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ABSTRACT. The metallothioneins (MT) are small, cysteine-rich heavy metal-binding proteins which
participate in an array of protective stress responses. Although a single essential function of MT has not been
demonstrated, MT of higher eukaryotes evolved as a mechanism to regulate zinc levels and distribution within
cells and organisms. These proteins can also protect against some toxic metals and oxidative stress-inducing
agents. In mice, among the four known MT genes, the MT-I and -II genes are most widely expressed.
Transcription of these genes is rapidly and dramatically up-regulated in response to zinc and cadmium, as well
as in response to agents which cause oxidative stress and/or inflammation. The six zinc-finger metal-responsive
transcription factor MTF-1 plays a central role in transcriptional activation of the MT-I gene in response to
metals and oxidative stress. Mutation of the MTF-1 gene abolishes these responses, and MTF-1 is induced to
bind to the metal response elements in proximal MT promoter in cells treated with zinc or during oxidative
stress. The exact molecular mechanisms of action of MTF-1 are not fully understood. Our studies suggest that
the DNA-binding activity of MTF-1 in vivo and in vitro is reversibly activated by zinc interactions with the
zinc-finger domain. This reflects heterogeneity in the structure and function of the six zinc fingers. We
hypothesize that MTF-1 functions as a sensor of free zinc pools in the cell. Changes in free zinc may occur in
response to chemically diverse inducers. MTF-1 also exerts effects on MT-I gene transcription which are
independent of a large increase in MTF-1 DNA-binding activity. For example, cadmium, which has little effect
on the DNA-binding activity of MTF-1 in vivo or in vitro, is a more potent inducer of MT gene expression than
is zinc. The basic helix-loop-helix-leucine zipper protein, USF (upstream stimulatory factor family), also plays a
role in regulating transcription of the mouse MT-I gene in response to cadmium or H2O2. Expression of
dominant negative USF-1 or deletion of its binding site from the proximal promoter attenuates induction of the
mouse MT-I gene. USF apparently functions in this context by interacting with as yet unidentified proteins
which bind to an antioxidant response element which overlaps the USF-binding site (USF/ARE). Interestingly,
this composite element does not participate in the induction of MT-I gene transcription by zinc or redox-cycling
quinones. Thus, regulation of the mouse MT-I gene by metals and oxidative stress involves multiple signaling
pathways which depend on the species of metal ion and the nature of the oxidative stress. BIOCHEM PHARMACOL
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MT† are the most abundant intracellular, metal-binding
proteins, and they are isolated from tissues as zinc7–MT
complexes [1, 2]. In the mouse, four MT genes have been
cloned (MT-I to -IV) [3], but MT-I and MT-II are the most
widely distributed MT isoforms [1]. The mouse MT-I and
MT-II genes are actively expressed in many cell types in
different organs and tissues, as well as in most cultured cells.
In contrast, the MT-III and MT-IV genes show a very

restricted cell type-specific pattern of expression [4]. As
discussed below, expression of the mouse MT-I gene in
response to zinc is regulated by the zinc-finger transcription
factor MTF-1 [5]. Our studies suggest that MTF-1 is a
metalloregulatory protein whose DNA-binding activity is
reversibly activated in response to changes in free zinc
concentrations in the cell [6, 7]. The preponderance of
experimental evidence suggests that the mouse MT-I and
MT-II genes evolved, in part, as a mechanism to control
zinc homeostasis. Analyses of transgenic mice that overex-
press MT-I [8] or that have loss-of-function mutations
(gene knockout) in the MT-I/II genes [9] have provided
evidence for this hypothesis. Transgenic mice that overex-
press MT-I accumulate more zinc in maternal organs and
are significantly more resistant to the teratogenic effects of
dietary zinc deficiency during pregnancy than are control
mice [10]. In contrast, mice with knockout of the MT-I/II
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genes accumulate less zinc in tissues and are much more
sensitive to the effects of dietary zinc deficiency during
pregnancy than are control mice [11]. Neonatal develop-
ment of the kidney is also abnormal in knockout mice fed
a zinc-deficient diet [12]. Recent studies of cells exposed to
extreme zinc deprivation suggest that MT can be part of a
zinc-scavenging mechanism for cell survival [13]. MT may
also remove zinc from inhibitory sites on enzymes and thus
protect against zinc toxicity [14]. Although genetic exper-
iments do not support the notion of a generalized essential
cellular function of MT [15], the ubiquitous need to
maintain adequate and appropriate levels of the essential
metal zinc in higher eukaryotes likely provides significant
selective pressure for conservation of MT.

