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ABSTRACT

The nutritional essentiality of zinc for the growth of living organisms had been recognized long before zinc biochemistry began with the

discovery of zinc in carbonic anhydrase in 1939. Painstaking analytical work then demonstrated the presence of zinc as a catalytic and structural

cofactor in a few hundred enzymes. In the 1980s, the field again gained momentum with the new principle of “zinc finger” proteins, in which zinc

has structural functions in domains that interact with other biomolecules. Advances in structural biology and a rapid increase in the availability of

gene/protein databases now made it possible to predict zinc-binding sites from metal-binding motifs detected in sequences. This procedure

resulted in the definition of zinc proteomes and the remarkable estimate that the human genome encodes w3000 zinc proteins. More recent

developments focus on the regulatory functions of zinc(II) ions in intra- and intercellular information transfer and have tantalizing implications for

yet additional functions of zinc in signal transduction and cellular control. At least three dozen proteins homeostatically control the vesicular

storage and subcellular distribution of zinc and the concentrations of zinc(II) ions. Novel principles emerge from quantitative investigations on

how strongly zinc interacts with proteins and how it is buffered to control the remarkably low cellular and subcellular concentrations of free zinc

(II) ions. It is fair to conclude that the impact of zinc for health and disease will be at least as far-reaching as that of iron. Adv. Nutr. 4: 82–91, 2013.

Introduction
The chronology of events in the research of zinc biology is
revealing as it unfolds through different disciplines and
demonstrates an ever-increasing variety of functions. Three
phases of discovery can be discerned: 1) the recognition that
zinc is essential for all forms of life, 2) the detection of zinc
in enzymes and other proteins as a basis of its catalytic and
structural functions, and 3) a role of zinc(II) ions in cellular
regulation, which is the main subject of this article (Fig. 1).
Knowledge about molecular functions of zinc emerged
slowly as zinc is refractory to investigations with most spec-
troscopic techniques, and analysis in biological tissues was
challenging before sufficiently sensitive methods such as
flameless atomic absorption spectrophotometry became
widely available. Also, many zinc proteins are of such low
abundance that they escaped detection through direct anal-
ysis. So far, only bioinformatics and systems biology

approaches have taught us the full extent to which zinc is in-
volved in cellular biology. Yet, the role of zinc as a cofactor in
proteins did not seem to explain all its biological functions. The
third and most recent phase of discovery demonstrates that
zinc(II) ions are regulatory ions akin to calcium(II) ions
and are fundamentally important for cellular control. Again,
new insights became possible only with the development of
new tools, in this case the advent of chelating agents that flu-
oresce when binding zinc(II) ions and that allow measure-
ment of zinc(II) ions in cells with a sensitivity exceeding
that of most other analytical techniques. This article focuses
on these latest developments that address the roles of zinc
(II) ions in cellular regulation, which, so far, are unique
among the essential transition metal ions. These roles in-
crease the significance of zinc for cellular biology tremen-
dously and suggest that the micronutrient zinc has much
broader functions than any of the other transition metal
ions, including iron.

Current status of knowledge
Zinc as an essential transition metal ion
Jules Raulin, who trained under Louis Pasteur, reported in
1869 that zinc is essential for the growth of the fungus Asper-
gillus niger (1). His work is remarkable and decisive because

1 Presented at the symposium “Zinc Nutrition: From Discovery to Global Health Impact” held

April 22, 2012 at the ASN Scientific Sessions and Annual Meeting at Experimental Biology

2012 in San Diego, CA. The symposium was sponsored by the American Society for

Nutrition. A summary of the symposium Zinc Nutrition: From Discovery to Global Health

Impact was published in the September 2012 issue of Advances in Nutrition.
2 Author disclosure: W. Maret, no conflicts of interest.

* To whom correspondence should be addressed. E-mail: wolfgang.maret@kcl.ac.uk.

82 ã2013 American Society for Nutrition. Adv. Nutr. 4: 82–91, 2013; doi:10.3945/an.112.003038.



he used chemically defined media to arrive at his conclusion.
In the 1920s, it was discussed whether the presence zinc in
human tissues is the result of environmental exposure that
would affect humans adversely. Investigators at the Harvard
School of Public Health in Boston measured zinc concentra-
tions in human tissues and concluded that zinc is present
endogenously and may serve biological functions (2,3). It
is instructive to read the conclusion of Drinker’s and Collier:
“one is struck.by the...failure of investigators to recognize
this normal universality of zinc...leads us to believe that zinc
is indispensable for the normal functioning of the body” (3).
Considerable time elapsed after Raulin’s original observa-
tion until zinc was shown to be essential for rats (1934)
and for humans (1961) (4,5). This early period of discovery
was the subject of a Federation of American Societies for
Experimental Biology symposium organized by Boyd
O’Dell (6).

