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Abstract. Metal ion homeostasis and heavy metal detoxifica-
tion systems are regulated by certain genes associated with
metal ion transport. Metallothionein (MT) and metal response
element binding transcription factor 1 (MTF-1) are important
regulatory proteins involved in the mediation of intracellular
metal ion balance. Differences in the zinc-binding affinities
of the zinc fingers of MTF-1 and the a- and f-domains of MT
facilitate their regulation of Zn** concentration. Alterations in
the intracellular concentration of Zn** influence the MTF-1
zinc finger number, and MTF-1 containing certain zinc finger
numbers regulates the expression of corresponding target
genes. The present review evaluates the association between
zinc finger number in MTF-1 protein, MTF-1 target genes and
the mechanism underlying MT regulation of the zinc finger
number in MTF-1.
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1. Introduction

Cells adjust their gene expression profile in order to rapidly
adapt to various forms of stress. Therefore, stress-responsive
transcription factors are mainly regulated at the post-trans-
lational level by modulating activity, stability or subcellular
localization (1). Certain transcription factors predominantly
localize to the cytoplasm and translocate to the nucleus when
required (1). The zinc ion (Zn*") is an important metal ion
involved in the regulation of transcription factors. Zn*" and
other essential metal ions have diverse roles in numerous
biological processes by functioning as structural components
of proteins, essential co-factors in enzymes and/or modulators
of signal transduction cascades within cells (2). Furthermore,
all metal ions are cytotoxic at high intracellular concentrations.

Metallothionein (MT) is a small, cysteine-rich protein,
which binds and exchanges specific metal ions, particularly
Zn** (3). The binding affinity of MT varies between metals, with
Cu* having the greatest stability constant (10'°-10'), followed
by Cd** (10"7-10") and Zn** (10"-10"). Up to 18 metals are
able to associate with MT, but Zn?**is only able to be displaced
by Cu*, Cd**, Pb*, Ag*, Hg** and Bi** (4). MT comprises two
subunits: The more stable a-domain (C-terminal), which
incorporates four divalent metal atoms, and the f-domain
(N-terminal), which contains only three divalent metal ions
and is more reactive (5). MT exchange ability depends upon
the metal species present, and the majority of MTs exist in zinc
form or as mixed-metal proteins in vivo (6).

Numerous ions activate the promoter of the MT gene via
metal response elements (MREs), but only Zn is specific for the
binding and activation of MRE-binding transcription factor-1
(MTF-1) (7). MTF-1 is a zinc finger transcription factor, which
regulates metal-responsive gene expression (8). The MTF-1
protein contains a six-Cys,His, zinc finger DNA-binding
domain, three transcriptional activation domains as well as
putative nuclear exclusion sequences (NES) and localization
sequences (NLS) (8).

2. Metallothionein is regulated by metal ions and oxidant
stress

A previous study demonstrated that in vivo MTs exist mainly
in Zn form or as mixed-metal proteins (6). The zinc ion of the
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Figure 1. Scheme of mammalian MTF-1 regulation. Under normal conditions there is a dynamic balance between MT and MTF-1 in order to regulate the
transport of certain metal ions via MTF-1 inducing target gene expression. MTF-1 is able to be activated directly by zinc or indirectly by the release of zinc
from MTs following cadmium load or oxidative stress. MTF-1 containing six zinc fingers subsequently promotes transcription of the MT gene. Superabundant
MT protein captures Zn>* from MTF-1, and MTF-1 interacts with other transcription factors and coactivators to drive the expression of additional target genes
due to the change in zinc finger number. As a result, normal conditions are restored to the cell as the genes expressed eliminate unfavorable factors. MT,
metallothionein; MTF-1, metal response element binding transcription factor 1; mRNA, messenger RNA.