MT is a stress protein, and critical functions of mamma-
lian MT have, therefore, been revealed only during expo-
sure to environmental insults. Mammalian MT can also
provide protection against cadmium toxicity and oxidative
stress. Cells which contain more MT are protected against
heavy metal toxicity and oxidant stress, whereas underex-
pression in cell lines or in mice with null mutations of the
MT-I and MT-II genes leads to heightened sensitivity to
cadmium toxicity and oxidative stress [1, 16–18]. MT gene
transcription is also rapidly induced by cadmium and by
oxidative stress [19, 20]. MT is an efficient scavenger of
hydroxyl radicals [21, 22], and yeast and mammalian MTs
can functionally substitute for superoxide dismutase in
protecting yeast from oxidative stress [23]. Recent studies of
zinc release and binding to MT demonstrated that the
redox status of the cell, measured by the ratio of reduced to
oxidized glutathione, and energy metabolism together af-
fect binding and release of zinc from MT [24, 25]. Thus, MT
appears to be a multifunctional stress protein in higher
eukaryotes.

A hallmark of the mouse MT-I and MT-II genes is their
transcriptional induction by zinc and cadmium [1]. Essen-
tial for this induction are DNA motifs, termed metal
response elements (MRE), present in multiple copies in the
proximal promoters of MT genes. MREs were shown to
confer response to zinc and cadmium [26, 27] and to
oxidative stress [20]. A protein responsible for transactiva-
tion through the MRE has been cloned from fish, mouse,
and human, and is termed MTF-1 [28–30]. MTF-1 is a
zinc-finger transcription factor in the Cys2His2 family.
Targeted disruption of both MTF-1 alleles in embryonic
stem cells demonstrated its essential role for basal as well as
heavy metal-induced MT gene expression [5] and oxidative
stress-induced MT-I gene expression [31] in the mouse.

We have also discovered an oxidative stress response and
cadmium response element in the MT-I promoter that
maps to the -101-bp region [20, 31]. This region contains
an antioxidant response element (ARE; TGACnnnGC)
[32]. The ARE (also called electrophile response element)
mediates induction of glutathione S-transferase Ya subunit
and the quinone reductase genes in response to redox-
cycling xenobiotics and H2O2 [32, 33]. Many MT promot-
ers contain a single perfectly matched consensus ARE

sequence [20]. The ARE may be negatively regulated by the
bZip proteins Fos and Fra-1, and positively regulated by
Nrf2-small Maf heterodimers in response to electrophilic
agents [34, 35]. In the mouse MT-I promoter (and the
hamster MT-I promoter), the ARE overlaps a previously
identified USF-binding site (CRCGTGRY) [36]. USF is a
member of the basic-helix-loop-helix-Zip protein superfam-
ily which includes Myc, Max, Mad, and TFE3 [37, 38].
There are three isoforms of USF (USF-1, USF-2a, and
USF-2b) [39–41]. The 43 kDa USF-1 and the 44 kDa
USF-2 polypeptides are encoded by separate genes [39, 40].
Alternate splicing gives rise to the USF-2a and USF-2b
isoforms [41]. USF forms DNA-binding USF homo- and
heterodimers [40–42], but can also interact with several
different bZip transcription factors [43–46]. USF is ubiqui-
tously expressed [39], and has been shown to positively or
negatively influence the expression of a myriad of genes [41,
47–51].