From a single zinc enzyme to w3000 human zinc
proteins
The biochemistry of zinc began in 1939 when erythrocyte
carbonic anhydrase was found to contain stoichiometric
amounts of zinc and the zinc was shown to be essential
for its enzymatic activity (7). Thus, knowledge of a role of
zinc in proteins preceded Ananda Prasad’s seminal discovery
of human zinc deficiency by more than twenty years (8). A
second zinc enzyme, bovine pancreatic carboxypeptidase,
was identified only fifteen years after the discovery of zinc
carbonic anhydrase (9). Advances in analytical methods
for isolating proteins and measuring metals in biological
material, the latter largely pioneered by the late Bert L. Vallee
and his colleagues (10), led to the discovery of hundreds of
zinc proteins in all classes of enzymes, i.e., oxidoreductases,
transferases, hydrolases, lyases, isomerases, and ligases (11).

A huge impact on the development of the field was the ob-
servation that Xenopus laevis transcription factor IIIA contains
9 repetitive sequences of C (cysteine) and H (histidine) resi-
dues that are involved in the binding of 9 zinc ions (12).
This characteristic ligand signature of metal-coordinating
amino acid side chains interspersed with noncoordinating
amino acids (“spacers” a, b, c,) (CXaCXbHXcH, coordina-
tion type C2H2) forms relatively small protein domains
that interact with nucleic acids like the fingers of a hand
gripping a rod and hence became known generically as a
“zinc finger.” In these sites, zinc has primarily a structural
role. At about the same time, nucleotide sequence databases
increased rapidly in number and size and led to the land-
mark event of the sequence of the human genome. These
databases allowed searches for homologies with established
signatures of metal-coordinating amino acids and made it
possible to predict zinc-binding sites. Using only the signa-
ture of the classic C2H2 zinc finger motif, 5092 protein do-
mains containing this motif were identified in the human
genome (13). The actual number of zinc proteins with
this motif is smaller, however, because many proteins con-
tain several zinc fingers, with as many as 36 zinc fingers
observed in one particular protein. Also, signatures and 3-
dimensional structures of other structural zinc sites in pro-
tein domains were discovered, such as sites with 4 cysteine
ligands (C4), with 3 cysteine ligands and 1 histidine ligand
(C3H), with 1 aspartate (D) and 3 histidine ligands (DH3),
and others (14). Mining of databases for these signatures
further increased the number of zinc proteins. Thus, in ad-
dition to the hundreds of zinc enzymes, hundreds of zinc
finger proteins were now known. Many of the zinc-binding
domains do not interact with nucleic acids but rather with
other proteins, and, in some cases, with lipids (15,16). It
became customary to assign zinc finger domains in newly
discovered proteins based on sequence homology rather
than performing a chemical analysis of zinc. Predictions
were initially verified experimentally. A now classic example
is the prediction of a zinc binding site in human leukotriene
A4 (LTA4)

2 hydrolase. LTA4 hydrolase has a signature
HExxH.E (E, glutamate) that aligns with that of the cata-
lytic zinc in the bacterial proteinase thermolysin (17). Metal
analysis confirmed that LTA4 hydrolase is indeed a zinc en-
zyme (18). The analogy with thermolysin suggested that
LTA4 hydrolase has peptidase activity, which was then also
confirmed experimentally (19). The crystal structure of hu-
man LTA4 hydrolase proved the prediction about its zinc-
binding site to be correct (20).

When the entire human genome was scanned for zinc-
binding signatures, it was predicted that at least 3% of the
genes encode zinc proteins (21). However, it was pointed
out that the actual zinc proteome could be considerably
larger because this approach does not account for all zinc-
protein interactions (22). Indeed, a bioinformatics approach

Figure 1 The three phases of discoveries in zinc biology. Top:
Discoveries that led to the recognition of zinc as an essential
nutrient began with Jules Raulin’s seminal investigations of the
dependence of Aspergillus niger on zinc for growth and
culminated in the discovery of zinc deficiency in humans by
Ananda Prasad. Middle: Discoveries of zinc as a cofactor of
proteins also has a defined beginning, namely, David Keilin’s
finding of zinc in carbonic anhydrase, and reached a certain end
point by Ivano Bertini’s estimates of the number of zinc proteins
in zinc proteomes. Bottom: Discoveries related to the role of zinc
(II) ions in regulation do not have well-defined beginnings and
are open in terms of future implications.

