Antioxidants & Redox Signaling 15:8, 2335-2381. [Abstract] [Full Text HTML] [Full Text PDF] [Full
Text PDF with Links]

17.Y .-G. Jung, Y .-B. Cho, M.-S. Kim, J-S. Y00, S.-H. Hong, J.-H. Roe. 2011. Determinants of redox sensitivity in RsrA, a
zinc-containing anti-sigma factor for regulating thiol oxidative stress response. Nucleic Acids Research 39:17, 7586-7597.
[CrossRef]

18. Merridee A. Wouters, Siiri lismaa, Samuel W. Fan, Naomi L. Haworth. 2011. Thiol-based redox signalling: Rust never
sleeps. The International Journal of Biochemistry & Cell Biology 43:8, 1079-1085. [ CrossRef]

19. Stefano M. Marino , Vadim N. Gladyshev . 2011. Redox Biology: Computational Approaches to the Investigation of
Functional Cysteine Residues. Antioxidants & Redox Sgnaling 15:1, 135-146. [Abstract] [Full Text HTML] [Full Text PDF]
[Full Text PDF with Links]

20. Larry H. Bernstein. 2011. Micronutrients. Nutrition . [ CrossRef]


http://dx.doi.org/10.1089/ars.2012.4517
http://online.liebertpub.com/doi/full/10.1089/ars.2012.4517
http://online.liebertpub.com/doi/pdf/10.1089/ars.2012.4517
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2012.4517
http://online.liebertpub.com/doi/suppl/10.1089/ars.2012.4517
http://dx.doi.org/10.1021/bi300750w
http://dx.doi.org/10.1021/jm300735t
http://dx.doi.org/10.1016/j.jnutbio.2012.06.007
http://dx.doi.org/10.1002/9781119946045.ch34
http://dx.doi.org/10.1089/ars.2011.4001
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4001
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4001
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4001
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4001
http://dx.doi.org/10.1016/j.poly.2012.04.032
http://dx.doi.org/10.1016/j.ica.2012.06.026
http://dx.doi.org/10.1016/j.jinorgbio.2012.05.009
http://dx.doi.org/10.1002/3527600418.mb744066d0049
http://dx.doi.org/10.1007/s10534-012-9519-9
http://dx.doi.org/10.1016/j.arr.2012.01.004
http://dx.doi.org/10.1039/c2mt20018j
http://dx.doi.org/10.1016/j.jinorgbio.2011.11.018
http://dx.doi.org/10.1007/s00775-011-0853-0
http://dx.doi.org/10.1089/ars.2010.3534
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3534
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3534
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3534
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3534
http://dx.doi.org/10.1093/nar/gkr477
http://dx.doi.org/10.1016/j.biocel.2011.04.002
http://dx.doi.org/10.1089/ars.2010.3561
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3561
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3561
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3561
http://dx.doi.org/10.1016/j.nut.2011.02.011

21. Maria Rodriguez-Mufioz , Elena de la Torre-Madrid , Pilar Sanchez-Blazquez , Javier Garzon . 2011. NO-released Zinc
Supportsthe Simultaneous Binding of Raf-1 and PK C# Cysteine-Rich Domainsto HINT1 Protein at the Mu-Opioid Receptor.
Antioxidants & Redox Sgnaling 14:12, 2413-2425. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

22. Toshiyuki Fukada, Satoru Yamasaki, Keigo Nishida, Masaaki Murakami, Toshio Hirano. 2011. Zinc homeostasis and
signaling in health and diseases. JBIC Journal of Biological Inorganic Chemistry . [CrossRef]

23.Yu-Ming Lee, Carmay Lim. 2011. Factors Controlling the Reactivity of Zinc Finger Cores. Journal of the American Chemical
Society 133:22, 8691-8703. [CrossRef]

24. Wolfgang Maret. 2011. Redox biochemistry of mammalian metallothioneins. JBIC Journal of Biological Inorganic
Chemistry . [CrossRef]

25. Wolfgang Maret. 2011. Metalson the move: zincionsin cellular regulation and in the coordination dynamics of zinc proteins.
BioMetals 24:3, 411-418. [CrossRef]

26.S. Li, A.C. Vana, R. Ribeiro, Y. Zhang. 2011. Distinct role of nitric oxide and peroxynitrite in mediating oligodendrocyte
toxicity in culture and in experimental autoimmune encephalomyelitis. Neuroscience 184, 107-119. [CrossRef]