Herein, I describe our studies of mechanisms by which
MTF-1 regulates MT gene transcription in response to
metals and oxidative stress [6, 7, 20, 31], and our studies
which indicate that the composite USF/ARE promoter
sequence participates in cadmium and H2O2 regulation of
MT-I gene transcription [20, 52] and that USF plays a role
in this regulation.

RESULTS AND DISCUSSION
Oxidative Stress-Induced Transcription of the Mouse
MT-I Gene

MT mRNA in the rodent liver is induced, for example,
after injection of diethyl maleate, paraquat, and menadione
[53–57], each of which causes formation of free radicals.
The molecular mechanisms of induction of mouse MT by
these oxidative stress-inducing agents, however, were un-
known. We first addressed this issue by treating mouse
Hepa cells with H2O2, menadione, or tBHQ and examining
the induction of MT-I mRNA. During the course of these
studies, we obtained similar results when we examined the
effects of these agents on MT-I mRNA in NIH 3T3 and
L929 cells. H2O2 undergoes Fenton chemistry to produce
hydroxyl radicals, whereas menadione and tBHQ are
thought to redox cycle and produce superoxide anions.
tBHQ, for example, induces phase II genes [58–60] and
undergoes autoxidation to form a redox-active semiquinone
anion radical [61, 62].

We found that H2O2, tBHQ, and menadione each
rapidly induced MT-I mRNA in a dose-dependent manner
in Hepa cells. Inductions of 4- to 20-fold within 6 hr were
noted under conditions that had no discernible effects on
cell viability as assessed by trypan blue exclusion 24 hr
posttreatment. Induction of heme oxygenase-I mRNA, a
gene shown to respond to a variety of oxidative stresses
including H2O2 treatment of cultured cells [63–67], dis-
played a dose–response curve similar to that of MT-I
mRNA. Induction of MT-I mRNA by H2O2 and subopti-
mal concentrations of zinc was rapid and transient. In-
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creased MT-I mRNA levels were detected at 1 hr, peaked
by 3 hr, and returned to basal level by 9 hr posttreatment.
In contrast, induction by tBHQ was sustained overnight.
The oxidative stress induction of MT-I mRNA was additive
and not synergistic with zinc.

These data suggested that oxidative stress activates tran-
scription of the MT-I gene. This was directly demonstrated
using nuclear run-on assays. One hour after treatment with
H2O2, the relative rate of MT-I gene transcription had
increased dramatically. This increase was transient, and by
3 hr posttreatment the relative rate of MT-I gene transcrip-
tion had returned to pretreatment levels. Treatment of
Hepa cells with 30 mM zinc resulted in a similar increase in
the relative rate of MT-I gene transcription at 1 hr. Thus,
regulation of the MT-I gene by H2O2 is primarily a
transcriptional response, as has been previously shown for
metal ions [19, 68].

Delineation of Oxidative Stress-responsive Elements in
the MT-I Promoter: Roles of the MRE and USF/ARE

Transfection assays in Hepa cells were employed to delin-
eate sequences within the MT-I promoter that confer
responsiveness to oxidative stress. Deletion mutagenesis

revealed that the 108-bp region located between -151- and
-42-bp in the promoter was essential for response in
transiently transfected cells. Among other potential cis-
acting sequences, this region contains the 5 MREs in the
MT-I promoter (consensus MRE: CTNTGCRCNCG-
GCCC) (Fig. 1a), and an ARE consensus sequence (GT-
GACnnnGC) (-101-bp to -94-bp), as described by Rush-
more et al. [69]. Interestingly, consensus AREs are also
located in the proximal promoters of several other MT
genes (Fig. 1b) [20]. In the mouse MT-I promoter, the ARE
consensus sequence overlaps a previously identified USF-
binding site (Fig. 1c) [36]. The USF/ARE was known to
enhance basal level expression of the mouse MT-I gene [26,
36]. We determined the roles of the MREs and the
USF/ARE in induction of the MT-I gene by metals and
oxidative stress [20, 31, 52]. Metal ions are the best studied
and most potent inducers of MT-I gene transcription and
the MREs cooperate to confer metal responsiveness on this
gene [27]. The best studied of these is MRE-d [26, 70]. A
fusion gene consisting of 5 tandem copies of MRE-d
inserted in the forward orientation immediately upstream of
a minimal promoter was constructed to drive reporter gene
expression (chloramphenicol acetyltransferase or Lucif-