2 Abbreviations used: ER, endoplasmic reticulum; LTA4, leukotriene A4; MT, metallothionein;

MTF-1, metal-response element–binding transcription factor 1; Zip, ZRT/IRT-like protein; Zn,

zinc; ZnT, zinc transporter.
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led to the prediction that at least 10% (w2800 gene pro-
ducts) of the human genome encodes zinc proteins (23).
This approach combines the information from databases
for protein structures (24) and for protein domains (25)
to scan gene databases, uses an automated procedure for
analysis, and sets guidelines for manual curation of the in-
formation (26). Three data sets were obtained: metallopro-
teins with known signatures and unknown domains (2406
proteins), metalloproteins with known signatures and
known domains (2506), and metalloproteins with unknown
signatures and known domains (2407). The total number of
zinc proteins is 3207; 2430 are identified by at least two
methods and 1684 zinc proteins by all three methods (signa-
tures, domains, annotations). As possible zinc proteins are
counted: 397 hydrolases; 302 ligases; 167 transferases; 43
oxidoreductases; 24 lyases/isomerases; 957 transcription fac-
tors; 221 signaling proteins; 141 transport/storage proteins;
53 proteins with structural metal sites; 19 proteins involved
in DNA repair, replication, and translation; 427 zinc finger
proteins of unknown function; and 456 proteins of un-
known function. The number of zinc proteins correlates lin-
early with the number of genes in a particular genome and is
higher in eukarya (8.8%) than in bacteria and archaea (5–
6%) (27). The increase in the zinc proteome in eukarya is
due to the large number of additional zinc proteins involved
in regulation, such as the zinc-binding domains of zinc fin-
ger proteins that extend considerably the conformational
landscape of proteins and hence the possibilities for interac-
tions, i.e., the interactome.

Predictions estimating the number of zinc proteins in the
human zinc proteome demonstrated that the widespread
use of zinc is in protein structure and function. However,
they are based on known signatures and therefore are inher-
ently limited (28–30). There are some examples of false pos-
itives, where zinc is not present in the protein because the
site does not bind zinc or the site binds a different metal.
Predictions do not take into account either where the pro-
tein is localized in the cell or the differences in metal utiliza-
tion in some compartments such as mitochondria. Also,
zinc binds between protein subunits, a function that it serves
exceptionally well because it is redox inert and binds stron-
ger than the other essential metal ions except copper(II). In
these interface zinc sites, zinc has catalytic functions or,
more frequently, structural functions in the quaternary
(same subunits) or quinary (different subunits) structure
of proteins (31). Because the ligands of interface zinc sites
stem from different proteins and coordination may involve
only one or two ligands from each of the protomers, signa-
tures cannot be readily identified and used for homology
searches, thus precluding estimates of the total number of
such sites. Yet other proteins bind zinc transiently. This cat-
egory includes proteins involved in the regulation of cellular
zinc homeostasis and proteins that are regulated by zinc. Sig-
natures of these sites are incomplete, raising questions as to
the extent that additional signatures will increase the size of
the zinc proteomes. Indeed, experimental work indicates
that interactions of zinc with proteins are more frequent

than predictions suggest (32). Extensive reviews on this sec-
ond phase of discovery exist (33,34). The third and ongoing
phase of discovery focuses on the fact that free zinc(II) ions
in addition to protein-bound zinc(II) ions are important for
functions of zinc in biology.

New functions: Zinc ions as messengers
With so many proteins requiring zinc, the questions of how,
when, and where zinc is made available for proteins to become
zinc proteins came increasingly into focus. A comprehensive
answer is lacking, however. It is also not known whether the
allocation of zinc when zinc becomes limiting occurs with
any type of hierarchy to conserve basic zinc-dependent func-
tions while suspending others. Another critical question is
which processes and molecules control systemic homeostasis
of zinc. A hormone such as hepcidin controlling iron metab-
olism has not been identified for the control of zinc. With dis-
coveries of proteins involved in cellular zinc homeostasis, it
became clear how complex the control is. Dozens of trans-
porters were identified, in contrast to iron, where there are
only a few. However, the specificity of most of these trans-
porters is not well established. They are called zinc trans-
porters, but several of them also transport other metal ions.
The transporters are localized on the plasma membrane and
on intracellular membranes. This extensive compartmentali-
zation is characteristic for cellular zinc metabolism.

Regulating zinc: control of cellular zinc homeostasis
Several dozen proteins regulate cellular zinc. They store and
release zinc, bind any excess of zinc to avoid unspecific reac-
tions, transport zinc through membranes and cellular com-
partments, or sense zinc(II) ion concentrations.