27. Florian Bonn, Takashi Tatsuta, Carmelina Petrungaro, Jan Riemer, Thomas Langer. 2011. Presequence-dependent folding
ensures MrpL 32 processing by the m-AAA protease in mitochondria. The EMBO Journal 30:13, 2545-2556. [ CrossRef]
28. Gilles Ohanessian, Delphine Picot, Gilles Frison. 2011. Reactivity of polynuclear zinc-thiolate sites. International Journal

of Quantum Chemistry 111:6, 1239-1247. [ CrossRef]

29.M.Yu,W.-W. Lee, D. Tomar, S. Pryshchep, M. Czesnikiewicz-Guzik, D. L. Lamar, G. Li, K. Singh, L. Tian, C. M. Weyand,
J. J. Goronzy. 2011. Regulation of T cell receptor signaling by activation-induced zinc influx. Journal of Experimental
Medicine 208:4, 775-785. [ CrossRef]

30. Daolin Tang , Rui Kang , Herbert J. Zeh |11 , Michael T. Lotze . 2011. High-Mobility Group Box 1, Oxidative Stress, and
Disease. Antioxidants & Redox Signaling 14:7, 1315-1335. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF
with Links]

31. Marcos Martins Braga, Tuiskon Dick, Diogo Losch Oliveira, Adriele Scopel Guerra, MarinaConcli Leite, AnaPaulaArdais,
Diogo Onofre Souza, Jodo B.T. Rocha. 2011. Cd modifies hepatic Zn deposition and modulates #ALA-D activity and MT
levels by distinct mechanisms. Journal of Applied Toxicology n/a-n/a. [ CrossRef]

32. Haruna Tamano, Atsushi Takeda. 2011. Dynamic action of neurometals at the synapse. Metallomics 3:7, 656. [ CrossRef]

33. Atsushi Takeda. 2011. Insight into Glutamate Excitotoxicity from Synaptic Zinc Homeostasis. International Journal of
Alzheimer's Disease 2011, 1-8. [CrossRef]

34. Toshiyuki Fukada, Taiho Kambe. 2011. Molecular and genetic features of zinc transportersin physiology and pathogenesis.
Metallomics 3:7, 662. [ CrossRef]

35. Hajo Haase, Gabriela Engelhardt, Silke Hebel, Lothar Rink. 2011. Mercuric ions inhibit mitogen-activated protein kinase
dephosphorylation by inducing reactive oxygen species. Toxicology and Applied Pharmacology 250:1, 78-86. [ CrossRef]

36. Atsushi Takeda. 2010. Zinc Signaling in the Hippocampus and Its Relation to Pathogenesis of Depression. Molecular
Neurobiology . [CrossRef]

37. Meika Foster , Samir Samman . 2010. Zinc and Redox Signaling: Perturbations Associated with Cardiovascular Disease and
Diabetes Mellitus. Antioxidants & Redox Sgnaling 13:10, 1549-1573. [Abstract] [Full Text HTML] [Full Text PDF] [Full
Text PDF with Links]

38. Natalya Karol, Claude Brodski, Yuval Bibi, Tehila Kaisman, Michal Forberg, Michal Hershfinkel, Israel Sekler, William
F. Silverman. 2010. Zinc homeostatic proteins in the CNS are regulated by crosstalk between extracellular and intracellular
zinc. Journal of Cellular Physiology 224:3, 567-574. [ CrossRef]

39. Yuan Li, Bridget E. Hawkins, Douglas S. DeWitt, Donald S. Prough, Wolfgang Maret. 2010. The relationship between
transient zinc ion fluctuations and redox signaling in the pathways of secondary cellular injury: Relevance to traumatic brain
injury. Brain Research 1330, 131-141. [CrossRef]

40. Joseph K. Eibl, ZouleikaAbdallah, Gregory M. Ross. 2010. Zinc—metal | othionein: apotential mediator of antioxidant defence
mechanisms in response to dopamine-induced stressThis review is one of a selection of papers published in a Special |ssue
on Oxidative Stress in Health and Disease. Canadian Journal of Physiology and Pharmacology 88:3, 305-312. [ CrossRef]

