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ABSTRACT

Metal-responsive control of the expression of genes involved in metal metabolism and metal homeostasis allows
an organism to tightly regulate the free or bioavailable concentration of beneficial metal ions, such as zinc, cop-
per, and iron, within an acceptable range, while efficiently removing nonbeneficial or toxic metals. Emerging ev-
idence also suggests that metal homeostasis is intimately coupled to the oxidative stress response in many cell
types. The expression of genes that encode metallothioneins in all vertebrate cells is strongly induced by poten-
tially toxic concentrations of zinc and cadmium, as well as in response to strong oxidizing agents, including hy-
drogen peroxide. This induction requires a cis-acting DNA element, termed a metal response element (MRE), and
MRE-binding transcription factor-1 (MTF-1), a Cys2-His2 zinc finger protein. This review summarizes recent
progress that has been made toward understanding the structure, function, and metalloregulation of mammalian
MTF-1. Antioxid. Redox Signal. 3, 577–596.
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METAL HOMEOSTASIS

METAL IONS play multiple biological roles,
serving as structural components of pro-

teins or as intrinsic cofactors in enzyme-cat-
alyzed reactions (13). Metal ion homeostasis 
reflects the maintenance of the free or bioavail-
able concentration of essential metal ions, such
as zinc, copper, and iron, at levels that are op-
timal to cellular metabolism and survival, cou-
pled with the expulsion of toxic metals, e.g.,
mercury, cadmium, lead, and arsenates, which
play no biological role (49). All organisms have
evolved molecular circuitry of metalloregula-
tion that incorporates distinct control mecha-
nisms for the homeostasis of essential metal
ions, depending on whether the cell senses that
there is limiting or excess free metal concen-

trations present intracellularly. In general, un-
der metal-deficient conditions, the transcrip-
tion of genes that encode for membrane uptake
and intracellular transport proteins is acti-
vated, which enables the cell to scavenge metal
efficiently from the environment and utilize it
(19). Under conditions of excess metal, the ex-
pression of genes encoding specific metal ex-
port pumps (e.g., P-type ATPases, which func-
tion as membrane transporters) (67) or highly
specific, intracellular metal chelators that se-
quester metals, e.g., metallothioneins (MTs) in
cyanobacteria (72) and vertebrate cells (31), are
two common regulatory mechanisms used to
maintain the free concentration of an essential
metal ion in a range compatible with cell via-
bility. Intracellular metallochaperones that per-
form metal-specific transporter or enzyme ac-
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tivation functions are also likely to play a ma-
jor role in homeostatic mechanisms, particu-
larly with respect to copper homeostasis (12,
58, 63).

Emerging evidence now suggests that metal
homeostasis is also strongly linked to the ox-
idative stress response in many cells types. For
example, in S. cerevisiae, it has been shown that
treatment of cells with high concentrations of
nitric oxide prevents the ability of these cells to
detoxify copper, through an O2-requiring S-ni-
trosylation of the cysteine thiolates in the 
Cu-activated transcription factor Ace1 (10, 65).
Homozygous deletion of Cu,Zn-superoxide
dismutase (SOD) in S. cerevisiae shows strong
defects in iron homeostasis (18). With respect
to zinc homeostasis, evidence has been ob-
tained for S-nitrosylation of Cys thiolates in
mammalian MT in situ upon treatment of cells
with nitric oxide; this presumably results in an
increased intracellular concentration of zinc
(57). Oxidative stress also strongly induces the
expression of mouse MT (MT-I and MT-II)
genes (15); similarly, in the livers of mouse har-
boring a homozygous deletion of the gene en-
coding Cu,Zn-SOD, MT-I and MT-II expression
is strongly elevated (24). Both responses re-
quire the metal response element (MRE)-
binding transcription factor-1 (MTF-1), which
therefore links zinc homeostasis with intra-
cellular redox regulation (for a review, 
see 1).

ZINC HOMEOSTASIS

Zinc plays essential and ubiquitous catalytic
and structural roles in all of biology (13). Cat-
alytic zinc ions are present at the active sites of
many hydrolytic enzymes, whereas structural
zinc plays an integral tertiary structural role in
many proteins, most prominently exemplified
by zinc finger proteins (4, 13). Although the
precise mechanism of zinc toxicity is not
known, too much zinc would compete for en-
zyme active sites containing other redox-active
metal cofactors, and/or alter homeostatic
mechanisms of other metal ions by competing
for metal transporter sites. Zinc is also a potent
inhibitor of electron transport in bacteria and
mitochondria (3). Zinc-specific metalloregula-
tion has been documented to occur in all or-

ganisms in which it has been sought, including
mammalian cells (59), plants (26), yeast (76, 77),
and bacteria (54). Zinc metalloregulatory tran-
scription factors have been cloned and partially
characterized from cyanobacterial (44, 71) and
other eubacterial organisms that mediate the
response of cells to both zinc-deficient and
zinc-excess conditions (23, 54).

MREs

In vertebrate cells, zinc homeostasis is at least
partially maintained by the zinc-dependent
transcriptional regulation of the expression of
MT (MT-I and MT-II) genes (68, 69). MTs are
small cysteine-rich proteins (51) that strongly
chelate Zn(II) and Cd(II) in vertebrate cells.
Targeted gene disruption of MT-I and MT-II
genes in embryonic cells and transgenic mice
reveals that neither gene is essential for sur-
vival, and suggests that both MTs play a role
in detoxifying zinc and cadmium, as well as
provide protection against oxidative stress in-
duced by reactive oxygen species (ROS), pos-
sibly by scavenging these ROS radicals (36, 39,
43). MTs may also play a role in redox sensing
and zinc mobilization as a function of the en-
ergy state of the cell (42). In addition, it has re-
cently been shown that MT can play an im-
portant role in helping mammalian cells
scavenge zinc from the environment following
conditioned zinc deprivation (70). Transcrip-
tional regulation of MT genes requires the in-
teraction of MTF-1 (7, 28, 74) (vide infra) with
MREs (69) situated in the promoters of zinc-in-
ducible genes (Fig. 1).