Transporting and sensing zinc. Ten members of the zinc
(Zn) transporter (ZnT) family (SLC30A) export zinc from
the cytosol, whereas 14 members of the ZRT/IRT-like pro-
tein (Zip) family (SLC39A) import zinc into the cytosol. To-
gether these transporters control cellular zinc and its traffic
through the plasma membrane and between cytosol and
various cellular compartments (35,36). The transporters
are regulated transcriptionally, translationally, and at the
protein level through heterodimer formation, ubiquitina-
tion, phosphorylation, and proteolysis (35–37). Three-
dimensional structures of Zip proteins are not available.
Some of the members of the family may have additional zinc
binding sites (38), which is the case for ZnT proteins. Esch-
erichia coli Yiip is a homolog of the human ZnT proteins and
a Zn2+/H+ antiporter residing in the inner membrane. Its 3-
dimensional structure shows a dimeric protein with a trans-
membrane domain and a cytoplasmic domain and several
zinc-binding sites in the monomer: a zinc site between the
transmembrane helices involved in zinc transport, a zinc-
binding site between the two domains with unknown func-
tion, and a binuclear zinc binding site in the cytoplasmic
domain, which is thought to sense cytoplasmic zinc(II)
ion concentrations and trigger a conformational change
that allows transport of zinc through the membrane (39).
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Metal-response element–binding transcription factor-1 (MTF-1)
is the only known eukaryotic zinc(II) ion sensor. It con-
trols zinc-dependent gene expression of proteins at in-
creased zinc concentrations. Sensing is thought to occur
through a pair of its 6 zinc fingers with lower affinity for
zinc than the other zinc fingers (40). In human MTF-1,
the acidic activation domain also participates in metal sens-
ing (41). MTF-1 is an essential protein in development as its
genetic ablation in mice is embryonically lethal (42).

Storing and releasing zinc: proteins. Humans have at least
a dozen different metallothioneins (MTs), proteins with 60–
68 amino acids, among which 20–21 are cysteines (43). The
gene expression of most of them is under the control of
MTF-1. Their expression increases the cellular zinc-binding
capacity when the cellular zinc concentration increases.
Characterization of the isolated protein demonstrated that
zinc is bound exclusively to the sulfur donors of 20 cysteines
in 2 zinc/thiolate clusters, 3 zinc(II) ions in the N-terminal
cluster with 9 cysteine ligands, and 4 zinc(II) ions in the C-
terminal cluster with 11 cysteine ligands (44,45). Every one
of the 7 zinc(II) ions binds to 4 sulfurs of cysteines. At least
two properties of MTs are remarkable with regard to those of
other zinc proteins. One property is the different affinities of
binding sites for zinc in humanMT-2 despite the fact that all
7 zinc(II) ions are in tetrathiolate coordination environ-
ments (46). With these characteristics, MTs are not simply
trapping any zinc for storage but serve dynamic functions
as both zinc acceptors and zinc donors. The other property
is that MTs are redox proteins. Generally, zinc is redox inert
in biology. However, in coordination environments with
sulfur donors, sulfur is redox active, and redox reactions
can modulate the stability of the complex (47). This chem-
istry makes it possible to mobilize zinc(II) ions from high-
affinity sites. In this way, the redox environment affects
the metal load of MT and the concentrations of cellular
free zinc(II) ions. Oxidation of the sulfur donors leads to
zinc release, whereas reduction of the oxidized sulfurs leads
to zinc binding. An important consequence of these proper-
ties is that the structure of MT in vivo depends on both
metal ion availability and redox state and is not necessarily
the one derived from investigations in vitro with 7 zinc
ions and all 20 cysteines reduced. It is important to recall
that MTs isolated from natural sources are generally hetero-
geneous and that preparation of MT involves removing the
metals, reducing any disulfides, and then reconstituting the
protein with a complement of a given metal ion to obtain a
homogeneous preparation. In vivo, the structure of MT is
dynamic, and MT occurs with different metal loads, metal
composition, and in different redox states. For example,
the composition in eye tissue is Zn6Cu-MT, whereas it is
Zn7-MT when the protein is induced with zinc (48). MT
has a higher copper content when isolated from fetal or ne-
onatal liver (49). The metal composition of isolated MT-3,
which is a neuronal growth inhibitory factor, is Zn3–4Cu4-
MT-3 (50). A crystal structure of MT was obtained from
rat MT-2 induced with cadmium. This MT has an overall

composition Cd5Zn2-MTwith 2 zinc ions located at defined
positions in the N-terminal domain (45). Thus, the metal
composition of MT changes when the organism is exposed
to metals in the environment, under physiological condi-
tions, and in diseases that affect metal availability. MT is
not fully saturated with zinc in the liver, as reflected by mea-
surements of w10% of the apoprotein and by the capacity
to bind additional zinc (51). These results are consistent
with the observation that the affinity of the protein for
one of the seven zinc ions is much weaker than the affinities
for the others (46). Also, the cysteines of MT may not be
fully reduced under physiological conditions. MT with
some of its cysteines oxidized has been observed in a cell
line that produces increased amounts of reactive oxygen spe-
cies (52) and in the heart of mice that have been oxidatively
stressed with doxorubicin (53).