41. Merridee A. Wouters , Samuel W. Fan , Naomi L. Haworth . 2010. Disulfides as Redox Switches: From Molecular
Mechanisms to Functional Significance. Antioxidants & Redox Sgnaling 12:1, 53-91. [Abstract] [Full Text HTML] [Full
Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1089/ars.2010.3511
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3511
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3511
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3511
http://dx.doi.org/10.1007/s00775-011-0797-4
http://dx.doi.org/10.1021/ja202165x
http://dx.doi.org/10.1007/s00775-011-0800-0
http://dx.doi.org/10.1007/s10534-010-9406-1
http://dx.doi.org/10.1016/j.neuroscience.2011.04.007
http://dx.doi.org/10.1038/emboj.2011.169
http://dx.doi.org/10.1002/qua.22866
http://dx.doi.org/10.1084/jem.20100031
http://dx.doi.org/10.1089/ars.2010.3356
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3356
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3356
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3356
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3356
http://dx.doi.org/10.1002/jat.1648
http://dx.doi.org/10.1039/c1mt00008j
http://dx.doi.org/10.4061/2011/491597
http://dx.doi.org/10.1039/c1mt00011j
http://dx.doi.org/10.1016/j.taap.2010.10.007
http://dx.doi.org/10.1007/s12035-010-8158-9
http://dx.doi.org/10.1089/ars.2010.3111
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3111
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3111
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3111
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3111
http://dx.doi.org/10.1002/jcp.22168
http://dx.doi.org/10.1016/j.brainres.2010.03.034
http://dx.doi.org/10.1139/Y10-022
http://dx.doi.org/10.1089/ars.2009.2510
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2510
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2510
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2510
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2510

42. Rabert A. Colvin, William R. Holmes, Charles P. Fontaine, Wolfgang Maret. 2010. Cytosolic zinc buffering and muffling:
Their rolein intracellular zinc homeostasis. Metallomics 2:5, 306. [ CrossRef]

43. Wolfgang Maret. 2010. Metalloproteomics, metalloproteomes, and the annotation of metalloproteins. Metallomics 2:2, 117.
[CrossRef]

44. Atsushi Takeda, Haruna Tamano. 2009. Insight into zinc signaling from dietary zinc deficiency. Brain Research Reviews
62:1, 33-44. [CrossRef]

45. Wolfgang Maret. 2009. Fluorescent probes for the structure and function of metallothionein#. Journal of Chromatography
B 877:28, 3378-3383. [CrossRef]

46. Thamayanthy Sriskandakumar, Holm Petzold, Pieter C. A. Bruijnincx, Abraha Habtemariam, Peter J. Sadler, Pierre
Kennepohl. 2009. Influence of Oxygenation on the Reactivity of Ruthenium-Thiolato Bondsin Arene Anticancer Complexes:
Insights from XAS and DFT. Journal of the American Chemical Society 131:37, 13355-13361. [ CrossRef]

47. Sook-Jeong Lee, Kyung Sook Cho, Jae-Y oung Koh. 2009. Oxidative injury triggers autophagy in astrocytes. The role of
endogenous zinc. Glia 57:12, 1351-1361. [ CrossRef]

48. Yuan Li, Wolfgang Maret. 2009. Transient fluctuations of intracellular zinc ions in cell proliferation. Experimental Cell
Research 315:14, 2463-2470. [CrossRef]

49. Samuel W. Fan, Richard A. George, Naomi L. Haworth, Lina L. Feng, Jason Y. Liu, Merridee A. Wouters. 2009.
Conformational changesin redox pairs of protein structures. Protein Science 18:8, 1745-1765. [ CrossRef]

50. Hajo Haase, L othar Rink. 2009. Functional Significance of Zinc-Related Signaling Pathwaysin Immune Cells. Annual Review
of Nutrition 29:1, 133-152. [CrossRef]

51.B. Cessdlin, D. Ali, J.-J. Gratadoux, P. Gaudu, P. Duwat, A. Gruss, M. El Karoui. 2009. I nactivation of the Lactococcuslactis
high-affinity phosphate transporter confers oxygen and thiol resistance and alters metal homeostasis. Microbiology 155:7,
2274-2281. [CrossRef]

52. Kairit Zovo , Peep Palumaa . 2009. Modulation of Redox Switches of Copper Chaperone Cox17 by Zn(l1) lons Determined
by New ESI MS-Based Approach. Antioxidants & Redox Sgnaling 11:5, 985-995. [Abstract] [Full Text PDF] [Full Text
PDF with Links]

53. Klaus-D. Krdncke , Lars-Oliver Klotz . 2009. Zinc Fingers as Biologic Redox Switches?. Antioxidants & Redox Sgnaling
11:5, 1015-1027. [Abstract] [Full Text PDF] [Full Text PDF with Links]