The MRE (Fig. 1) is the cis-acting DNA ele-
ment found in the promoters of zinc-regulated
genes to which MTF-1 and other zinc-activated
transcription factors, including ZRF (50), M96/
ZiRF1 (64), and MEP-1, bind (for a review, see
37). The MRE constitutes an imperfectly con-
served 12-base pair sequence motif (Fig. 1) and
contains two subdomains, distinguished on the
basis of their sequence conservation, in which
a highly conserved 7-base pair 59-TGCRCNC
functional core motif is flanked by a less well
conserved 5-base pair GC-rich domain, 59-
GGCCC (Fig. 1) (14). As shown in Fig. 1 for the
mouse MT-I (mMT-I) and human MT-IIA
(hMT-IIA) genes, like many eukaryotic en-
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hancer sequences, MREs are often tandemly
arranged in the promoters of the genes that are
zinc-regulated, and found in both orientations
relative to the start site of transcription. Some
MREs, e.g., MREd from the mMT-I gene, also
contain an overlapping binding site for the gen-
eral transcription factor Sp1 (74); recent stud-
ies suggest that Sp1 may play a negative regu-

latory role in MTF-1 mediated transcription ac-
tivation (48). The MRE contains a number of 59-
CpG sequences, which are potential sites of
modifications for cytosine methyltransferases.
Methylation of MRE sequences leads to vari-
able effects on MTF-1 binding activity in vitro,
which range from no effect for a strong MRE,
e.g., MREd (Fig. 1), to those that abolish MTF-
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FIG. 1. Comparison of the promoter regions for the mouse MT-I (mMT-I) and human MT-IIA (hMT-IIA) genes,
illustrating the positions and orientations of the MREs. MREs with the highest zinc responsiveness are represented
by black arrows, whereas those with intermediate or low/no zinc inducibility are gray or white, respectively. An
MRE consensus sequence is also shown. Adapted from Culotta and Hamer (14) and Koizumi et al. (34).
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Human:



1 binding to weaker MREs (61). Other studies
show that the expression of mMT-I is effec-
tively silenced by hypermethylation of MREs
in solid rat hepatomas (25).

Koizumi et al. (34) determined the hMTF-1
binding activity and intrinsic zinc responsive-
ness of each of the seven MREs found in the
hMT-IIA gene (see Fig. 1). When the results
were compared with previous findings for the
mMT-I gene (14), they concluded that the two
most potent MREs in each promoter are highly
conserved (10 of 12 base pairs are identical) and
conform to a “strong MRE consensus” se-
quence, 59-TGCACTC(G/C)(T/G)CCC. In ad-
dition, they noted that strong MREs often con-
serve a T residue two nucleotides upstream of
the strong MRE and an additional GC cluster
at the 39 end of the consensus sequence. Func-
tional characterization of a set of nonoverlap-
ping four consecutive base pair substitution
mutants of the hMREa and flanking regions re-
vealed that, as expected, all 12 base pairs of the
MRE are required for basal and zinc-activated
expression in a heterologous system (34). Sur-
prisingly, mutation of four consecutive base
pairs just upstream of the 59-TGCACTC se-
quence also resulted in complete loss of basal
and zinc-responsive transcription; in contrast,
substitution of the 4 base pairs immediately
downstream of the 12-base pair consensus se-
quence had little or no effect (34, 35). In the
pufferfish, the consensus MRE largely con-
forms to the MRE-s sequence (2), a consensus
mammalian MRE designed by Radtke et al.
(59), 59-TGCACACGGCAC.

MTF-1

MTF-1 is a constitutively expressed protein
in mouse and human cells of , 80 kDa that con-
tains six Cys2-His2 zinc fingers and multiple
domains for transcriptional activation, the lat-
ter of which are thought to be important for in-
teraction with the transcriptional machinery
(Fig. 2). MTF-1 is an essential protein required
for both basal and heavy metal-induced ex-
pression of MT-I and MT-II genes in mouse and
human cells (28). In addition to regulation of
the MT genes, recent work suggests that MTF-
1 and MREs are required for metalloregulation

of the mouse ZnT1 gene, a ubiquitously ex-
pressed plasma membrane-localized zinc ef-
flux gene required for cell viability (38, 52), as
well as the heavy chain of g-glutamyl-cysteine
synthetase, an essential enzyme in glutathione
biosynthesis (27). This latter finding suggests a
link between zinc homeostasis and the mainte-
nance of an appropriate reducing potential in-
side cells (vide infra) (cf. 42).

