Chapter 2
Molecular Aspects of Zinc Signals

Wolfgang Maret

Abstract Zinc ions (Zn>*) have chemical properties that make them ideally suited
to carry biological information in intracellular and intercellular communication.
Such zinc signaling has much in common with calcium signaling in terms of fast
binding in coordination environments of proteins, but there are also important
differences between the two metal ions. Biological control with zinc occurs at
much lower metal ion concentrations. Zinc ions bind with higher affinity and hence
dissociation rates are slower, resulting in longer-lasting biological effects. Selec-
tivity of coordination environments is different as zinc employs oxygen, nitrogen,
and sulfur donors from ligands whereas calcium binds almost exclusively to oxygen
donors. Zinc and calcium ions are redox inert but sulfur donors in zinc/thiolate
coordination environments confer redox activity, thereby linking zinc metabolism
and redox metabolism. In humans, 24 zinc transporters and more than
12 metallothioneins exert precise control over cellular zinc homeostasis, cellular
redistribution, and transients of zinc ions that are used for biological regulation.
Zinc ions are stored in subcellular compartments and released by different stimuli.
Rises in cytosolic Zn** concentrations target proteins and affect a variety of cellular
processes, such as phosphorylation signaling and gene expression. Zinc signaling
complements and interacts with calcium signaling and redox signaling and is an
integral part of the cellular signal transduction network. It has fundamental impor-
tance for health and disease.
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2.1 Historic Perspective: The Emerging Role of Zinc Ions
in Cellular Control

Through its catalytic and structural functions in about 3,000 human proteins, zinc is
associated with about 10 % of all proteins and affects most aspects of cellular
biology (Andreini et al. 2006; Rink 2011). The concept that zinc has regulatory
functions in multicellular organisms enhances its importance even further. The
concept is recent but rooted in rather early reports. One relates to the transcription
factor MTF-1 (metal regulatory transcription factor-1), which senses increased
cellular zinc concentrations and mediates zinc-dependent gene expression (Giinther
et al. 2012). The other is the discovery of autoradiographically detectable zinc in
certain parts of the brain (hippocampus), which was found to be zinc ions (Zn’*)
stored in a yet to be defined chemical form in synaptic vesicles of specific zinc-rich
neurons and secreted into the synaptic cleft when these neurons are stimulated.
Acting like a classical neurotransmitter in these specialized neurons, the zinc ions
affect presynaptic and postsynaptic physiology (Frederickson et al. 2005; Sensi
et al. 2009; Takeda et al. 2013). These discoveries expanded into fields other than
neurobiology when zinc ions were detected autoradiographically in other organs
and tissues (Danscher and Stoltenberg 2005). It is now known that cells sequester
zinc ions in cellular vesicles (“zincosomes”) and other organelles and that this is a
way for the cell to store zinc and to make it available for specific processes. This
aspect is different from iron metabolism, where ferrous ions are oxidized to ferric
ions and stored in the protein ferritin. In addition to the specialized neurons, a
variety of cells secrete zinc ions by vesicular exocytosis (Box 2.1). This process
differs from merely exporting zinc, which is an activity of zinc transporters in every
cell. The presence of subcellular pools of zinc ions was verified and thus became a
much more general issue. Investigations then began to address the functional
significance of the zinc ions that are not bound to proteins.

Box 2.1 Cells Secreting Zinc Ions

» Pancreatic B cells and acinar cells
 Prostate epithelial cells (tubuloacinar cells)
e Mammary gland epithelial cells

» Epididymal epithelial cells

» Paneth cells (crypts of Lieberkiihn)

» Somatotrophic cells (pituitary gland)
» Osteoblasts

» Platelets

» Mast cells

» Granulocytes, neutrophils

« Fertilized oocytes
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Numerous experiments demonstrated that changing zinc in cells by either adding
zinc ions extracellularly or by removing them with chelating agents affects multiple
signaling pathways (Beyersmann and Haase 2001). These observations gain new
significance as they mimic the events that occur when transients of zinc ions are
induced intracellularly. There has been an initial focus on immune cells (Hirano
et al. 2008; Haase and Rink 2014), but the field is rapidly moving into investigations
of other cell types (Fukada et al. 2011; Taylor et al. 2012a). In particular, with the
advent of fluorescent chelating agents (‘“probes”) for detecting cellular zinc ions
and their fluctuations it became known that zinc ions are intracrine, paracrine, and
perhaps even endocrine signals. With this abbreviated account of the origins of the
field, three principles are now recognized for the ways cellular zinc ions are made
available for signaling functions:

1. Vesicular exocytosis

2. Opening of gated channels on vesicular/organellar stores and the plasma
membrane

3. Modification of zinc/thiolate coordination environments in proteins

The first two principles involve zinc in vesicles whereas the third involves zinc
in proteins.