54. James A. Coffman. 2009. Mitochondria and metazoan epigenesis. Seminarsin Cell & Developmental Biology 20:3, 321-329.
[CrossRef]

55. Gerd Wellenreuther, Michele Cianci, Remi Tucoulou, Wolfram Meyer-Klaucke, Hajo Haase. 2009. The ligand environment
of zinc stored in vesicles. Biochemical and Biophysical Research Communications 380:1, 198-203. [ CrossRef]

56. Filipe Cabreiro , C#dric R. Picot , Martine Perichon , Bertrand Friguet , Isabelle Petropoulos . 2009. Overexpression of
M ethionine Sulfoxide Reductases A and B2 Protects MOL T-4 Cells Against Zinc-Induced Oxidative Stress. Antioxidants &
Redox Sgnaling 11:2, 215-226. [Abstract] [Full Text PDF] [Full Text PDF with Links]

57. Wolfgang Maret. 2009. Molecular aspects of human cellular zinc homeostasis: redox control of zinc potentials and zinc
signals. BioMetals 22:1, 149-157. [CrossRef]

58. Stephen G. Bell, Bert L. Vallee. 2009. The Metallothionein/Thionein System: An Oxidoreductive Metabolic Zinc Link.
ChemBioChem 10:1, 55-62. [ CrossRef]

59. Anouk Waeytens, Martine De V os, Debby Laukens. 2009. Evidence for a Potential Role of Metallothioneinsin Inflammatory
Bowel Diseases. Mediators of Inflammation 2009, 1-9. [CrossRef]

60. Michelle A. Gauthier, Joseph K. Eibl, James A. G. Crispo, Gregory M. Ross. 2008. Covalent arylation of metallothionein
by oxidized dopamine products: A possible mechanism for zinc-mediated enhancement of dopaminergic neuron survival.
Neurotoxicity Research 14:4, 317-328. [ CrossRef]

61. J. Grace Wallenborn, Paul Evansky, Jonathan H. Shannahan, Beena Vallanat, Allen D. Ledbetter, Mette C. Schladweiler,
Judy H. Richards, Reddy R. Gottipolu, Abraham Nyska, Urmila P. Kodavanti. 2008. Subchronic inhalation of zinc sulfate
induces cardiac changes in healthy rats#. Toxicology and Applied Pharmacology 232:1, 69-77. [ CrossRef]

62. Nadeem O. Kaakoush, Mark Raftery, George L. Mendz. 2008. Molecular responses of Campylobacter  jejuni to cadmium
stress. FEBS Journal 275:20, 5021-5033. [ CrossRef]

63. E. Stroher, X.-J. Wang, N. Roloff, P. Klein, A. Husemann, K.-J. Dietz. 2008. Redox-Dependent Regulation of the Stress-
Induced Zinc-Finger Protein SAP12 in Arabidopsis thaliana. Molecular Plant 2:2, 357-367. [ CrossRef]


http://dx.doi.org/10.1039/b926662c
http://dx.doi.org/10.1039/b915804a
http://dx.doi.org/10.1016/j.brainresrev.2009.09.003
http://dx.doi.org/10.1016/j.jchromb.2009.06.014
http://dx.doi.org/10.1021/ja903405z
http://dx.doi.org/10.1002/glia.20854
http://dx.doi.org/10.1016/j.yexcr.2009.05.016
http://dx.doi.org/10.1002/pro.175
http://dx.doi.org/10.1146/annurev-nutr-080508-141119
http://dx.doi.org/10.1099/mic.0.027797-0
http://dx.doi.org/10.1089/ars.2008.2262
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2262
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2262
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2262
http://dx.doi.org/10.1089/ars.2008.2269
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2269
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2269
http://dx.doi.org/10.1016/j.semcdb.2009.02.002
http://dx.doi.org/10.1016/j.bbrc.2009.01.074
http://dx.doi.org/10.1089/ars.2008.2102
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2102
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2102
http://dx.doi.org/10.1007/s10534-008-9186-z
http://dx.doi.org/10.1002/cbic.200800511
http://dx.doi.org/10.1155/2009/729172
http://dx.doi.org/10.1007/BF03033856
http://dx.doi.org/10.1016/j.taap.2008.05.025
http://dx.doi.org/10.1111/j.1742-4658.2008.06636.x
http://dx.doi.org/10.1093/mp/ssn084