MTF-1 AS A ZINC SENSOR

Numerous reports are consistent with the
hypothesis that MTF-1 itself is a cytoplasmic
zinc sensor that is characterized by increased
nuclear MRE-binding activity upon zinc treat-
ment in vivo, as evidenced by genomic foot-
printing experiments (15), and from in vitro
electrophoretic mobility shift assays (EMSA) (5,
16). Consistent with this model, both zinc and
cadmium appear to stimulate the nuclear
translocation of MTF-1 in mouse and human
cells, in a form that is activated to bind DNA
in vitro (50, 66). Activation of DNA binding has
been shown to occur in crude nuclear extracts
isolated from zinc-treated versus control cells
(5, 74), with crude MTF-1 preparations ob-
tained from programmed in vitro transcrip-
tion/translation reactions (16), or with partially
purified recombinant hMTF-1 preparations (34,
35). Activation of MRE binding in vitro typi-
cally requires the addition of total Zn(II) to the
binding buffers in the 50–200 mM range. MRE
binding of MTF-1 is not activated by Cd(II), yet
cadmium is a strong inducer of MT expression
in vivo in a mechanism that requires MTF-1; this
may be an indirect effect of increased concen-
trations of bioavailable zinc as a result of Cd(II)
displacement in cells (1). Oxidative stress in-
duced in cultured mammalian cells by H2O2
and tert-butylhydroquinone also activates
MTF-I to bind to the MREs in the MT-I gene as
evidenced by genomic footprinting, in a man-
ner that appears indistinguishable from that
which occurs with zinc treatment (15). Current
thinking suggests that this is an indirect effect
as well, with ROS causing the release of intra-
cellular zinc by oxidation of cellular thiols, e.g.,
glutathione, which in turn releases Zn(II) from
low molecular weight stores that might include
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FIG. 2. The domain organization (top) and primary structure of the zinc finger domain (middle) of human MTF-
1. The zinc finger domain consists of six consensus Cys2-His2 zinc finger motifs, which are predicted to fold into bba-
finger structures, with the conserved Cys and His residues providing for tetrahedral coordination of a Zn(II) ion (bot-
tom, left). . , residues in the 21, 12, 13, and 16 positions relative to the start of the a-helix in each bba structure
(middle) are commonly involved in making base-specific contacts with the major groove of the DNA (bottom, right)
(75). Both structures are adapted from the crystallographic structure of the Zif268–DNA complex (55).



MT (1). These proposed mechanisms of regu-
lation of gene expression by MTF-1 by zinc and
oxidative stress are summarized in Fig. 3.

These studies seem to document clearly the
direct, zinc-dependent activation of the MRE-

binding activity of intact MTF-1, which is re-
quired for zinc inducibility of gene expression
in vivo. This contrasts with studies of a puri-
fied, recombinant zinc finger fragment of MTF-
1 expressed in E. coli, termed MTF-zf, in which
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FIG. 3. Cartoon model illustrating the biological functions of MTF-1 (see text for details). The model illustrates
three ways (denoted 1, 2, and 3) in which MTF-1 can be activated to bind Zn(II), translocate to the nucleus, and ac-
tivate the expression of genes that contain MREs. Activation of MTF-1 DNA binding and transcriptional activity by
Cd(II) (2) or oxidative stress (3, OX) in this model is proposed to be an indirect effect of the release of zinc bound to
low molecular weight cytoplasmic chelators (MTs and/or glutathione) upon Cd binding or oxidation of metal-coor-
dinating thiolates, respectively.
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it has not yet been possible to demonstrate
clearly the reversible zinc activation of MRE
binding by MTF-zf in vitro (8). The origin of the
discrepancy is unknown, but suggests that
flanking and/or activation domains in some
way contribute to maximal zinc activation of
DNA binding (cf. 35) and MT gene transcrip-
tion by MTF-1. In any case, oxidation of even
a subset of the zinc fingers of MTF-zf weakens
DNA binding affinity of MTF-zf significantly;
thus, direct oxidation of Cys residues of the
zinc finger domain of MTF-1 is unlikely to re-
sult in reversible activation of the MRE-binding
affinity (8). Interestingly, it has been shown that
the MRE-binding activity of MTF-1 in crude
nuclear extracts can be modulated by the redox
conditions of the binding buffer, with the ab-
sence of dithiothreitol (a reducing agent) pro-
moting apparently constitutive binding to the
MRE in vitro (35). The molecular basis for this
effect is unknown, and may well involve the C-
terminal Cys cluster in the protein (vide infra)
(Fig. 4).

MTF-1: PRIMARY AND 
DOMAIN STRUCTURE

The gene encoding MTF-1 has been cloned
from the mouse (58), human (7), the Japanese
pufferfish Fugu rubripes (2), and Drosophila
melanogaster; in addition, a cDNA encoding a
single amino acid substitution variant of
hMTF-1, termed hMTF-1b (formerly ZRF;
His185 R Tyr), has also been characterized (50).
The overall organization of the protein-encod-
ing regions of these genes and a comparison of
their primary structures are shown in Figs. 2
and 4, respectively. There is a DNA binding do-
main characterized by six contiguous, canoni-
cal Cys2-His2 zinc finger domains toward the
N-terminus of the protein, and at least three
transcriptional activation domains, termed
acidic-rich, proline-rich, and serine/threonine-
rich domains, respectively (Figs. 2 and 4). Each
of these domains in the mouse and human
MTF-1 proteins confers some degree of tran-
scriptional activation activity when fused to a
heterologous DNA binding domain (60). All
proteins also contain an N-terminal domain,
currently of unknown function (Fig. 4). In ad-

dition, the mouse (and rat) sequence is trun-
cated at the C-terminus relative to the human,
pufferfish, and Drosophila sequences (2).
As the proteins encoded by the human and

mouse genes are so highly conserved (92.4%
and 95.5% amino acid identity and similarity,
respectively), comparison of these sequences
with the pufferfish sequence allows a more ex-
tensive comparison over 400 million years of
evolution (Fig. 4) (2). The Fugu zinc finger do-
main is 90.5% identical ( , 94% similarity;
nearly 80% identity at the nucleotide level) to
the mouse and human proteins; this represents
the most highly conserved region of the mole-
cule (Fig. 4). Consistent with this, the MRE se-
quences are also highly conserved among all
three species (see above). Overall, the Fugu
amino acid sequence exhibits 57% identity and
, 72% similarity to the two mammalian se-
quences. In contrast, the only region of signif-
icant homology between Drosophila and mam-
malian/fish MTF-1 is in the zinc finger domain
(Fig. 4). Other conserved domains between the
mammalian and pufferfish sequences include
a , 53-amino acid region immediately preced-
ing the zinc finger domain, which has been
speculated to contain a nuclear localization sig-
nal (KRKEVKR), as well as potential sites for
phosphorylation in the vicinity of this putative
nuclear localization signal (66).
Another region of striking conservation is a