FIG. 1. (A) A schematic representation of the mouse MT-I proximal promoter (11 to 2200 bp relative to the transcription start point).
The locations of known regulatory elements in the MT-I promoter are as indicated: MRE, metal regulatory elements (a through e);
Sp1, Sp1-binding site; USF/ARE, composite upstream stimulating factor/antioxidant response element. (B) AREs are found in many
MT proximal promoters. MT promoters submitted to GenBank were searched for consensus AREs in both the sense and antisense
orientation. Numbers to the left represent the number of nucleotides upstream of the transcription start site of the adjacent nucleotide
shown in the figure. (C) Alignment of the optimal USF-binding site, which contains an underlined E-box motif, the adenovirus
promoter USF-binding site, and the USF site which overlaps the ARE in the MT-I promoter. Y refers to pyrimidine, R refers to purine,
and the bases displayed in bold type in the USF/ARE do not match the optimal binding site. The USF-binding site in the MT-I promoter
binds USF poorly relative to the consensus sequence E-box [52].
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erase) in transfected Hepa cells. Functions of the USF/ARE
were examined by deletion of the USF/ARE from the
proximal -153-bp of the MT-I promoter. Also, four tandem
copies of the ARE in the glutathione S-transferase Ya
promoter have been shown to increase basal activity from a
minimal promoter and to direct induction by oxidative
stress [71]. A similar approach was taken to analyze the
USF/ARE in the mouse MT-I promoter. Four tandem
copies of the USF/ARE were inserted in the forward
orientation immediately upstream of a minimal promoter
driving a reporter gene. In addition, the functions of both a
single copy of this element and of this element containing
mutations in the USF or the ARE site were tested.

The results of several studies from our lab [20, 31, 52],
which used stably transfected cells as well as transiently
transfected cells, demonstrated that the mouse MRE-d is
responsive to zinc, cadmium, H2O2, and tBHQ. In subse-
quent experiments, we discovered that an MRE from the
chicken MT gene promoter is responsive to metal ions and
oxidative stress in transfected mouse cells and in transgenic
mice [72]. In contrast, the USF/ARE directed responsive-
ness to cadmium and H2O2, but not to zinc or tBHQ.
Responsiveness required an intact USF and intact ARE
consensus sequences. Selective deletion of the USF/ARE
(-100 to -89) from the proximal promoter of the MT-I gene
reduced cadmium and H2O2 responsiveness in half, with no
effect on zinc or tBHQ responsiveness. In subsequent
experiments, we found that co-expression of a dominant
negative USF-1 in transfected cells severely attenuated
cadmium responsiveness of the USF/ARE and the intact
MT-I promoter [52]. These results suggest that optimal
induction of the mouse MT-I gene by cadmium and H2O2

requires at least two distinct elements in the proximal
promoter of the mouse MT-I gene, whereas induction by
zinc and tBHQ is dependent only on the MREs.