In this chapter, I discuss the molecular framework that makes signaling with zinc
ions possible. To understand zinc signaling, it is critical to address and define the
meaning of the terms “zinc ions” and “zinc signals.” These terms are used with
ambiguity in the literature. Biologists tend to refer to “zinc,” but what they mean is
chemically the zinc ion. Zinc(II) (Zn*") is the only valence state of zinc in biology.
Implied in signaling are free zinc ions that are not bound to proteins. Zinc in
proteins is also in the form of zinc ions but tightly bound and hence not free. This
distinction is the only basis for the term “free,” and the term does not refer to an
absence of coordinating ligands. There is presently no method to examine the
chemical speciation of zinc at the low concentration of free zinc ions in the cytosol
or in organelles, and therefore it is not a foregone conclusion that the main species
is the hydrated ion Zn(H,0)s>*. Spectroscopic analysis of zinc in cellular vesicles,
where the free zinc ion concentrations are considerably higher, demonstrated
interactions with ligands other than water (Wellenreuther et al. 2009). In vesicular
exocytosis, zinc ions with their ligands move to an environment with a different pH
value. Whether ligand exchange occurs after exocytosis is not known. Free zinc
ions may have different ligands and concentrations in the cell (“i”, intracellular),
outside the cell (“e”, extracellular) and in organelles (“0”, organellar), and therefore
the concentrations of zinc ions in the different pools are referred to as [Zn2+]i,e,0. An
alternative to low molecular weight complexes of zinc ions being diffusible signals
would be that zinc signaling occurs via protein-mediated zinc transfer without the
ion ever being free (Fig. 2.1). Such interprotein associative zinc transfer has been
observed in vitro (Maret et al. 1997). However, aside from metallothioneins,
metallochaperones for such zinc delivery to another protein are not known. Given
the large number of structurally diverse zinc proteins, associative zinc transfer is
unlikely to be the general case for zinc redistribution as it would require too many
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Fig. 2.1 Zinc/thiolate
coordination environments S S S S
as conduits for zinc transfer. @

Zinc ions can be transferred

between two proteins

by swapping ligands
(associative mechanism).

Zinc ions are never free in l/
this reaction. Sulfur donors

are particularly well suited

for such reactions S

chaperones for recognition of all the different zinc proteins, in contrast to copper,
the most competitive ion in the Irving—Williams series (see following), which is
controlled by chaperones. The fact that free zinc ion concentrations and fluctuations
can be measured and that they have functions at rather low concentrations makes
them not negligible and supports the role of dissociative mechanisms in zinc
signaling. Such mechanisms of redistribution do not exclude the participation of
other, low molecular weight ligands as such ligands have been shown to accelerate
the rate of zinc removal from proteins (Jacob et al. 1998; Chong and Auld 2007).

Under which conditions zinc ions become “zinc signals” also needs further
consideration as the term zinc signaling is being used quite broadly. I suggest that
one uses the analogy with the classic signaling metal ion Ca®" to define zinc
signaling (Table 2.1) and then focuses on the differences between the two ions,
namely, characteristics of zinc such as its binding to sulfur and its higher affinity for
proteins and other ligands. As for calcium signaling, the term zinc signaling should
be used for fast processes, induced transients of zinc ions, and subsequent binding
to an effector.

Physiological stimulus — Zn>" — effector

This sequence does not exclude MTF-1 from participating in zinc signaling, but
it is the rapid activation of MTF-1 as the direct result of a zinc signal rather than the
slower consequence of this activation resulting in changes in mRNA and protein
abundance.
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Table 2.1 Comparison of calcium and zinc signals

C a2+ Zn2+
Dissimilar: Similar: Dissimilar:
Subcellular stores involved in
release

Buffers and mufflers
Plasma membrane receptor

Outward gradient Inward gradient
O coordination O, N, and S coordination
environments environments
e.g., calmodulin e.g., metallothionein
(O chemistry) (S chemistry)

Chemical mechanism of release
Short duration of effects Long duration of effects
Transients >100 nM Transients >100 pM
Mostly activation of Mostly inhibition of processes
processes

One finds terms such as labile zinc, mobile zinc, or rapidly exchanging zinc in
the literature. These terms imply different characteristics of zinc or lack a chemical
definition altogether. In fact, they may prevent understanding the molecular basis of
zinc ion signals. I believe it is best practice to use one operational definition such as
free zinc to refer to zinc ions that are not bound to proteins, albeit with the notion
that the coordination environment of the zinc ions is not defined. How strongly
proteins bind zinc and how zinc is buffered determine the concentrations of these
free zinc ions.

2.2 Control of Zinc Ions

2.2.1 Zinc Buffering

The concepts of free zinc and zinc signaling are intricately linked to metal buffer-
ing. Metal buffering is treated as is pH buffering. In the same way that one defines a
pH value (hydrogen potential, pH = —log [H*]), one defines a pZn value (zinc
potential, pZn = —log [Zn>*]). pH is determined by the pK, of the buffering acid—
base pair (1), and pZn is determined by the pKy of the buffering ligand(s) (2):

(1) pH=pK,+log ([Al/[AH])
(2) pZn = pKq+log ([L]/[ZnL])

For the most part, the zinc buffering ligands in biology are the coordinating side
chains of proteins (Asp, Glu, His, Cys). The dissociation constants (pK4) for
cytosolic zinc proteins are picomolar, pZn= <9 and >12 (Maret 2004a; Krezel
and Maret 2008), although some may be lower, as discussed later. Thus, on the
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basis of equilibrium constants, the concentrations of free zinc ions should also be
picomolar. One could argue that biomolecules other than proteins contribute to zinc
buffering. Many biomolecules bind zinc (free amino acids, carboxylic acids, pep-
tides such as glutathione, ATP, etc.). However, these biomolecules do not bind zinc
as tightly as proteins and hence it is unlikely that they contribute significantly to
zinc buffering, at least not in binary or 1:1 complexes. To examine this point, the
analogy to pH buffering is again helpful. A buffer with a different pK, value
contributes to a buffer at a given pK, only if higher concentrations compensate
for the differences in pK, values. As we are concerned with logarithmic scales, one
pK. unit would need to be compensated by one order of magnitude in concentra-
tions. Thus, ligands with different pKy values would contribute to zinc buffering
only at much higher concentrations. For zinc-binding biomolecules with lower pKy4
values, such as those just mentioned, high concentrations would be required to
contribute to physiological zinc buffering. An equally important consideration is
how strongly zinc is buffered: this is not an issue of the pZn value but an issue of the
buffering capacity at the particular pZn where zinc is buffered.