32-amino acid stretch of largely hydrophobic
amino acids that immediately follow the
Ser/Thr-rich domain. This run of amino acids
contains a hydrophilic 629Glu-Glu-Gln-Cys-
Gln-Cys-Gln-Cys-Ala-Cys-Arg-Asp640 sequence
that is rich in potential zinc-liganding amino
acids. Interestingly, although this exact se-
quence is not conserved in Drosophila MTF-1,
there is an analogous 547Cys-Asn-Cys-Thr-Asn-
Cys-Lys-Cys-Asp-X4-Cys-His-X2-Asp-Cys565

sequence, followed by 16 additional Cys
residues that are clustered in pairs and extend
nearly to the C-terminus of the protein (residue
791). The functional importance of these con-
served Cys residues is unknown and has not
been directly tested in any MTF-1. However, it
is tempting to speculate that they may be in-
volved in zinc recruitment, exchange, or inser-
tion processes that might function in metal and
redox homeostasis, particularly under condi-



tions of extreme free zinc limitation, in a man-
ner analogous to that proposed for the Cys pair
in domain III of the Cu(I) chaperone of human
Cu,Zn-SOD1, hCCS (62, 63).

MRE-binding activity which is immunologi-
cally similar to mammalian MTF-1 has also
been identified from cell lines derived from ze-
brafish and trout with one isoform found in ze-
brafish, and two (MTF-1H and MTF-1L) in
trout cells (17). The gene(s) encoding these
MTF-1 proteins have not yet been cloned. 

THE ZINC FINGER DOMAIN OF MTF-1

All MTF-1 genes encode a protein character-
ized by six canonical Cys2-His2 zinc finger mo-
tifs that conform to the general consensus 
sequence (Y/F)-X-C-X4-C-X3-(Y/F)-X5-L-X2-H-
X3-H, where X is any amino acid (Fig. 2). Each
of these sequences is connected by a four- or
five-residue linker, which itself is also rather
highly conserved. It was projected that these
sequences were very likely to fold in the pres-
ence of Zn(II) to form a well structured bba do-
main (Fig. 2). In the bba domain, the Zn(II) ion
forms a tetrahedral coordination complex in
which the two conserved Cys residues from the
two-stranded antiparallel b-sheet and two His
residues toward the C-terminus of the a-helix
provide the ligands to the metal ion (40; for a
review, 75). The conserved aromatic and hy-
drophobic amino acids form a minihydropho-
bic core that sits “atop” the finger structure.
The His-X-(Arg/Lys)-X-His sequence, which
characterizes all putative zinc fingers in MTF-
1, may adopt regions of 310 helix in order to ac-
commodate zinc binding (75).

The putative finger domains of MTF-1 are
connected by nearly consensus TG(E/Q)
(K/R)P linkers, with the exception of linker be-
tween finger domain 3 (F3) and F4, which is
one residue shorter, TGKT. Examination of the
conformations that the TGEKP and other link-

ers adopt in protein–DNA complexes of known
structure reveals that the Gly plays the most
critical role in completing the C-cap structure
on the a-helix, whereas the Glu residue in the
3-position often orients the Arg in His-X-
(Arg/Lys)-X-His sequence of the preceding fin-
ger to make phosphodiester backbone contacts
(75). The Lys residue in the 4-position in the
linker often makes a direct or water-mediated
hydrogen bond to the phosphate backbone;
each of these interactions is expected to pro-
vide electrostatic stabilization to the complex.
Although extensive data are limited, linkers
shorter than five amino acids will tend to pull
finger domains closer to one another on the
DNA, and in at least one case [Xenopus tran-
scription factor IIIA (TFIIIA)], has been shown
to cause adjacent fingers to bind to consecutive
major and minor grooves along the DNA (47).

Much is known about how Cys2-His2 zinc
finger domains bind to specific DNA sequences
(75). The crystallographic structure of the
mouse transcription factor Zif268 bound to
DNA is accepted as the prototypical example
of how Cys2-His2 proteins bind to specific DNA
sequences (20, 55). Basically, the three a-helices
derived from each of the zinc finger domains
of Zif268 fit into the major groove, with the
binding of successive fingers causing the pro-
tein to wrap around the DNA (Fig. 2). Each fin-
ger domain interacts with consecutive, over-
lapping 4-base pair subsites, with the majority
of base specific contacts made to three con-
tiguous base pairs, but involving primarily one
strand of the DNA (termed the primary
strand). The three fingers of Zif268 are oriented
so that finger domain F1 is at the 39-end of the
primary strand, with F3 at the 59-end of the pri-
mary strand (see Fig. 6 below). In each of these
canonical fingers, the amino acid side chains in
the 21, 13, and 16 positions relative to the
start of the a-helix form specific hydrogen
bonds with the nucleotide bases in the 39, mid-
dle, and 59 base of the primary strand that
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FIG. 4. Amino acid sequence alignment of MTF-1 from mouse (59), human (7), Fugu (2), and Drosophila (B. Zhang,
D. Egli, O. Georgiev, and W. Shaffner, unpublished observations; EMBL accession no. AJ297844). Identical residues
are shown in pink, similar residues in green, and nonconservative substitutions in black. Only the zinc finger region
of the Drosophila sequence is shown because there are no other regions of significant sequence homology with the
mammalian/pufferfish proteins. Adapted from Auf der Maur et al. (2).
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makes up each 3-base pair subsite, respectively
(Fig. 2). The only significant contact to the com-
plementary strand in these canonical fingers is
a hydrogen bond from the side chain in the 12
position to the nucleotide just 59 to the 3-base
pair triplet on the complementary strand (see
Fig. 6 below).