Buffering zinc. Zinc, like every other essential metal ion, is
maintained at specific cellular concentrations to enable zinc-
specific reactions and to avoid interference with the func-
tions of other essential metal ions, such as preventing the
coordination of the wrong metal ion to a metalloprotein.
One component of the cellular homeostatic control is the
buffering of zinc. The concept of metal buffering is similar
to that of hydrogen ion (proton) buffering. Whereas the
pKa of a ligand determines the pH for proton buffering, the
pKd of a ligand determines the pMe for metal buffering. In
analogy to the concept of pH, the concentration of free zinc
(II) ions is expressed as the zinc potential, pZn = 2log[Zn2+]i
(54). These relationships explain why it is mandatory to
know the affinity of proteins for zinc at physiological pH
(pKd) to understand zinc buffering and the control of cellular
zinc. Affinities of ligands for divalent metal ions follow the
Irving-Williams series, according to which zinc(II) ions
bind stronger than the other divalent metal ions of the first
transition series, except for copper(II) ions. Affinities of cyto-
solic zinc proteins for zinc are in the range of picomoles per
liter dissociation constants (55). As a consequence, most of
the zinc is bound, and the free zinc(II) ion concentrations
are commensurately low. Direct measurements from several
laboratories with different methods provide estimates of
free zinc(II) ion concentrations in the range of tens to hun-
dreds of picomoles per liter (pZn = 10–11) (Table 1) (56–
63) and confirm that the consideration based on binding
equilibria is a valid approximation. Of note, estimates were al-
ready reported 40 years ago when the inhibition of the mag-
nesium enzyme phosphoglucomutase by zinc was measured.
The authors concluded that for the enzyme not to be zinc in-
hibited in muscle, the free zinc ion concentration must be
<32 pmol/L (57). The typical total cellular zinc concentra-
tions are a few hundred micromoles per liter, but at least
six to seven orders of magnitude higher than those of free
zinc(II) ions. Free zinc(II) ions, in contrast to protein-bound
zinc(II) ions, are not devoid of any ligands, but the nature of
the ligands is not known. Other terms, such as readily or eas-
ily exchangeable, mobile and kinetically labile zinc, are used in
the literature for pools of zinc. Each term has a different
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meaning, and the terms should not be used interchangeably.
As small as the free zinc(II) ion concentrations are, they are
not negligible. In fact, they are critically important in cellular
regulation.

The buffering causes a specific concentration of zinc(II)
ions (pZn values) and is not to be confused with the buffer-
ing capacity, which describes the strength of buffering and
the resistance to change and not the pZn at which buffering
occurs. The physiological zinc-buffering capacity in an epi-
thelial cell line is w15 mmol/L (60). It is not very high. In
fact, if it were high, zinc(II) ions could not readily partici-
pate in biological regulation. In molecular terms, w30%
of the buffering capacity is based on thiol-containing ligands
(64). Oxidation of thiols under oxidative stress decreases the
zinc-buffering capacity, making cells more vulnerable to the
adverse effects of additional zinc(II) ions. Cellular zinc buff-
ering is a dynamic process in which the pZn, the buffering
capacity, or both may change. Increasing the zinc-buffering
capacity by changing ligand concentrations allows the cell to
handle more zinc while keeping the pZn value constant.
Lowering the buffering capacity allows the cell to change
its pZn under conditions such as zinc influx/efflux. Accord-
ing to the theory of buffering, both increases and decreases
of the pZn value would then occur more readily. The same
cell can have different pZn values when proliferating, differ-
entiating, or undergoing apoptosis (60,64). The significance
of these dynamic processes is that global or local changes of
zinc(II) ion concentrations provide a way to control cellular
processes.

If affinities (pKd values), which control buffering, were
the only factor to control cellular zinc(II) ion concentra-
tions, zinc could move only in one direction of thermody-
namic gradients, i.e., from lower to higher affinity sites.
This is clearly not the case. Additional mechanisms are nec-
essary to populate sites of somewhat lower affinity with zinc.
One mechanism is the release of zinc(II) ions from a com-
partment in which zinc(II) ions are not in thermodynamic
equilibrium with the cytosol.

Storing and releasing zinc: vesicles. A characteristic feature
of eukaryotic cells is the extensive compartmentalization of
zinc. Cells restrict the availability of zinc(II) ions through
compartmentalization and control zinc via dynamic coordi-
nation environments that modulate the kinetics of metal as-
sociation and dissociation (65). The transfer of zinc between
different cellular compartments requires a large number of