2.2.2 Zinc-Buffering Capacity

There is considerable uncertainty in the literature regarding cellular zinc-buffering
capacity because it is often assumed to be high as a result of the many ligands that
potentially bind zinc. It is not the buffering capacity that keeps the free zinc ion
concentrations low but the affinity of the ligands. The buffering capacity determines
how resistant the pZn is to change.

It is often remarked that “zinc is tightly/strongly buffered” when investigators
mean that there is very little free zinc. The low free zinc ion concentrations are a
consequence of the high-affinity binding sites in proteins, not the buffering capac-
ity. Tight and weak buffering refers primarily to the buffering capacity, which is not
high as it allows pZn fluctuations to occur. We determined the cellular buffering
capacity at the physiological pZn to be only about 10 % of the total zinc ion
concentrations of a few hundred micromolar (Krezel and Maret 2006). This finding
has important consequences as it means that some coordination sites with high
affinity for zinc are not occupied at physiological pZn and can bind zinc when free
zinc ion concentrations increase. These sites determine physiological zinc buffer-
ing. Overall, the zinc-buffering capacity of all the ligands is high, but it is not
relevant. Zinc is (and must be) buffered at a particular physiological pZn, and only
the buffering capacity of the ligands that control this pZn is important. If the
buffering capacity were high at physiological pZn, zinc signaling could not occur
as any zinc signal would be quenched immediately. Changes in pZn are necessary
for zinc signaling to occur. Thus, the cytosolic zinc-buffering capacity and the
physiological pZn are major determinants for the role of zinc ions in signaling.
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2.2.3 The Role of Zinc Transporters: Muffling

Transporters bring zinc ions into the cell and into cellular compartments or export
them from the cell and from these compartments. Transport processes also contribute
to biological metal ion buffering and have been referred to as muffling in the calcium
field (Thomas et al. 1991). Muffling zinc ions increases the cellular zinc-buffering
capacity because it removes an excess of cytosolic zinc ions (Colvin et al. 2010).
Thus, what we see as buffering in a cell is a combination of (thermodynamic)
buffering by ligands and (kinetic) muffling by transporters. The contribution of
transporters in muffling depends on their transport characteristics and the capacity
of intracellular stores. Very little quantitative information is available to define these
parameters that determine the timescale, frequency, and amplitudes of zinc signals.

Computational approaches in combination with experimental data have been
used to model muffling and zinc transients in neurons (Colvin et al. 2008). It
became evident that a steady-state buffer model is not sufficient to explain how
cells handle extracellular zinc loads, which can mimic cellular transients of zinc
ions. A cellular protein that binds zinc and delivers it to a store was required. One
molecule that satisfies the required characteristics is metallothionein (MT). A dual
role in buffering and muffling zinc, that is, transporting zinc for the delivery to a
store, resolves the issue that the concentrations of MTs are generally not high
enough to account for the overall cellular zinc-buffering capacity.

This discussion explains why changing the cellular zinc muffling and buffering
capacities and hence the pZn but not the total zinc concentration allows zinc
redistribution.

2.2.4 Quantitative Measurements

A quantitative approach is needed to define signaling with zinc ions. Total cellular
zinc concentrations are rather high, that is, a few hundred micromolar. However,
the free zinc ion concentrations (pZn) are picomolar, about six orders of magnitude
lower. Free zinc ion concentrations have been estimated and reported in two classic
articles. One considers that zinc inhibits muscle phosphoglucomutase, a magnesium
enzyme, with high affinity for zinc in vitro (Peck and Ray 1971). For the enzyme
not to be zinc inhibited in muscle, the free zinc ion concentration must be less than
32 pM (Ray 1969). It is noteworthy that this consideration merely sets a limit on the
enzyme being fully active but it leaves the possibility that free zinc ion concentra-
tions are indeed higher than 32 pM in muscle tissue and modulate the activity of this
enzyme. In the other article, free zinc ion concentrations of 24 pM in erythrocytes
have been determined (Simons 1991). One expects pZn values in this range on the
basis of the affinity of zinc proteins for zinc. With the advent of new molecular
probes for zinc ions, that is, chelating agents that become highly fluorescent when
binding zinc, picomolar values of free zinc were confirmed in different cell lines,
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although the reported values vary between tens and hundreds of picomolar (Krezel
and Maret 2006; Bozym et al. 2006; Vinkenborg et al. 2009; Qin et al. 2011). Zinc
sensors based on the zinc enzyme carbonic anhydrase measure 5—10 pM, but other
protein sensors as well as low molecular weight probes measure hundreds of pM
(see table 1 in Maret 2013a). Any probe or sensor that is brought into the cell to
measure free zinc contributes to zinc buffering and lowers free zinc ion concentra-
tions. We have measured this effect as a function of different probe concentrations
and applied an extrapolation to a zero probe concentration to correct for the
additional buffering of the probe, and indeed found higher free zinc ion concentra-
tions in the absence of the probe (Krezel and Maret 2006). Some investigators refer
to the zinc ions that the probes measure as labile zinc. When extrapolation is
applied, the zinc measured cannot be labile because there is no probe to remove
zinc from other ligands. The term labile zinc should not indicate that zinc bound
weakly to proteins coexists with tightly bond zinc in the same cellular compart-
ment. The free zinc ion concentration determined in the absence of a probe is
simply the result of existing equilibria. Tightly bound zinc can be kinetically labile,
however. For example, MT binds zinc tightly but the sulfur ligands allow fast
exchange with other zinc/thiolate coordination environments (Maret et al. 1997).
Measured cellular pZn values indicate that predictions based on zinc-binding
affinities of proteins are valid and that there is no buffering increment from other
biomolecules that would lower the free zinc ion concentration further.