Zn,-MT complex is able to be replaced by numerous heavy
metal ions, including copper and cadmium, when these are
present in the cell. Furthermore, the zinc ion is released from
the Zn,-MT complex following exposure to reactive oxygen
species. The free zinc ion, from the Zn,-MT complex or
another metal-MT complex, is chelated by the six zinc fingers
of MTF-1, which is activated by binding of Zn?**to the six
zinc fingers (9). MTF-1 induces expression of the MT gene
via binding DNA and other transcription factors and the novel
MT subsequently combines redundant free Zn** or binds Zn**
from MTF-1 in the cytoplasm (9). A proportion of the zinc
ions bound to MTF-1 are captured by MT due to the higher
stability constant of MT with zinc ions, compared with those
for partial chelation of the six zinc fingers of MTF-1 (9). MT
expression is reduced or halted entirely following the release
of zinc from MTF-1 (10).

3. Regulatory effect of MTF-1 on target genes

The DNA-binding domain of MTF-1 comprises six zinc
fingers that mediate binding to the MRE DNA motif, which
contains the core consensus sequence “TGCRCNC’ (8). MREs
are frequently located in the promoter/enhancer regions of
MTF-1 target genes in multiple copies. The MT genes are the
most comprehensively studied of these target genes (11). A
study to identify MTF-1 target genes other than MT genes has
been performed in human, mouse and Drosophila systems,
and ~27 genes were identified (9). As exhibited in Table I,
13 target genes are involved in metal ion metabolism, which
regulate cellular Zn*", Cu**, Cd*", Fe** and Li* homeostasis,
respectively (12-21). Mammalian target genes with a role
in metal homeostasis that are induced following zinc load
include solute carrier family 30 member 1 (Slc30al) and
Slc30a2. These encode the zinc exporters ZnT-1 and ZnT-2,
respectively (14,22). In addition, MTF-1 suppresses the

transcription of Slc39al0 (13), which was demonstrated to
encode the zinc importer Zipl0 (23). MTF-1 may select the
appropriate type of MRE depending on whether there is a high
or low intracellular concentration of Zn?* (24,25). The results
of the studies described above also indicated that the transport
of zinc ions into a cell was prevented when all six zinc fingers
of MTF-1 chelated zinc ions. In order to elucidate why MTF-1
was able to regulate other target genes, a hypothesis was
developed, based on the association between protein structure
and function, suggesting that MTF-1 may regulate target genes
other than MT when the six zinc fingers of MTF-1 were not
saturated by zinc ions. The chelation of zinc fingers in MTF-1
influences the protein structure of MTF-1 and therefore medi-
ates the selection of various MREs from the same or different
promoters.

Not only the zinc ion is able to influence the protein
structure of MTF-1. Recently, using genome-wide mapping
of MTF-1 binding under Cu and Cd metal stresses,
Sims et al (26) demonstrated that MTF-1 DNA-binding site
specificity depended on the specific nature of the metal, and
also discovered that the type of binding site which exhibited
affinity for the metal ion was an important factor in the induc-
tion of metal-specific transcription activation. Similarly, the
analagous domain of Drosophila MTF-1 activated differential
target genes under the opposing conditions of copper load
and copper starvation (27). Other regions of MTF-1 also
influenced the specific binding of MTF-1 to DNA sequences;
for example, an allosteric change of the conserved C-terminus
of the cysteine-rich domain in Drosophila MTF-1 required
cadmium binding (28). Certain transcription factors, including
nuclear hormone receptors, have also been shown to exhibit
binding-site diversity that dictates their specific transcriptional
activation and interactions with ligands and co-factors (29).

Previous studies on the variations in the sequence affinity
of MTF-1 suggested that at least a proportion of its zinc
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fingers were involved in sensing cellular zinc levels. These
studies were based on the fact that MTF-1 was activated by
elevated levels of zinc in cell-free DNA binding studies, and
the observed variations in zinc-binding affinity of the zinc
fingers (30-32). To date, studies aiming to elucidate the role of
individual zinc fingers in zinc sensing have yielded ambiguous
results (4). However, there is evidence that zinc fingers 1-4
comprise the core DNA-binding domain and that zinc fingers
five and six may act as zinc sensors involved in the mediation
of metal-responsive transcription (33).