transporters and contributes to buffering. Such movements
of metal ions are a kinetic phenomenon. This additional
component of buffering in biological systems has been re-
ferred to as muffling (66). By removing zinc from a partic-
ular compartment, such as the cytosol, cells can cope with
much higher zinc loads than through buffering alone. Cellu-
lar zinc buffering is thus a combination of the cytosolic zinc-
buffering capacity and the zinc-muffling capacity based on
the activities of transporters that remove zinc(II) ions
from the cytosol to an organelle or to the outside of the
cell (67). Buffering and muffling are not just housekeeping
functions. They are fundamentally important for allowing
zinc(II) ion fluctuations to occur, and as such, they are crit-
ical for zinc(II) ions as regulatory ions. Sequestration of zinc
(II) ions in a cellular compartment is one way to store zinc
temporarily in the cell and then release it again on demand.
Compartmentalization resolves a long-standing issue of
whether cells store zinc. Zinc is mainly stored in vesicles
rather than in a protein with a high zinc-binding capacity
akin to ferritin in iron storage. The chemical state of zinc
in vesicles is not known. Free zinc(II) concentrations in
these vesicles are much higher (lower pZn values) than in
the cytosol, indicating different buffering of zinc. Estimates
are 1–100 mmol/L in insulin-storing granules (62). The de-
termination of subcellular pZn values is an area of consider-
able current interest. Measurements indicate that some
subcellular compartments have much lower free zinc(II)
ion concentrations than cytosol. Estimates are 0.9 pmol/L
for the endoplasmic reticulum (ER), 0.2 pmol/L for the
Golgi (63), 0.2 pmol/L for the mitochondrial matrix (68),
and 0.14 pmol/L for mitochondria (69).

Zinc in regulation: zinc(II) ions as signaling ions
Perhaps the most exciting area in contemporary zinc biology
is the role of released zinc(II) ions in information transfer
within cells and between cells (70). In pathways stimulus
/ increase of [Zn2+] / targets, zinc(II) ions are signals.
The preference of zinc(II) ions for specific coordination en-
vironments in proteins endows these signals with a certain
degree of specificity. The amplitudes of zinc(II) ion signals
determine which proteins are targeted because any target
must have a commensurate affinity for zinc. Under condi-
tions of stimulation, cellular zinc(II) ion concentrations in-
crease and reach concentrations of >2 nmol/L only under
oxidative stress and in apoptosis. Unless the buffering capac-
ity changes or is exhausted, they return to their resting

Table 1. Examples of measurements of free zinc(II) ion concentrations

[Zn2+]i , pmol/L Cell type/tissue Method Reference

,100; 32 Rabbit muscle Phosphoglucomutase inhibition (56,57)
24 Human erythrocytes Determination of cellular zinc in a

zinc-buffered system
(58)

5–20 Rat PC12, pheochromocytoma Carbonic anhydrase sensor (59)
614 Human HT29, colon cancer FluoZin-3 (60)
,1000 Rat primary cortical neurons ZnAF-2 (61)
400 Rat INS-1, insulinoma CALWY-FRET sensor (62)
80 Human HeLa ZapCY-FRET sensor (63)
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concentrations within minutes (71). As for the estimates of
the steady-state concentrations of free zinc(II) ions (Table
1), a consensus is building on the amplitudes of zinc(II)
ion fluctuations. A variety of experimental paradigms,
such as oxidative stress, exposure to glucose, electrical stim-
ulation, and chemical displacement of zinc with the tighter
binding mercury(II) ion, increase the cellular free zinc(II)
ion concentrations to a similar degree (Table 2) (72–76). Al-
though the control of zinc(II) ion fluctuations was discussed
above, the following discussion focuses on how zinc(II) ion
signals are generated, transmitted to, and terminated at
targets.

Increasing the concentrations of free zinc(II) ions. In ad-
dition to the release of zinc from proteins, two pathways of
vesicular release of zinc(II) ions increase the concentrations
of free zinc(II) ions. The first one is the release of zinc from
vesicles into the extracellular space. The prime example is
the release of zinc(II) ions from synaptic vesicles in a subset
of glutamatergic neurons (77). One target of the released
zinc(II) ions is the postsynapticN-methyl-D-aspartate recep-
tor, which zinc inhibits at low nanomoles per liter concen-
trations (78). Zinc(II) ions also modulate the activities of
other neuroreceptors, and there is reuptake with functional
effects in the presynaptic cell (79,80). Which targets of zinc
(II) ions are physiologically important depends on the effec-
tive concentrations of synaptic zinc. Zinc(II) ions also occur
in other nonsynaptic vesicles and are released from cells by
exocytosis from these vesicles that are loaded with zinc(II)
ions by different zinc transporters, ZnT3 in neurons in the
brain, ZnT8 in pancreatic b cells, or ZnT2 in epithelial cells
of the mammary gland (81). Cellular release of zinc(II) ions
has been observed in a number of cells in exocrine and en-
docrine glands. Somatotrophic cells in the pituitary gland,
pancreatic acinar cells, b cells of the islets of Langerhans,
Paneth cells in the crypts of Lieberkühn, cells of the tubuloa-
cinar glands of the prostate, epithelial cells of the epididymal
ducts, and osteoblasts all secrete zinc(II) ions (82). In pan-
creatic b cells, zinc(II) ions participate in the formation
and structure of hexameric insulin, the storage form of insu-
lin in the granules. Zinc(II) ions are secreted together with
insulin from b cells. The purpose of co-secretion is not en-
tirely clear but may relate to paracrine functions or to avoid-
ing the formation of amyloid deposits from amyloidogenic
proteins such as insulin and amylin. In mammary epithelial
cells, exocytotic vesicles contain zinc(II) ions and supply the

milk with zinc. Fluctuations of intracellular free zinc(II) ions
occur in the mitotic cell cycle with two distinct peaks, one
early in the G1 phase and another one early in the S phase
(71). Mouse oocytes take up large amounts of zinc at the lat-
est stage of maturation and then become growth arrested af-
ter the first meiotic division (83). On fertilization, the
embryos resume progression through the cell cycle and, sub-
sequent to calcium(II) ion oscillations, release intracellular
zinc(II) ions into the extracellular space in a process that
has been referred to as “zinc sparks.”