Metal Ion- and Oxidative Stress- Induced Protein–DNA
Interactions In Vivo with MREs and the USF/ARE

To examine protein–DNA interactions in the proximal
region of the MT-I promoter, we employed in vivo genomic
footprint analysis by ligation-mediated polymerase chain
reaction of bases -200 to -30 in the MT-I promoter [31].
Cells, before or after treatment with an inducer, were
incubated with dimethyl sulphate, and genomic DNA was
isolated, cleaved with piperidine, and MT-I promoter
fragments were specifically amplified. The results of this
assay revealed a strong constitutive footprint over an Sp1
binding site (-187 to -179), a constitutive footprint over the
USF/ARE, and a weak footprint over MRE-d. Similar
results were reported previously [73]. In contrast, the other
MREs did not footprint in control Hepa cells. However,
treatment with H2O2, tBHQ, or zinc rapidly induced
protein interactions over all of the MREs. Guanine residues
within each MRE core sequence (TGCRCnC) that are
functionally essential [70] were protected from methyl-
ation, and with all three inducers the footprint patterns

were essentially identical over the MREs. The footprints
were detected within 30 min of treatment. Footprints
induced by H2O2 were absent by 5 hr, consistent with the
transient induction of MT-I gene transcription by H2O2

[20]. In contrast, the MRE footprints induced by tBHQ
were maintained for at least 5 hr, as were those induced by
high levels of zinc. We did not examine footprinting of this
promoter after cadmium treatment.

In addition to footprints induced over MREs, all of these
treatments also induced changes in the footprint over the
USF/ARE region. Footprint patterns with the various
inducers were qualitatively similar, but quantitatively dis-
tinct. Major changes in guanine methylation were noted in
residues immediately upstream and within the USF-binding
site and immediately downstream of the ARE. The foot-
print over the USF/ARE induced by H2O2 was transient,
while those induced by tBHQ and zinc were prolonged. It
is somewhat surprising that zinc induced a footprint over
the USF/ARE; however, a similar result was previously
reported [73]. These results revealed little evidence of
protein interactions with guanine residues within the ARE
functional core (GTGACnnnGC) (Fig. 1b) [74, 75].

Rapid Induction by Oxidative Stress and Zinc, but Not
Cadmium, of MTF-1 DNA-binding Activity In Vivo

The above results suggest that metal ions (particularly zinc)
and oxidative stress can activate the binding of MTF-1 to
the MREs in the MT-I promoter. This was documented
using EMSA to detect MRE-binding activity in nuclear and
whole cell extracts. In these assays, we employed a consen-
sus MRE oligonucleotide (MRE-s) that is a strong MTF-1-
binding site [29]. EMSA analysis using nuclear extracts or
whole cell extracts obtained from Hepa cells treated for as
little as 15 min with zinc, H2O2, or tBHQ revealed a 4- to
10-fold increase in MTF-1-binding activity in the nucleus,
but no change in the constitutive DNA-binding activity of
Sp1 [6, 31]. MTF-1-binding activity from Madin–Darby
canine kidney (dog) and HeLa (human) cells incubated in
medium containing excess zinc (120 mM) was also rapidly
(30 min) increased. We proved that MTF-1 binding was
measured specifically in these experiments using supershift
assays with a polyclonal antiserum against recombinant
mouse MTF-1, and by demonstrating the sequence speci-
ficity for the binding. In subsequent experiments, we found
that the specific MRE-s–protein complex was absent when
extracts from the mouse dko7 cell line, which lacks MTF-1,
were analyzed [5, 76]. In that cell line, induction of the
endogenous MT-I gene is refractory to zinc, cadmium, and
oxidative stress [31]. These results confirmed that MTF-1
plays a central role in the activation of MT-I gene expres-
sion by these agents. In contrast to the above EMSA
results, we detected little change in the binding activity of
MTF-1 in cells treated with cadmium [7]. This suggests that
cadmium activation of the MT-I gene involves a distinct
mechanism relative to the other agents examined. These
results also established that MTF-1 is not constitutively

98 G. K. Andrews



active in untreated cells, but is instead rapidly activated to
bind to DNA by zinc and oxidative stress.