64. Manuel Covarrubias, Aditya Bhattacharji, Jose A. Santiago-Castillo, Kevin Dougherty, Yuri A. Kaulin, Thanawath
Ratanadilok Na-Phuket, Guangyu Wang. 2008. The Neurona Kv4 Channel Complex. Neurochemical Research 33:8,
1558-1567. [CrossRef]

65. E PIREV, C CALLES, P SCHROEDER, H SIES, K KRONCKE. 2008. Ultraviolet-A irradiation but not ultraviolet-B
or infrared-A irradiation leads to a disturbed zinc homeostasis in cells. Free Radical Biology and Medicine 45:1, 86-91.
[CrossRef]

66. Marco Malavolta, Catia Cipriano , Laura Costarelli , Robertina Giacconi , Silvia Tesel , Elisa Muti , Francesco Piacenza,
Sara Pierpaoli , AnnisLarbi , Graham Pawelec , George Dedoussis, George Herbein , DanielaMonti , Jolanta Jajte , Lothar
Rink , Eugenio Mocchegiani . 2008. Metallothionein Downregulation in Very Old Age: A Phenomenon Associated with
Cellular Senescence?. Rejuvenation Research 11:2, 455-459. [Abstract] [Full Text PDF] [Full Text PDF with Links]

67. Eugenio Mocchegiani . 2008. Zinc, Metallothioneins, Longevity: Effect of Zinc Supplementation on Antioxidant Response:
A Zincage Study. Rejuvenation Research 11:2, 419-423. [Abstract] [Full Text PDF] [Full Text PDF with Links]

68. Megan E. Knoch, Karen A. Hartnett, Hirokazu Hara, Karl Kandler, Elias Aizenman. 2008. Microglia induce neurotoxicity
viaintraneuronal Zn2+ release and a K+ current surge. Glia 56:1, 89-96. [ CrossRef]

69. S. VanBiervliet, S. Vande Velde, J.P. Van Biervliet, E. Robberecht. 2008. The Effect of Zinc Supplementsin Cystic Fibrosis
Patients. Annals of Nutrition and Metabolism 52:2, 152-156. [ CrossRef]

70. K KRONCKE. 2007. Cellular stress and intracellular zinc dyshomeostasis. Archives of Biochemistry and Biophysics 463:2,
183-187. [CrossRef]

71. A KREZEL, QHAO, W MARET. 2007. The zinc/thiolate redox biochemistry of metallothionein and the control of zinc ion
fluctuationsin cell signaling. Archives of Biochemistry and Biophysics 463:2, 188-200. [ CrossRef]

72. Matgorzata Wszelaka-Rylik, Aleksandra Witkiewicz-Kucharczyk, Jacek Wojcik, Wojciech Bal. 2007. Ap4A is not an
efficient Zn(I1) binding agent. A concerted potentiometric, calorimetric and NMR study. Journal of Inorganic Biochemistry
101:5, 758-763. [CrossRef]

73.Marco Malavolta, Francesco Piacenza, Laura Costarelli, Robertina Giacconi, Elisa Muti, Catia Cipriano, Silvia Tesei,
Sandro Spezia, Eugenio Mocchegiani. 2007. Combining UHR-SEC-HPLC-ICP-MS with flow cytometry to quantify
metallothioneins and to study zinc homeostasis in human PBMC. Journal of Analytical Atomic Spectrometry 22:9, 1193.
[CrossRef]


http://dx.doi.org/10.1007/s11064-008-9650-8
http://dx.doi.org/10.1016/j.freeradbiomed.2008.04.011
http://dx.doi.org/10.1089/rej.2008.0679
http://online.liebertpub.com/doi/pdf/10.1089/rej.2008.0679
http://online.liebertpub.com/doi/pdfplus/10.1089/rej.2008.0679
http://dx.doi.org/10.1089/rej.2008.0686
http://online.liebertpub.com/doi/pdf/10.1089/rej.2008.0686
http://online.liebertpub.com/doi/pdfplus/10.1089/rej.2008.0686
http://dx.doi.org/10.1002/glia.20592
http://dx.doi.org/10.1159/000129650
http://dx.doi.org/10.1016/j.abb.2007.03.008
http://dx.doi.org/10.1016/j.abb.2007.02.017
http://dx.doi.org/10.1016/j.jinorgbio.2007.01.007
http://dx.doi.org/10.1039/b704577h