Although consensus is building regarding cellular (cytosolic) pZn values and zinc-
buffering capacity, pZn values in different subcellular compartments are just begin-
ning to be defined. Estimates are 0.9 pM for the endoplasmic reticulum (ER), 0.2 pM
for the Golgi (Qin et al. 2011), 0.2 pM for the mitochondrial matrix (McCranor
et al. 2012), and 0.14 pM for mitochondria (Park et al. 2012). However, there is a
fundamental issue with these concentrations as well as those given for small struc-
tures such as erythrocytes. Taking the proton as an example, calculations demonstrate
that there are limits to volumes and concentrations where there is essentially no
longer a single free ion (Bal et al. 2012a). In other words, given the same concentra-
tions for a larger volume such as the cell and for a much smaller volume such as an
organelle leads to a seemingly unrealistically small number of ions in the latter.

Few data exist on extracellular free zinc ion concentrations. Experimental esti-
mates are about 200 pM for horse blood plasma (Magneson et al. 1987), suggesting
there is virtually no gradient between extracellular and intracellular free zinc. With
higher total intracellular (>100 pM) than extracellular (<10 pM) zinc concentra-
tions, one wonders about the source of energy to transport zinc into the cell against
this gradient. However, recent examination of human blood plasma revealed free
zinc concentrations of about 500 nM (Maarten Merkx, personal communication).
This finding has important implications as it allows zinc binding to serum albumin,
which has an apparent zinc-binding constant of about 100 nM (Ohyoshi et al. 1999;
Bal et al. 2012b). Such zinc ion concentrations are also in the range for free zinc to be
considered as the substrate of zinc transporters. For example, zebrafish ZIP1 has a
K., value for zinc of less than 500 nM (Qiu et al. 2005).

The necessity of buffering zinc in cells with resulting picomolar free zinc ion
concentrations becomes evident when considering the properties and the control of
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other essential metal ions. A fundamental principle in inorganic chemistry, the
Irving—Williams series (Irving and Williams 1948), describes relative binding
affinities of divalent transition metal ions and the free metal ion concentrations
resulting from binding equilibria. For the cell to keep the biochemistry of metal ions
separated from each other, every metal ion needs to be controlled in a specific range
of pM. Without such control, the more competitive ions such as zinc and copper
would bind to sites that need to be occupied by the less competitive ions. There is no
free ranging of metal ions over concentrations needed for the control of other metal
ions. According to the Irving—Williams series, the affinity of the biologically
relevant divalent metals ions to the same ligands is Mn < Fe < Co < Ni < Cu > Zn;
that is, zinc is the most strongly bound divalent ion after copper. Thus, for the
binding equilibrium

P + Zn** — ZnP + 2HT

with picomolar affinities of the proteins (P), picomolar free zinc ion concentrations
result. There is a scarcity of data about how greatly the affinities of zinc proteins for
zinc differ. If there were sites with more loosely bound zinc, there would be
considerable dissociation of zinc, loss of function, and interference with the func-
tions of other metal ions. There is no evidence for a hierarchy in such a way that
some proteins yield their zinc under zinc deficiency to preserve the functions of
other, potentially more essential zinc proteins. Some proteins bind zinc more
strongly, with femtomolar affinities for zinc (Sikorska et al. 2012). The reason for
this could be that at very low protein concentrations, such as for low abundance zinc
proteins, zinc would dissociate if the binding were not strong enough, thereby
compromising the function of the protein.

First principles also relate free zinc ion concentrations to biological events. It has
been estimated that it would take about 14 h for a zinc enzyme to obtain its zinc at a
concentrations of 1 pM free zinc and with a comparatively fast on-rate (Heinz
et al. 2005). Clearly, if free zinc concentrations were so low—as they appear to be
in some cellular compartments (see earlier)—they could not serve as a source of
zinc for enzymes unless low molecular substances enhance the transfer rates (see
foregoing) (Heinz et al. 2005). Measured free zinc ion concentrations in the range
of a few hundred picomolar, however, are sufficient for association rates on a
biologically relevant timescale, in the range of seconds. Of course, this argument
also applies to zinc signaling: Zinc ion concentrations need to be at least a few
hundred picomolar to affect proteins sufficiently rapidly.