More recent NMR and crystallographic
structures have revealed that canonical fingers
often contain Arg or Lys in the 21 and/or 16
positions of the DNA binding a-helices, which
nearly always interact with guanosines in the
39 and 59 base of the base triplet, respectively,
on the primary strand (21, 22, 29, 32, 47, 56, 75).
When these residues are not present, as they
are with only one exception (F4) in MTF-1, it
becomes difficult to predict how this multifin-
ger protein might interact with the MRE (see
below). However, several of these structures do
reveal a wealth of alternative DNA recognition
patterns made by what are now known as
“nonstandard” fingers, many of which have
more extensive interactions with the comple-
mentary strand than present in the Zif268-DNA
complex, as well as unusual interactions in-
volving amino acids in the 21 and 12 positions
(11, 75).

Simple extension of the structure of the
Zif268 or the N-terminal three fingers of TFI-
IIA (F1–F3), for example, bound to their cog-
nate DNA recognition sequences predicts that
the six zinc fingers of the MTF-1, if they were
all to fold up into zinc finger structures, would
predict a specific interaction site of , 18–20 base
pairs, considerably larger than the conserved
12-base pair MRE sequence. This fueled spec-
ulation that not all fingers of MTF-1 were re-
quired to interact specifically with the MRE, be-
cause the 12-base pair site is only of sufficient
length to accommodate three or four contigu-
ous fingers (8, 61). The hypothesis was made
that a subset of fingers in MTF-1 could perform
a structural role in interacting strongly and
constitutively with the MRE, with the remain-
ing fingers performing some other role, e.g., a
metalloregulatory role, or in mediating intra-
or intermolecular protein–protein interactions
important for zinc-dependent activation of
gene expression. Consistent with this, it has
been shown that activation of the MRE-bind-
ing activity of MTF-1 by 30–100 mM added zinc

required the zinc finger domain, although
flanking regions often appear to enhance the
extent of activation (6, 16, 35).

Another prediction of this hypothesis was
that a subset of fingers would exhibit high
affinity for zinc and that these would specify
the “structural” fingers of the molecule, with
remaining fingers characterized by a far lower
affinity for the metal; these, in turn might be
regulatory. To test these ideas, Chen et al. (8)
showed that a bacterially expressed recombi-
nant form of the zinc finger fragment of hMTF-
1 could be obtained that contained six equiva-
lents of bound zinc, under conditions where all
12 Cys in the molecule are in their reduced and
potentially metal-liganding state. This protein,
termed Zn6 MTF-zf, was shown to bind tightly
(Ka 5 3 3 108 M21 at 0.20 M NaCl, pH 7.0,
25°C) and specifically to form a 1:1 complex
with a coumarin-labeled oligonucleotide con-
taining a single mouse MREd sequence. The
binding was shown to be strongly salt-depen-
dent, with as many as five Na1 ions released
upon binding, and exhibited a complex tem-
perature dependence characterized by a large
negative DCp° of binding (21.6 kcal mol21

K21), with a temperature of maximum stabil-
ity of the MTF-zf-MREd complex of , 18°C.
Perhaps more importantly, these studies dem-
onstrated that the zinc finger domains within
MTF-zf were structurally heterogeneous, with
a subset of the finger domains (2–3) character-
ized by weak zinc binding affinity [these Zn(II)
ions were readily lost upon extensive anaero-
bic dialysis or via chelation with the low-affin-
ity zinc chelator, Mag-Fura-2], with three or
four sites of relatively higher affinity (8).

Circular dichroism spectroscopy (9) and more
recent heteronuclear NMR studies of the MTF-
zf fragments reveal that finger domains F1–F4,
as well as F6, are intrinsically capable of adopt-
ing the predicted bba-structure in the presence
of Zn(II). In contrast, F5, at least in the absence
of DNA, appears to fold into one or more alter-
native structures at excess Zn(II), with the bba
conformation only observed as a stable folding
intermediate in a Zn(II) titration experiment as
monitored by a 1H-15N correlation spectroscopy
(D. Giedroc, X. Chen, M. Pennella, and A. Li-
Wang, submitted for publication).