Zinc and cadmium apparently activate MT-I promoter
function by overlapping, yet distinct signal transduction
pathways. Cadmium can cause oxidative stress and the
depletion of glutathione [77], as well as affect the activity of
signal transduction molecules [78–81] and evoke superox-
ide anion production by macrophages [82]. Our studies
suggest that in Hepa cells, USF also plays an in vivo role in
cadmium induction of the mouse MT-I gene. In addition to
MTF-1, the USF/ARE could serve to specifically augment
or prolong the responsiveness of the MT-I gene to cadmium
relative to zinc and to the other mouse MT genes. USF
could help maintain an open chromatin structure to facil-
itate interactions of the MT-I promoter with other factors.
The cell specificity of this role of USF warrants investiga-
tion.

Increased ARE-binding Activity with Cadmium, but
Not Zinc or Oxidative Stress

Protein interactions with the USF/ARE were examined.
Two complexes were detected by EMSA using the mouse
USF/ARE oligonucleotide and Hepa cell nuclear extracts.
One of these complexes contained both USF-1 and USF-2,
based on supershift assays using specific USF antisera and
oligonucleotide competition assays [31, 52]. Formation of
the ARE complex was sequence-specific, and mutation of
two functionally important [74, 75] terminal bases (GC) in
the ARE consensus sequence (GTGACnnnGC) blocked
complex formation. Supershift assays suggested that activa-
tor protein-1 is not a component of this complex. The two
complexes formed with the USF/ARE did not differ in
amount or mobility among nuclear extracts from control
and cells treated with zinc or oxidative stress-inducing
agents. In contrast, increased ARE-binding activity was
detected in cadmium-treated cells [52].

Our studies suggest that USF participates in activation of
the MT-I gene in response to cadmium and H2O2 by
interacting with ARE-binding factors through the USF/
ARE composite element. USF can, in fact, interact with
several different bZip transcription factors [43, 44], includ-
ing the ARE-binding proteins Fra1 [45] and c-Maf [46].
USF activity can involve other proteins and adjacent
promoter elements. A composite CCAAT-binding protein/
USF-binding site mediates transforming growth factor-b1
induction of the human type 1 plasminogen activator
inhibitor gene [83], and a three-protein complex contain-
ing USF occurs at the immunoglobulin m heavy chain gene
enhancer in B-cells [84]. The proteins which interact with
the ARE in the MT-I promoter are unknown, but our data
suggest that they play an important role in cadmium
induction of this gene. A recent study also suggested a role
for USF in cadmium induction of the rat heme oxygenase-I
gene [85]. We noted that dominant negative USF signifi-
cantly antagonized cadmium induction of the USF/ARE, as
well as that of the intact MT-I promoter. Previous studies

did not report a significant effect of deletion of the
USF/ARE on metal induction of the MT-I promoter [26],
but manipulation of MTF-1 expression by targeted deletion
of both genes in embryonic stem cells [5] or by expression
of antisense MTF-1 in baby hamster kidney cells [86]
eliminated metal responsiveness of the MT-I gene. Thus,
MTF-1 plays a key role in regulating MT gene expression in
response to metal ions.

Rapid and Reversible In Vitro Activation of MTF-1
DNA-binding Activity by Zinc, but Not Cadmium