Zinc sites of most zinc proteins seem to be fully occupied with zinc. It would be
a significant waste of energy to synthesize a large protein and then not have the zinc
available for function. How the synthesis of a zinc protein and the supply of zinc are
coordinated and how, when, and where zinc proteins acquire their zinc is not
known. There is no experimental evidence that mononuclear sites in zinc proteins
are regulated by zinc ion fluxes. The evidence is less clear for enzymes with a
second, co-catalytic zinc. These enzymes could be regulated through zinc ion
fluctuations. Zinc regulation must occur above the free zinc ion concentrations
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that keep zinc proteins saturated. Regulation also requires mechanisms that restore
the steady-state free zinc ion concentrations after transients have occurred.

Several investigators attempted to quantify global fluctuations of intracellular
free zinc ion concentrations. The fluctuations are a few hundred picomolar above the
steady-state concentrations of free zinc ions and may reach about one nanomolar
(Table 2 in Maret 2013a). For example, when cells are deprived of extracellular zinc,
they have a way of mobilizing zinc ions intracellularly (Li and Maret 2009). Also,
synchronized rat pheochromocytoma (PC12) cells increase their free zinc ion
concentrations at two stages during the cell cycle (Li and Maret 2009). Generally,
fluctuations have been measured in different states of a cell and rarely in real time.
Hence, the time period over which changes develop and persist is largely unknown.

However, local free zinc ion concentrations are expected to be significantly
higher. They could establish microdomains akin to those in calcium signaling.
Induced local zinc ion transients seem to be fast acting not to act pleiotropically
or change gene expression. Although the transients are likely short lived, the effects
are expected to be long lasting. Again, first principles support this prediction. With
high affinity for zinc and fast on-rates, the corresponding off-rates must be slow.
For example, the half-life for zinc dissociation from carbonic anhydrase with a pKy
of 11.4 (pH 7.0) is about 250 days (Ippolito et al. 1995). Of course, carbonic
anhydrase is not thought to be regulated by zinc. Because proteins that are targets
of fluctuating zinc ions have affinities that are not significantly lower than those of
genuine zinc proteins (see following), the off-rates, and hence the duration of zinc
signals, are still of the order of many hours or even days. Thus, zinc signaling is
expected to elicit long-lasting effects, which is in contrast to calcium signaling.
Overall, this interpretation is consistent with zinc ions being inhibitory for cellular
functions (Williams 1984) and being involved in long-term adjustments of the state
of a cell, such as growth, differentiation, and survival.

Genuine zinc ion signals are to be distinguished from global changes to a
different steady-state concentration of free zinc ions (pZn). For example, growth-
arrested, proliferating, differentiating, and apoptotic intestinal epithelial cancer
cells (HT-29) all have different pZn values (Krezel and Maret 2006), which seem
to be the consequence of adjustments in buffering rather than changes in total zinc
concentrations. If changes of total zinc were responsible for such adjustments,
unreasonable large fluctuations in the range of hundreds of micromolar zinc
would be required. Global adjustments of buffering can be brought about by
changes of redox potentials that may affect specific redox pairs coupled to zinc
binding and release. About 30 % of the zinc-buffering capacity at physiological pH
depends on sulfur (thiol) donors and therefore is redox sensitive (Krezel
et al. 2007). Changing the expression of zinc homeostatic proteins such as ZnT1
and MT, which are controlled by MTF-1, also changes zinc buffering. The dynam-
ics of the MT pool is an example of how zinc buffering and pZn are interrelated. In
different states of HT-29 cells, concentrations of total zinc, free zinc,
metallothionein, buffering capacity, and the redox state are correlated (Krezel and
Maret 2006). Changed buffering increases or decreases free zinc ion concentra-
tions, and this is a cause for long-term adjustments. Indeed transcriptomics, and
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more recently proteomics, investigations have shown extensive changes in protein
expression profiles in response to zinc added to growth media or zinc removed by
chelating agents.

2.3 Molecular Mechanisms of Proteins Involved in Cellular
Zinc Homeostasis

In contrast to proteins that use zinc as a permanent cofactor, the proteins involved in
regulating zinc (zinc transporters, metallothioneins, and MTF-1) and in being
regulated by zinc have mechanisms for moving zinc and binding it reversibly in
sites with coordination dynamics (Maret and Li 2009; Maret 2011a, 2012). MTF-1
has six zinc fingers (C,H, coordination of zinc: C = Cys, H = His) for DNA recog-
nition, but it is neither entirely clear how they are involved together with a metal-
reponsive activation domain in zinc sensing nor whether free zinc ions are sensed in
the cytosol before MTF-1 translocates to the nucleus (Laity and Andrews 2007,
Giinther et al. 2012). Three-dimensional (3D) structures of MTF-1 or any of the
24 mammalian zinc transporters [10 members of the ZnT family (SLC30A) and
14 members of the Zip family (SLC39A)] have not been reported and therefore there
is virtually no insight into the transport and sensing mechanisms. However, detailed
information about the sequences, biological regulation, and genetics of these trans-
porters is available (Fukada and Kambe 2011). The number of zinc transporters is
remarkable as homeostatic mechanisms for other metals ions such as iron and copper
rely on only a few transporters. None of the mammalian zinc transporters uses ATP
as a source of energy. The Escherichia coli Yiip protein, which belongs to the ZnT
family, functions as a Zn>*/H" antiporter and has served as the only model for human
ZnTs (Lu and Fu 2007). It has three different zinc-binding sites, all of which use
oxygen (Asp/Glu) and nitrogen (His) donors; one is located between the transmem-
brane helices and one at the interface between the transmembrane domain and the
cytoplasmic domain. The third site is binuclear and located between the dimer
interface of the cytoplasmic domains. It is thought to be a sensor site of cytoplasmic
zinc ion concentrations. Once zinc is bound at these sites, a conformational change
of the protein occurs and triggers zinc transport. At present, it is not known whether
transporters contribute directly to maintaining physiological pZn. If they do, they
would need to have K, values in the picomolar range, many orders of magnitude
lower than their experimentally observed values. Alternatively, the substrates could
be proteins that deliver zinc to the transporters by an associative mechanism. Which
zinc complexes are the substrates for these transporters and which ligands receive
zinc on the opposite side of the membrane is not known.