Figure 5 shows the results of a pulsed alky-
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lation mass spectrometry experiment that was
used to rank order the relative stabilities of in-
dividual zinc chelates in Zn6 MTF-zf, as as-
sessed by the reactivities of individual Cys-X4-
Cys sequences to the sulfhydryl-specific
alkylating reagent N-ethlymaleimide (NEM) (J.
Apuy, X. Chen, T. Baldwin, D. Russell and D.
Giedroc, submitted for publication). These data
establish that the order of reactivity is F5 < F6
.. F1 . F2 < F3 < F4, and strongly implicate
F5 and F6 as the weak zinc-binding fingers of
the molecule. Interestingly, probing of the
MTF-zf-MREd complex by limited proteolysis
reveals that these C-terminal finger domains
are digested to smaller fragments, with a ma-
jor tryptic site at Arg260, just C-terminal to the
linker that connects F4 and F5 (9). Finger do-
mains F1–F4 when bound to the MREd are
strongly protected from further proteolysis.
These results implicate finger domains F1–F4
as intimately associated with the MREd, with
C-terminal domains F5 and F6, less strongly
bound. This picture is largely consistent with
characterization of a limited set of missing and
broken-finger mutants of MTF-zf (9). F4 is
clearly a structural finger. In contrast, C-termi-

nal fingers F5 and F6 appear to make only a
small, but measurable, contribution to the affin-
ity and specificity of complex formation with
the tight-binding MREd sequence. In the ab-
sence of finger domains F1–F3, a fragment cor-
responding to Zn3 F4–F6 (MTF-zf46) has no
affinity for the DNA (9).

STRUCTURAL MODEL OF THE 
MTF-zf-MREd COMPLEX

Circular dichroism spectroscopy of the MTF-
zf-MREd complex suggests that although the
MRE is essentially B-form, MTF-zf binding in-
duces significant A-like conformational features
(9), like that previously observed for the Zif268-
DNA complex (20). These conformational fea-
tures may be reporting on a major groove that
is wider and deeper than normal, in order to ac-
commodate one or more a-helical recognition
helices derived from the bba structures (46).
Fluorescence resonance energy transfer (FRET)
experiments have been used to define the global
orientation of the multifinger MTF-zf on the
MREd oligonucleotide. These studies are most
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FIG. 5. Plot of pseudo-first-order rates of reactivity of pairs of cysteine thiolates in individual zinc finger do-
mains of Zn6 MTF-zf toward alkylation by NEM as determined by ratiometric pulsed-alkylation mass spectrom-
etry. Blue columns, free MTF-zf; red columns, MTF-zf-MRE complex. The kinetics of pulsed alkylation of cysteine
thiolates were determined by exposing Zn6 MTF-zf to a pulse of variable time duration with perdeuterated d5-NEM,
followed by a chase with excess protonated H5-NEM to fully derivatize the protein. Following complete proteolysis
by trypsin or chymotrypsin, the extent of derivatization by d5- and H5-NEM was determined by MALDI-TOF mass
spectrometry (J. Apuy, X. Chen, T. Baldwin, D. Russell, and D. Giedroc, submitted for publication).
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consistent with the N-terminal finger domains
F1–F4 as bound at or over the 59-TGCRCNC se-
quence with the F5 and F6 domains closer to
the 39-GC-rich subdomain (9).

A detailed structural model of the interaction
of finger domains F1–F4 of MTF-1, which in-
corporates the results from limited trypsinoly-
sis and FRET experiments, as well as extensive
crystallographic studies of other Cys2-His2 zinc
fingers bound to their cognate recognition ele-
ments, is presented in Fig. 6. As explained be-
low, the model of the structure is compatible
with sequence conservation of the MRE (Fig.
2), as well as the amino acid sequence of the
zinc finger domain from humans to pufferfish
and Drosophila (Fig. 4). Inspection of the pri-
mary structure of MTF-1 reveals, with the ex-
ception of F4, a paucity of canonical recogni-
tion determinants in the 21 and 16 positions;
thus, most of the finger domains in MTF-1
probably adopt “nonstandard” finger-DNA
contacts (75).

F4, the most “standard” of the MTF-1 fingers,
possesses Ser, Asp, and Lys residues in the 12,
13, and 16 positions, respectively, which
taken together are predictive for a 59-GCNG se-
quence on the primary strand. The only place
that this occurs in the 12-base pair MRE is in
nucleotides G109 to G79, overlapping the two
subdomains of the recognition element. With
F4 positioned here, the Tyr and Arg residues
in the 12 and 13 positions of finger domain F3
are predicted to interact with C5 on the com-
plementary strand and G79 on the primary
strand, respectively, exactly like that which oc-
curs in the GLI F2 and TFIIIA F5 zinc fingers,
respectively (Fig. 6) (47, 56). In this arrange-
ment, C8-G89 base pair is “shared” by the F3
and F4 finger domains; this would appear to
be compatible with the shortened linker that
connects these two fingers, as well as the lack
of a strong recognition determinant (i.e., an Arg
or Lys in the 16 and 21 positions of F3 and F4,
respectively) to this base pair. With F4 and F3
positioned here, there is strong recognition de-
terminant for the Ser in the 13 position in F2
to form a hydrogen bond with T or C in the 49
position of the primary strand; this is consis-
tent with the conservation of a purine in the 4
position of the core TGCRCNC recognition el-
ement. This single contact could well be sup-

ported by other cross-strand interactions: from
Thr in the 21 position to T1 [analogous to the
Leu(21)-thymidine van der Waals contact in
TFIIIA-F5] (47), and an Arg in the 15 position
to G2 (as GLI-F5) (56). In addition, the model
readily accommodates a Tyr substitution in the
12 position (as in the Fugu, mouse, and
Drosophila proteins) and Lys in the 15 position
(Fugu, Drosophila), without loss of specific in-
teractions. Finally, Asn in the 13 position of F1
provides a strong recognition determinant for
A19, with no other obvious candidates for spe-
cific recognition of this putative F1-base pair
triplet.