EMSA was used to monitor MTF-1 binding activity after in
vitro activation of whole cell extracts from control Hepa,
HeLa, and Madin–Darby canine kidney cells or of recom-
binant MTF-1 synthesized in vitro in a TnT system. In the
absence of exogenous zinc, little MTF-1-binding activity
was detected in extracts from control cells or in the TnT
lysate reaction containing recombinant MTF-1. In con-
trast, the addition of 2 to 5 mM zinc caused a modest, but
reproducible activation of MTF-1, and 30 mM zinc resulted
in maximal activation in whole cell extracts. Half-maximal
activation of mouse and human recombinant MTF-1 in the
TnT lysate required 2 to 3 mM zinc, and was maximal with
15 mM zinc. Zinc activation of recombinant MTF-1 and of
MTF-1 in the whole cell extracts was temperature- and
time-dependent [6, 7]. In contrast to these results, the
binding activity of the three zinc-finger protein Sp1 is
maximal in control cells, and is not increased by treatment
of the cells or extracts with zinc or oxidative stress.
Furthermore, recombinant Sp1 synthesized in the TnT
system is competent to bind to DNA without the addition
of exogenous zinc. Cadmium, at concentrations from 1 nM
to 760 mm, was ineffective in inducing MTF-1-binding
activity in extracts from these cell lines. Likewise, micro-
molar concentrations of H2O2 failed to activate MTF-1-
binding activity in vitro in control extracts. Similarly, no
transition metals other than zinc were found to activate
recombinant MTF-1 in the TnT lysate [7]. During the
course of these studies, we noted that MTF-1-binding
activity is more sensitive to metal chelators than is that of
Sp1. In addition, we noted that “active” MTF-1 from zinc-
or oxidative stress-induced cells (nuclear extracts or whole
cell extracts) or the TnT lysate that was diluted in buffer
such that the zinc concentration was , 0.5 mM lost
DNA-binding activity when incubated at 37° [6]. Sp1 did
not lose DNA-binding activity under these conditions.
Remarkably, the DNA-binding activity of MTF-1 could be
completely restored by readdition of 15 to 30 mM zinc to
the sample.

The demonstration that MTF-1-binding activity, found
in nuclear and whole cell extracts, is rapidly increased in
vivo by inducers (zinc, H2O2, tBHQ) of MT-I gene tran-
scription, and the finding, by us and others, that MREs in
the MT-I promoter are not protein-bound in vivo before
induction [73] establish that the ability of MTF-1 to
stimulate MT-I gene transcription is controlled initially at
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a step prior to specific DNA binding. Our data suggest that
the DNA-binding activity of MTF-1 is specifically and
reversibly activated by zinc. This supports the hypothesis
that MTF-1 serves as a sensor for free zinc in the cell, and
suggests that oxidative stress may activate MT-I gene
expression indirectly by causing a redistribution of zinc
within the cell. Based on these studies, we conclude that
MTF-1 is not controlled by a zinc-sensitive inhibitor [86].

Regulation of DNA-binding Activity by Zinc
Interactions with the Zinc-Finger Domain of MTF-1

To explore structure–function relationships in mouse
MTF-1 (Fig. 2) in relation to zinc-dependent activation of
DNA binding, polymerase chain reaction was used to
prepare deletion mutants that lacked the entire region
before or after the zinc-finger domain, EMSA using MRE-s
revealed zinc-dependent activation of MRE-s-binding ac-
tivity in a coupled reaction containing either the amino- or
carboxyl-terminus-deleted MTF-1 peptides. Activation of
these MTF-1 peptides by zinc was reversible. These MTF-1
peptides share the zinc-finger domain (Fig. 2), which
suggests a role for the zinc-finger domain in the zinc-
dependent activation of MTF-1 [6]. In recent studies we
found, using finger domain swapping and deletion mu-
tagenesis of the MTF-1 zinc fingers, that zinc activation of
MTF-1 does involve the zinc-finger domain and that the
zinc fingers of MTF-1 are heterogeneous in function. A
recent study of a bacterially expressed human MTF-1

zinc-finger domain confirms the concept of structural and
functional heterogeneity in the MTF-1 zinc fingers [87].
Further studies are underway in our laboratory to delineate
the functions of the MTF-1 zinc fingers, and preliminary
results suggest a central role for finger 1 in the reversible
activation of the DNA-binding activity by zinc. Zinc
binding could lead to an allosteric change in MTF-1,
causing exposure of zinc fingers involved in DNA binding
in a process reminiscent of the activation of steroid hor-
mone receptors by ligand binding [88]. However, in con-
trast to the steroid receptors, the ligand-binding domain of
MTF-1 may be located within the zinc-finger domain itself
rather than in a separate carboxyl-terminal domain. Alter-
natively, the folding of the DNA-binding zinc finger(s)
might be directly and reversibly regulated by zinc. This
latter model is reminiscent of the activation of the yeast
transcription factor ACE1. ACE1 regulates yeast MT genes
in response to Cu [89], and its DNA-binding activity is
reversibly activated by the cooperative binding of Cu(I)
[90]. The Cu(I) and DNA-binding domains are located in
the amino-terminal half of ACE1 [91]. Interestingly, this
factor has an apparent Kd of 6 mM for Cu(I).