About a dozen human MT genes are expressed and participate in the control of
cellular zinc homeostasis (Li and Maret 2008). Their zinc coordination involves
exclusively zinc/sulfur (thiolate) interactions. They have been thought to store zinc,
and there is an extensive literature about their possible functions as cellular
antioxidants. At least two chemical properties of MTs and the molecular biology
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of MT gene expression support a dynamic role in zinc metabolism. One is that MTs
have different binding constants for the seven zinc ions. The zinc affinities of
human MT-2 are in the range where zinc regulation takes place, allowing MTs to
transport, accept, and donate zinc ions dependent on cellular conditions (Maret
2011b). Although four zinc ions are bound with affinities similar to those of other
zinc proteins, two zinc ions bind less tightly and one zinc ion only with nanomolar
affinity, making MT a protein that is not saturated with zinc at physiological pZn
(Krezel and Maret 2007). These properties would allow MT to buffer zinc exactly
in the range where such buffering is required. The second property is that MTs are
redox-active zinc proteins. Zinc itself is redox inert and remains Zn>*, and hence
zinc proteins were generally not considered to be redox proteins. However, the
oxidation of the sulfur donors of the cysteine ligands of zinc causes zinc dissoci-
ation whereas the reduction of cystines (disulfides) to cysteines (thiols) generates
zinc-binding capacity (Maret and Vallee 1998). This property establishes a cellular
redox cycle that links redox changes and the availability of zinc from MT and other
proteins with zinc/thiolate sites (Chen and Maret 2001; Maret 2009). Because of the
redox activity of the sulfurs, MTs are indeed “antioxidants”; however, any discus-
sion of an antioxidant function needs to consider that MT is oxidized when it reacts
with oxidants and releases zinc ions that are potent effectors at very low concen-
trations, and that the released zinc itself can have pro-antioxidant and pro-oxidant
functions depending on its concentrations (Maret 2008a).

2.4 Stimulation of Zinc(II) Ion Fluctuations

This section focuses only on the three basic mechanisms of zinc release. The
signaling pathways and proteins triggering or controlling zinc release are treated
in considerable depth in other chapters of this book.

2.4.1 Vesicular Exocytosis and Paracrine Signals

Zinc transporters ZnT3, ZnT8, and ZnT?2 load cellular vesicles with zinc in the
brain, pancreatic f§ cells, and mammary epithelial cells, respectively, for exocytosis
of zinc ions. Neither the concentration of zinc in the vesicles (millimolar?) nor the
local concentration of released zinc (submicromolar?) is exactly known. Exocytotic
vesicles have slightly acidic pH favoring free zinc ions, but once the zinc is
exocytosed it is in an environment of higher pH, which favors zinc binding to
proteins. Zinc ions secreted from neurons diffuse over a distance of 100 pm, and the
signal is eliminated within tens of seconds (Ueno et al. 2002). This investigation
demonstrates the significance of the spatiotemporal characteristics of extracellular
zinc signals and makes it an issue over which space and time measured zinc ion
concentrations are averaged. Owing to their high affinity for proteins, free zinc ions
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are “sticky” and, depending on the environment, only fleetingly existent, a phe-
nomenon that has been referred to as a zinc “veneer” forming on the surface of cells
(Nydegger et al. 2012). Zinc ions secreted from specific neurons are paracrine
signals affecting postsynaptic events. Zinc secreted together with insulin from
pancreatic [ cells is discussed as an effector of pancreatic o cells and, in addition,
has been suggested to be an endocrine signal affecting blood insulin clearance by
the liver (Tamaki et al. 2013). Potentially, there are many more functions for the
zinc ions secreted from different cells (Box 2.1).

The release of zinc ions from fertilized mouse oocytes into the extracellular
space follows calcium ion oscillations and has been referred to as “zinc sparks.”
Whether this process involves vesicular exocytosis is not known. The role of zinc
release is thought to be that the embryo needs to resume progression through the
cell cycle upon fertilization; this happens after the oocyte has taken up significant
amounts of zinc at the latest stage of maturation and became growth arrested after
the first meiotic division (Kim et al. 2011).