If one accepts the positions of F1–F4, and ex-
tends specific a-helix–major groove interac-
tions to the F5 and F6 domains, the His residues
in the 12 and 13 positions of F5 might provide
specificity determinants for C12 and G129, re-
spectively, just like that which occurs in TFI-
IIA-F2 (47). Likewise, the MREd sequence con-
tains four A-T base pairs, which are one base
pair removed from the C12-G912 base pair; here
structural studies make the prediction that Thr
and Ser in 21 and 3 positions might interact
with consecutive thymine bases on the primary
strand, like that sometimes observed in phage
display experiments (75). These proposed in-
teractions might provide an explanation for
how downstream weak zinc-binding fingers in
MTF-zf enhance the specificity of the high-
affinity MTF-zf-MREd complex (9). However,
it must be pointed out that there are no exist-
ing crystallographic structures of naturally oc-
curring or designed zinc finger–DNA com-
plexes where more than four contiguous zinc
fingers were found to interact with the major
groove, particularly those finger domains con-
nected by TGEKP linkers, like that found in
MTF-1 (75).

This structural model also accommodates the
two adenosine substitutions in the consensus
MRE-s sequence designed by Radtke et al. (59),
59-TGCACACGGCAC, because neither base
pair is predicted to make specific interactions
in the model. However, these substitutions
would place thymines in the 39 base position of
two proposed base triplets in the primary
strand, opposite a Thr and an Ala residue in
the 21 positions of F3 and F5, respectively; the
methyl groups of these residues could make
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van der Waals interactions with the Thy 5-CH3
substituent (75).

It must be emphasized that this model rep-
resents only a starting point for further struc-
tural and functional studies, and has largely
been constructed to maximize potential base–
protein side chain interactions upon inspection
of existing zinc finger–DNA structures, essen-
tially one triplet at a time, without attempting
to model the structure in detail. It must be
borne in mind that attempts to optimize the
specificity of individual finger-triplet interac-
tions within a multi (3)-finger protein reveal
that that precise context of finger–triplet inter-
actions may play a nonnegligible role in speci-
ficity (30, 75). However, it is encouraging that
overlapping DNA subsites in the model appear
to specify potentially fully compatible interac-
tions with neighboring zinc finger domains,
with 8 of 11 strongly conserved base pairs of
the consensus 12-base pair MRE sequence read-
ily rationalized by this structural model.

MECHANISM OF ZINC
METALLOREGULATION OF GENE

EXPRESSION BY MTF-1

Most studies are consistent with a model that
suggests that direct, reversible activation of
MRE-binding affinity of MTF-1 by zinc is nec-
essary for activation of gene expression from
MRE-containing promoter sequences. The
mechanism of zinc activation is at present un-
known, although some progress has been made
in this area. The physicochemical studies car-
ried out with the purified zinc finger fragment
of MTF-1 clearly document a structural and
functional heterogeneity in the zinc finger do-
mains of MTF-1, with finger domains F1–F4
providing much of the MRE-binding energy,
with the C-terminal fingers F5 and F6 playing
some other role (9). On a tight-binding MREd
sequence, it was shown that the C-terminal fin-
ger domains stabilize protein–DNA complex
formation, although they were not required for
tight binding. In the absence of other data,
these studies suggest that the C-terminal fin-
gers F5 and F6 have zinc-binding properties
that are consistent with these finger domains

playing a metalloregulatory role (Fig. 7A). This
is a particularly attractive hypothesis, because
it would appear that only these C-terminal fin-
gers could be reversibly activated by the addi-
tion of total Zn(II) in the 30–100 mM range. Un-
fortunately, to our knowledge, it has not yet
been possible to conclusively test this idea di-
rectly with purified missing-finger and broken-
finger mutants of intact MTF-1 in vitro. In ad-
dition, the model shown in Fig. 7A implies that
Zn(II) may only modestly increase the MRE-
binding activity of intact MTF-1, a result not in
accord with most DNA-binding data derived
from EMSA experiments (6, 35).

In contrast to this prediction, Bittel et al. (6)
present evidence in support of a model in
which zinc finger F1, rather than the F5 and F6
fingers, functions as the sensor finger of MTF-
1 (Fig. 7B). In brief, characterization of a series
of missing-finger deletion mutants of MTF-1
suggested that deletion of F1 (DF1 MTF-1) re-
sulted in a protein that appeared significantly
more “activated” to bind the MRE in vitro in an
EMSA experiment, and was only partially ac-
tivated by additional zinc. Limited evidence
suggested that MTF-1 2/2 dko7 knockout
cells that transiently expressed DF1 MTF-1 re-
sulted in constitutive activation of the expres-
sion of a heterologous reporter gene that was
insensitive to the addition of zinc to the growth
medium. In contrast, deletion of F5 and F6 do-
mains was found to have only a small effect on
the zinc inducibility in vivo or zinc activation
of DNA binding in vitro (6). Remarkably, char-
acterization of a chimeric MTF-1 in which MTF-
1 zinc fingers F2–F6 were replaced with the
three zinc fingers of the general transcription
factor Sp1 (to create F1-MSM) appeared to lead
to some zinc-activated binding to an oligonu-
cleotide containing an Sp1 binding site. An-
other Sp1-MTF-1 chimera termed SMS, in
which the zinc finger domain of Sp1 was re-
placed with the zinc finger domain of MTF-1,
was also shown to be activated to bind DNA
by zinc in vitro. Unfortunately, neither chimera
was shown to be zinc-inducible in vivo. The ori-
gin of the discrepancy between zinc activation
of MRE binding in vitro using crude nuclear ex-
tracts and in vivo zinc activation of gene ex-
pression is unknown. However, these findings
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FIG. 7. Two cartoon models of how zinc binding to distinct finger domains in MTF-1 might allosterically regu-
late the MRE-binding and transcriptional activation activity of MTF-1. (A) Zn(II) binding to the weak zinc bind-
ing domains of MTF-1 (F5 and F6) causes intramolecular allosteric activation of MTF-1. This model is consistent with
the physicochemical characteristics of the isolated zinc finger domain of MTF-1 (8, 9), but inconsistent with in vivo
functional data from transient transfection experiments (6, 35). (B) Reversible binding of Zn(II) to F1 removes an al-
losteric block that prevents the strong DNA-binding fingers of MTF-1 (F2–F4) from interacting with the MRE (6). The
roles of F5 and F6 in the model and whether or not they are loaded with zinc are unclear. See text for details.