The second pathway involves intracellular release of zinc
(II) ions from vesicles. Stimuli targeting the zinc transporter
Zip7 control the release of zinc(II) ions from a store in the
ER to the cytoplasm (84). The pathway involves growth fac-
tor stimulation and casein kinase 2–induced phosphoryla-
tion of Zip7, which opens the store for zinc release (85).
Lysosomal release in IL-2–stimulated T cells is a required
signal for proliferation (86). In macrophages, stimulation
of the immunoglobulin E FceRI receptor and extracellular
signal-regulated kinase/inositol trisphosphate signaling trig-
gers zinc release, which is preceded by Ca2+ release (87).
This phenomenon has been referred to as a “zinc wave.”
Zinc sparks occur within seconds, whereas zinc waves take
minutes to develop. Thus, zinc(II) ion signals have different
frequencies.

Targets of free zinc(II) ions: protein-bound zinc. To
transmit the zinc signal to targets, close proximity between
the source of zinc(II) ions and their target(s) seems to be es-
sential. Concentrations of picomoles per liter to nanomoles
per liter cellular zinc(II) ions inhibit the activities of certain
enzymes, such as protein tyrosine phosphatases (88). Pro-
tein tyrosine phosphatases are not recognized as zinc pro-
teins, mainly because they are isolated with chelating
agents to preserve their enzymatic activity. Kinetic investiga-
tion of isolated protein tyrosine phosphatases and buffered
zinc(II) ion solutions demonstrate that the zinc inhibition
constant of the cytosolic domain of receptor protein tyrosine
phosphatase b is 27 pmol/L (89). Locally, the cellular zinc
(II) ion concentration could be higher than the measured
steady-state amounts indicate. Some protein tyrosine phos-
phatases are localized at the ER where zinc release occurs.
The phosphorylation of Zip7, the zinc inhibition of protein
tyrosine phosphatases, and fluctuations of zinc(II) ions indi-
cate a role of zinc in controlling phosphorylation signaling.
The match between free zinc(II) ion concentrations and the

Table 2. Examples of measurements of fluctuations of free zinc(II) ion concentrations

[Zn2+]i Fluctuation, nmol/L Cell type/tissue Condition Reference

0.1–0.7 Cardiomyocytes Electrical stimulation (72)
0.52–0.87 Cardiomyocytes Diabetes (73)
0.45–0.85 Pancreatic islet b cells Glucose exposure (74)
3–5 Epithelial, colon mucosa Oxidative stress (75)
0.78–1.25 Epithelial, colon cancer cells (HT29) Differentiation (51,64)
0.60–0.78 Proliferation
0.78–2.51 Apoptosis
0.15–1.3 Jurkat T-cells Mercury (HgCl2) treatment (76)
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inhibition of target proteins is also evident from the mea-
surement of 24 pmol/L free zinc(II) ions in erythrocytes
and an IC50 of 80 pmol/L for zinc inhibition of erythrocyte
Ca2+-ATPase (58,90). The affinities of zinc proteins for zinc
and the affinities of proteins that are targeted by signaling
zinc(II) ions define the lower and upper ranges in which
free zinc(II) ions regulate biological processes. Thirty years
ago, before the molecules and mechanisms controlling cellu-
lar zinc were known, inhibitory control, vesicular sequestra-
tion of zinc, and complementarity of zinc and calcium in
cellular regulation had been given as an answer to the ques-
tion: “Zinc, what is its role in biology?” (91). The cellular
roles of zinc(II) ions at exquisitely low concentrations, typ-
ically reserved for hormones, are most remarkable and con-
stitute a novel principle for cellular signaling (Fig. 2).