2.4.2 Release from Intracellular Stores, Influx from
the Plasma Membrane, and Intracrine Signals

Stimulation of the macrophage immunoglobulin E FceRI receptor and ERK/IP;
signaling triggers first Ca** and then Zn>" release from a vesicular store that ZnT?2
loads with zinc (Yamasaki et al. 2007). The release has been referred to as a “zinc
wave.” Intracellular zinc waves occur in minutes, whereas extracellular zinc sparks
occur in seconds, demonstrating different dynamics of zinc signals. In neurons, the
zinc store is also IP; sensitive (Stork and Li 2010). Growth factor stimulation of
breast cancer cells leads to casein kinase 2-dependent phosphorylation of ZIP7,
which opens an endoplasmic reticulum store for zinc release (Taylor et al. 2012b).
Similarly, lysosomal zinc release in interleukin 2-stimulated T cells is a required
signal for proliferation (Kaltenberg et al. 2010). Several ZIP transporters of the
LIV-1 family also seem to trigger zinc signals from their location at the plasma
membrane. For instance, N-terminal proteolytic cleavage of ZIP6 leads to translo-
cation to the plasma membrane and zinc influx (Hogstrand et al. 2013). Given the
high inward gradient of total zinc, it is unclear how the extracellular zinc is
provided and what transport mechanism is involved.

2.4.3 Redox Mechanisms

An alternative way to releasing zinc by opening a subcellular store is oxidative
signaling in the cytosol. The basis for this zinc release mechanism is the bonding
of zinc to sulfur donors in thiolate coordination environments and sulfur
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Fig. 2.2 Zinc/thiolate redox switches. Zinc/thiolate (Cys) coordination environments can react
with oxidants resulting in the oxidation of sulfur (to disulfides for example, as shown here) and the
release of zinc ions. Reduction of the disulfide regenerates zinc-binding capacity. In this way,
redox signaling or changes of specific redox pairs can modulate free zinc ion concentrations
and the function of proteins that lose their zinc and others which are targets of the released zinc.
These reactions are not restricted to zinc in tetrathiolate sites

ligand-centered redox activity (Maret 2004a, 2006) (Fig. 2.2). The chemistry is
specific for sulfur and does not occur in calcium coordination environments.
It involves different oxidation states of sulfur, not only thiol-disulfide equilibria,
in reactions with a host of physiologically significant reactive oxygen, nitrogen, and
sulfur species, reactive carbonyls, and reducible selenium compounds (Chen and
Maret 2001; Hao and Maret 2006).

Zinc/thiolate sites, such as those in MTs, are molecular switches operating
under many pathophysiological conditions where reactive species release zinc
ions that become cytotoxic, for example, for neurons (Aizenman et al. 2000).
These switches are also indicated under physiological conditions where a redox
signal is transduced into a zinc signal. Particular emphasis has been given to nitric
oxide (NO) signaling. Metallothionein has been shown to be the source of intra-
cellularly released zinc ions in endothelial cells, in bradykinin-induced NO signal-
ing, and in cytokine-induced iNOS-dependent NO signaling that causes an
intranuclear rise in zinc ions (Pearce et al. 2000; Spahl et al. 2003). A variety of
G protein-coupled receptors generate a redox signal that then releases zinc for
signaling (Sanchez-Blazques et al. 2012). Thus, in oxidative signaling associated
zinc signals must be considered. Zinc protects specific redox-sensitive thiols and
initiates specific responses by inhibiting enzymes or activating gene expression as
part of an antioxidant response.

2.5 Targets of Free Zinc Ion Transients

Knowledge of pZn values and matching affinities of proteins targeted by transient
or permanent rises in free zinc ion concentrations becomes critical when
distinguishing physiological from pathophysiological changes. Only above their
steady-state levels can zinc ions bind to additional proteins and modulate
their biological activities. Zinc inhibits some enzymes with nanomolar affinities
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(Maret et al. 1999). These proteins are generally not recognized as zinc enzymes
because they are isolated with chelating and reducing agents to preserve their
enzymatic activity. When investigating zinc inhibition, two methodological issues
need to be addressed. First, zinc-buffered solutions should be employed to control
free zinc ions at such low concentrations, and second, because the inhibition is
assayed by enzymatic activity, only apparent K; values will be obtained if the
inhibition is competitive with respect to substrate. A full kinetic analysis is then
required to determine K values. In the case of receptor protein tyrosine phosphatase
beta, the inhibition is so strong (21 pM) that it suggests tonic inhibition of the
enzyme (Wilson et al. 2012). With free zinc ion concentrations of 24 pM in human
erythrocytes (Simons 1991), zinc inhibition of human erythrocyte Ca**-ATPase
with a K; of 80 pM (pH 7.4) also indicates at least partial inhibition under
physiological conditions (Hogstrand et al. 1999). The affinities of proteins that
are targets of free zinc ions are therefore only slightly lower than those of zinc
enzymes, suggesting an important principle: whereas zinc enzymes need to be
activated by binding zinc, the zinc-inhibited enzymes need to be activated by
removing zinc (Maret 2013b). The number of enzymes that zinc inhibits is not
known and will depend on the exact magnitude of zinc ion fluctuations and whether
global changes or local transients are involved. Enzymes may be inhibited tonically
or their activity modulated, and inhibition with zinc may occur under physiological
or pathophysiological conditions. Zinc inhibits many thiol-dependent enzymes
(protein tyrosine phosphatases, caspases, and cathepsins) and other enzymes that
have diads or triads of catalytic His, Glu(Asp), and Cys residues as binding sites for
metal ions (Maret 2013b). How zinc-inhibited cytosolic enzymes are reactivated is
not known. In vitro investigations suggest that the activation involves zinc removal
by thionein, the apoprotein of MT. A common observation is that zinc enhances
tyrosine phosphorylation signaling. In most instances, the effect can be explained
with phosphatase inhibition rather than kinase activation. Colocalization of protein
tyrosine phosphatases, receptors, and zinc transporters/channels provides a way for
zinc microdomains and gradients to modulate signaling complexes. Although
enzyme inhibition is emerging as one principle of zinc signaling, there may be
others, such as enzyme activation or modulating protein—protein interactions
(Maret 2004b). In as much as it is discussed that ER-released calcium affects
mitochondria, ER-released zinc could also have a significant effect on mitochon-
drial respiration (Ye et al. 2001).