In a previous study by our group, it was demonstrated
that in Tetrahymena thermophila (T. thermophila), MTT1
and MTT2 were shown to have differing primary structural
characteristics, and to perform different functions in cells.
MTT1 was shown to have a role in the detoxification of heavy
metal ions, and MTT2 may be involved in the homeostasis of
copper ions (34-36). Subsequently, it was reported that MTT1
and MTT?2 had distinct transcriptional mechanisms, regulated
by different MTF-1s, and that three zinc finger proteins, which
were corresponded to MT transcription-associated factors in
the T. thermophila genome, contained varying numbers of
zinc finger proteins (37). Number-specific zinc finger proteins
had metal-specific conformations, recognized specific MRE
sequences and promoted transcription of specific, corre-
sponding genes (37). Based on the results of the aforementioned
study, the number of zinc fingers in MTF-1 which are zinc ion
saturated in this protein is associated with the mediation of
MTF-1 target gene transcription.

4. Balance between metallothionein and MTF-1

Zinc has a wide repertoire of known biological func-
tions, including as a cofactor in numerous enzymes and
DNA-interacting proteins (38,39). Zinc deficiency, as well
as excess, has been shown to be deleterious for cells (40),
prompting the requirement for tight regulation of its cellular
concentration (41). MT and MTF-1 form a pair of powerful
regulators of cellular zinc ion concentration. Under normal
conditions, a chemical equilibrium, directed by cellular zinc
ion concentration, is generated between MT and MTF-1. This
equilibrium is disturbed when the cell is exposed to certain
stressors, including heavy metal ions and oxidants. A study
also indicated that MTF-1 may be stimulated by the degrada-
tion of zinc-saturated MT (42).

MTF-1 contains a metalloregulatory DNA-binding domain
consisting of six Cys,His, zinc fingers, which is thought to
bind zinc with affinities in the nanomolar to sub-micromolar
range (31). The order of zinc affinities of the six zinc fingers
of MTF-1 (from highest to lowest) was demonstrated to be:
4>2>5>6>3>1 (31). Nuclear magnetic resonance analysis of
zinc finger proteins from the MTF-1 DNA-binding domain
indicated that the zinc-binding affinities of all six MTF-1
zinc fingers were within (~10-50)-fold of each other (32). The
relative zinc-binding affinities of the seven sites in the MT
o- and f-domains were determined via direct competition
for Zn?*, and the results demonstrated that Zn?* binds the
[-domain with a greater affinity than the a-domain (43). The
presence of zinc affinity gradients in MT and MTF-1 provide
a precise basis for the adjustment of the balance between
MT and MTF-1 concentration and allows MTF-1 to regulate
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transcription of genes associated with zinc and other metal ion
transport.

5. Conclusions and perspectives

In conclusion, the results discussed in the present review
provided novel insights into the dynamic balance of MT and
MTEF-1 concentration, and supported novel hypotheses for the
mechanisms underlying the collaborative regulation of certain
genes linked with metal ion transport by MT and MTF-1.
As summarized in Fig. 1, MTF-1 regulates MT transcription
in order to respond to other heavy metal ions or oxidative
stress, and modulates the expression of other metal transport
proteins via a subtle collaboration with MT. An association
between MTF-1 target genes and the zinc finger number in
MTEF-1 proteins has been indicated. However, the mechanism
underlying the regulation of other candidate target genes by
MTF-1 binding different amounts of Zn** remains elusive.
Further study is therefore required in order to elucidate the
potential of MTF-1 in the regulation of transcription of other
target genes by altering the zinc finger number. An evaluation
of the specific association between MTF-1 and its target genes
following confirmation of the number of zinc ions bound to the
MTF-1 protein is required to further elucidate the mechanisms
underlying this complex interaction. In conclusion, there is an
interesting balance between metallothionein and metal response
element binding transcription factor 1 is mediated by zinc ions.
However, the mechanisms of balance mediated by zinc finger
motif of MTF-1 remains to be elucidated in future studies.
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