CONCLUDING REMARKS

The findings that MT gene expression is induced by
oxidative stress and that MT can, in turn, exert antioxidant
activities suggest that one of the functions of these proteins

FIG. 2. Mouse MTF-1 structure and amino acid alignment of the six zinc fingers. The functional domains of mouse MTF-1 were
delineated by Walter Schaffner’s group in Zurich [29, 30]. The acidic, proline (P)-rich and serine/threonine (S/T)-rich regions are
transactivation domains. The six zinc fingers of MTF-1 are aligned and the conserved cysteine and histidine residues are highlighted
with shaded boxes, while the hydrophobic residues which stabilize the structure folded around a zinc atom are highlighted with open
boxes. Two regions of b-sheet and one a-helical region are found in folded zinc fingers, and locations of residues in the a-helix which
may play a role in DNA recognition are indicated (-1, 2, 3, and 6). Finger 1 differs from the other five zinc fingers in that tyrosine
residues replace phenylalanine residues at these sites. This structure is conserved in mice [29], humans [30], fish [28], and birds (data
not shown).
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is to protect the cell from free radicals. Whether this is an
essential function remains to be determined. However,
limiting free radical damage is a high priority for the cell,
and efficiency at this task provides a positive selective
advantage. Our studies suggest that activation of MT gene
expression by oxidative stress is mediated, in part, by an
increase in free zinc in the cell. This free zinc then serves as
a second messenger to activate the DNA-binding activity
of MTF-1. Unfortunately, we have no reliable method to
directly determine free zinc levels in cells, and the source of
zinc apparently liberated by oxidative stress is unknown.
However, one candidate for such a zinc pool is MT itself.
An increase in oxidized glutathione in the cell can facili-
tate release of zinc from MT, and MT binds from 5 to 20%
of the total cellular zinc in Hepa cells. This hypothesis can
now be tested using cells which lack functional MT-I and
-II genes. Redistribution of zinc in the cell may serve to
transiently inhibit metabolic enzyme activity, protect free
thiols from oxidation, and stabilize membranes, as well as
restore activity to zinc-finger proteins.

Our studies suggest that other signal transduction cas-
cades may be involved in activation of MT gene expression
by MTF-1 in cells treated with cadmium. The identity of
these signals has yet to be determined. It is possible that the
ability of MTF-1 to transactivate MT gene transcription
may be enhanced in the absence of increased DNA binding
in cells treated with cadmium. This could be accomplished
by modifications such as acetylation or phosphorylation of
MTF-1. Furthermore, it is apparent that multiple transcrip-
tion factors participate in cadmium and H2O2 regulation of
this gene. Thus, MTF-1 interactions with other transcrip-
tion factors may bring it to the MT-I promoter, reminiscent
of one mechanism by which MyoD activates muscle-
specific gene expression. Candidate transcription factors for
interactions with MTF-1 include Sp1, USF and ARE-
binding proteins. Certainly, co-activators of transcription,
such as those in the histone deacetylase family, may also
interact with MTF-1. Further studies of MTF-1 are needed
to address these questions.

Finally, an interesting finding in our studies is that the
USF/ARE element mediates response to H2O2, but not to
tBHQ. This suggests that specific signal transduction cas-
cades may mediate response to different forms of oxidative
stress. This would be reminiscent of the specific bacterial
oxidative stress response pathways for superoxide anions
versus hydroxyl radicals. Clearly this observation warrants
further investigation.
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