Secreted zinc ions affect intercellular zinc signaling. Zinc ions released from
zinc-rich neurons into the synapse inhibit the NMDA (N-methyl-p-aspartate) recep-
tor postsynaptically. The inhibition constant is less than 10 nM (pH 7.3) (Paoletti
et al. 1997). Zinc affects many other receptor proteins but affinities for zinc are
often not known.

Another regulatory function, but not a zinc signal, relates to the zinc inhibition of
enzymes secreted from cells. Micromolar zinc ion concentrations inhibit the zinc
enzyme bovine carboxypeptidase A at a second zinc-binding site (K; = 0.5 pM) and
serine proteases such as kallikreins with inhibition constants ranging from 10 nM to
about 10 pM (Maret 2008b). These interactions are thought to be physiologically
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significant, although these zinc affinities are orders of magnitude lower than those
discussed for inhibition of cytosolic enzymes. The reason for this is that seminal
and prostatic fluids, where these kallikreins are found, contain about 10 mM zinc.
Presumably, the enzymes are stored with an inhibitory zinc ion bound, which then
dissociates and activates the enzymes once they are secreted and diluted.

2.6 Concluding Remarks

It is remarkable that dozens of proteins control cellular zinc homeostasis. These
proteins redistribute zinc subcellularly and control zinc ion transients. The role of
zinc as a messenger in not one but at least three different mechanisms of release
with multiple functional outcomes in intracrine, paracrine, and possibly endocrine
signaling leaves no doubt as to the major importance of zinc for cell biology. Its
signaling functions are in addition to its functions in enzymes and in protein—
DNA/RNA and protein—protein interactions in thousands of proteins. Regulation
with zinc ions extends the functions of the other two redox-inert metal ions,
magnesium and calcium, into a range of concentrations that are typical for
hormones. Together these metals ions cover many orders of concentrations for
regulation. In the series Mg>*, Ca®*, and Zn*, specificity and the ratio of protein-
bound metal to free metal increases commensurate with increasing affinities for
proteins (Maret 2001). The metal ions have different coordination chemistries and
chemical properties and hence target different proteins and are involved in
different processes. Given that association (on) rates are fast and not restricted,
the significant different affinities dictate very different dissociation (off) rates.
The effect of zinc signals is expected to be orders of magnitude longer than that of
calcium signals unless there are specific mechanisms to increase the off rates. This
factor makes zinc ions ideally suited for long-term changes such as holding the
cell in specific states.

Sulfur donors of cysteine confer redox activity on some zinc coordination
environments, thereby linking zinc redistribution and redox signaling. There is
crosstalk between calcium and zinc signaling at several levels. Thus, zinc signaling
is integrated into other cellular signaling networks:

Redox signals < Zinc signals < Calcium signals

Calcium influx into cells is necessary for exocytosis of Zn>*-containing vesicles.
Extracellular signals that elicit calcium signals for inducing NO are also linked to
generating zinc transients. Extracellular zinc ions bind to a zinc receptor (ZnR),
which is a G protein-coupled receptor identified as GPR39, triggering the release of
Ca®" from the ER (Hershfinkel et al. 2001; Holst et al. 2007; Yasuda et al. 2007).
ZnT1 interacts with the L-type calcium channel (LTCC) B-subunit and reduces the
cell-surface expression of the a-subunit (Levy et al. 2009). This action is through
the Ras-ERK signaling pathways and also affects activity and surface expression of
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T-type calcium channels (Mor et al. 2012). The alD-subunit of the ER resident
L-type calcium channel has a role in controlling the cellular zinc wave (Yamasaki
et al. 2012).

Experimentally, there continue to be tremendous challenges. Investigating free
zinc ions at their very low concentrations is demanding in terms of analytical
procedures and purity of reagents, which often have orders of magnitude higher
zinc concentrations than the cellular free zinc ion concentrations. Zinc is buffered in
the cell but not in most biological experiments in which buffers are primarily
employed to control pH. Although electrophysiology is a mainstay in the field of
calcium research, the electrophysiology of zinc has not been explored. Direct and
quantitative zinc measurements are necessary to refine the models of zinc homeo-
stasis and zinc signaling.

The concept that a transition metal ion is a signaling ion has major implications
for health and disease. It changes the view of the micronutrient zinc as merely being
a cofactor of proteins to one including global functions in cellular control and
suggests that perturbation of zinc homeostasis has much wider consequences for
cell proliferation, differentiation, and cell death as nutritional zinc deficiency. The
many factors affecting the proteins that buffer and muffle zinc also perturb zinc
status and may elicit cellular zinc deficiency or zinc overload (accumulation), if the
cell can no longer handle zinc properly. How these processes affect zinc stores as a
source of signaling zinc ions and how other metal ions, either essential ones out of
homeostatic control or nonessential ones such as cadmium, interact with the control
and signaling of zinc needs to be addressed.
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