Terminating zinc(II) ion signals. The micromolar per liter
concentrations of MTs in most cells provide a temporary
reservoir of sufficiently tightly sequestered zinc and, com-
pared with the picomoles per liter free zinc(II) ion concen-
trations, relatively large amounts of zinc that are available in
a deliverable form on demand. This function of MT resem-
bles those of metallochaperones, in particular because MTs
have the capacity to transfer zinc via protein-protein inter-
actions by an associative mechanism (92). MT has affinities
for zinc in exactly the range of zinc(II) ion concentrations
discussed here and therefore can participate in the distribu-
tion of zinc and the termination of zinc signals. Termination
of zinc signals as inferred from experiments in vitro involves
thionein, the apoprotein of MT. Thionein binds zinc and

activates zinc-inhibited enzymes. In vivo, thionein is likely
a molecule that is neither completely devoid of nor fully
loaded with metal ions. The translocation of MTs in cells
and their induction by many different cellular signal trans-
duction pathways allow changes in the cellular zinc buffering
and muffling capacities. Modulating the chelating capacity
of MTs through changes of either their total amount or their
redox state affords ways to control the regulatory functions
of zinc(II) ions (93). Elevated zinc(II) ion concentrations in-
duce MTF-1–controlled gene transcription of thioneins, the
apoproteins of MTs, and the zinc transporter ZnT1, result-
ing in the binding of the surplus of zinc to MTs and the ex-
port of zinc from the cell. A host of other conditions also
induce the apoprotein, indicating that forms of thioneins
are produced for lowering the availability of cellular zinc
(II) ions, and modulating zinc-dependent processes.

In summary, four observations define a range of pico-
moles per liter to low nanomoles per liter concentrations
at which zinc(II) ions can serve regulatory functions: 1)
the free zinc(II) ion concentrations and their fluctuations,
2) the affinities of MT for zinc, 3) the affinities of zinc pro-
teins for zinc, and 4) the zinc affinities of proteins that are
targets of zinc(II) ion signals (Fig. 3).

Conclusions
The concentration of cellular zinc is rather high, almost as
high as that of ATP. Therefore, at the cellular level, zinc

Figure 2 Control and functions of free zinc(II) ion
concentrations. Two pathways (left) increase the cytosolic free
zinc(II) ion concentrations, [Zn2+]i, which serve as zinc signals
(right) that inhibit enzymes and induce metal-response
element–binding transcription factor 1 (MTF-1)–dependent
gene transcription, which includes the synthesis of zinc
transporters (ZnT1), and thionein that activates zinc-inhibited
enzymes. Buffering and muffling control the free zinc(II) ion
concentrations. Zip, ZRT/IRT-like protein.

Figure 3 Quantitative aspects underlying cellular zinc
biochemistry. Zinc (Zn), calcium (Ca), and magnesium (Mg), the
three major redox-inert metal ions involved in cellular regulation,
cover many orders of magnitude in concentrations and affinities.
Among the three, free zinc(II) ions are controlled at the lowest
concentrations. Other essential divalent transition metal ions,
with the exception of cupric ions, bind less tightly than zinc to
proteins and need to be controlled at specific concentrations
that are determined by affinities following the Irving-Williams
series. Fluctuations of cytosolic free zinc(II) ion concentrations
cover a range that corresponds to the affinities of
metallothionein (MT)-2 for zinc and are bordered by zinc
enzymes with the highest affinity for zinc and proteins, which
zinc may regulate, with lower affinity for zinc.
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can hardly be considered a trace element. Zinc is used as a
cofactor in proteins much more frequently than most vita-
mins. The control of a fluctuating pool of zinc(II) ions at re-
markably low concentrations and with the participation of
many proteins provides a new perspective on the molecular
functions of zinc in biology in general and for the impact of
zinc on human health in particular (94). Roles of zinc(II)
ions in biological phosphorylations and in redox signaling
are already well documented and are part of the spectrum
of actions of zinc in cellular proliferation, differentiation,
and cell death. Zinc is not just required for the function of
proteins; it participates in the control of cellular metabolism
and paracrine and intracrine signaling (95). Not only the
availability of zinc itself, but the limited cellular zinc buffer-
ing capacity and the many mutations that affect the func-
tions of proteins involved in the cellular control of zinc
have major implications for the balance between health
and disease. The zinc-buffering system seems to be rather
sensitive to environmental factors. Acute and long-term ex-
posure to chemicals that interfere with zinc buffering should
be a major concern for health, and so should be chelating
agents that bind zinc and decrease its availability and that
of other metal ions that compete with zinc, e.g., cadmium.
The concentration range at which zinc(II) ions occur is crit-
ical for explaining the global functions of zinc. Zinc is gen-
erally considered to be an antioxidant. However, it is redox
inert and thus can serve such a function only indirectly.
The term proantioxidant is more appropriate (96). Whether
zinc elicits antioxidant, anti-inflammatory, or antiapoptotic
effects depends on its concentration. Outside the physiolog-
ical or pharmacological range, under conditions of both zinc
overload and zinc deficiency, zinc(II) ions have the opposite
effect: they become pro-oxidants with proinflammatory and
proapoptotic properties. This intricate balance at a relatively
narrow and tightly controlled range of concentrations needs
to be considered when the physiological significance of re-
sults from experiments performed with zinc are evaluated
and in nutrition when supplementation with zinc is consid-
ered (97).
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