are generally consistent with previous domain
deletion and heterologous expression studies
from the Schaffner laboratory, which were un-
successful in clearly mapping a zinc metal-
loregulatory domain of MTF-1 (60). Thus, acti-
vation of DNA binding by zinc appears to be
necessary, but not sufficient, for zinc induction
of gene expression in vivo.

In any case, the results of Bittel et al. (6) are
consistent with a model in which metal-free F1,
perhaps in conjunction with the immediately
adjacent N-terminal domain (35), directly neg-
atively regulates MRE binding by the DNA
binding fingers F2–F4 (and of the Sp1 fingers
in the F1-MSM chimeric protein) (Fig. 7B). Only
when this finger is loaded with Zn(II) are the
specific DNA binding zinc fingers of MTF-1 (or
Sp1 in the F1-MSM chimera) capable of
strongly interacting with their DNA sequences.
This model makes the testable prediction that,
in contrast to the apparent behavior of the DF1
MTF-1 mutant (6), a broken-finger mutant in
F1 (9, 35) would be constitutively inactive and
not capable of being activated by zinc; this crit-
ical experiment has not yet been carried out. In-
terestingly, in our structural model, F1 is pre-
dicted to make only one base-specific contact
with the MRE (Fig. 6).

We have carried out preliminary experi-
ments in S. cerevisiae similar to those reported
(6); these studies show that introduction of a
single liganding His R Asn substitution in fin-
ger domains F1, F2, F3, or F4 completely abro-
gates MTF-1-dependent transcriptional activa-
tion in vivo, with broken-finger and missing-
finger deletion mutants of F5 and F6 less func-
tionally compromised. Current work is aimed
at determining whether this represents a spe-
cific zinc response in these cells (X. Chen, D.
Eide, and D. Giedroc, unpublished observa-
tions).

FUTURE EXPERIMENTS

Much remains to be learned concerning the
structural biology and mechanism of action of
MTF-1. Now that we have a reasonable under-
standing of which finger domains are required
for high-affinity binding to the MRE, crystallo-
graphic and NMR structural experiments can

now be rationally designed and undertaken.
Although interesting in and of themselves, if
successful, they will greatly extend our under-
standing of how nonstandard Cys2-His2 zinc
fingers bind specifically to DNA. The avail-
ability of a preparation of highly purified in-
tact MTF-1 into which broken-finger and miss-
ing-finger mutations can be easily introduced
and functionally characterized is also needed.
These MTF-1 preparations could be used for in
vitro DNA-binding studies as well as experi-
ments that reconstitute transcriptional activa-
tion in vitro in efforts to understand more fully
how reversible binding of zinc by MTF-1 acti-
vates expression of MT and other genes that
harbor MRE sequences.

Finally, what is the bioavailable or “free”
concentration of zinc in mammalian cells in the
resting state, and over what concentration
range do intracellular pool(s) of zinc change
within or between intracellular organelles
when cells are challenged with 10–100 mM to-
tal zinc in the growth medium? The answer to
this is not known with certainty in any cell
type, although in mammalian cells, total intra-
cellular zinc concentrations appear to be re-
markably constant over a very wide range of
extracellular zinc concentration (70). In addi-
tion, membrane-bound vesicles can be stained
with fluorescent zinc-specific chelators, with
essentially little or no staining in the cytosol
(45, 53). These pools of vesicular zinc may cor-
respond to the mammalian late endosome (33)
and might be functionally analogous to those
contained within the yeast vacuole, an organ-
elle known to play a role in zinc storage and
zinc cycling and homeostasis in S. cerevisiae
(41). Perhaps more importantly, these studies
suggest that “free” zinc concentration in the cy-
toplasm of higher eukaryotes may well be van-
ishingly small. If this is the case, then this
would in fact argue against a significant func-
tional role for weak zinc-binding fingers F5 and
F6 in MTF-1 in metal sensing; this is consistent
with available in vivo data (6).

Interestingly, studies of the cyanobacterial
zinc metalloregulatory transcriptional repressor,
SmtB, are consistent with the idea of vanishingly
little or no free zinc in the cell (73). They reveal
the surprising finding that SmtB binds Zn(II)
with a dissociation equilibrium constant in the
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picomolar range. For this site to perform a met-
alloregulatory switch function in vivo, free zinc
fluxes would have to occur at the picomolar
range or less, i.e., from essentially no free zinc to
very small free concentrations of the metal (see
Note added in proof). Clearly, a better under-
standing of how free zinc concentrations change
and how this essential metal is sequestered and
transported within and between intracellular
compartments within the living cell, like that
which is currently being pursued in S. cerevisiae
(41), will obviously have a significant impact on
how we design and interpret experiments to fur-
ther test mechanistic issues of zinc metalloregu-
lation of gene expression.

Note added in proof: Since the time that this
paper was accepted for publication, four pa-
pers have appeared which directly bear on the
subject of this review. One paper implicates re-
versible phosphorylation of MTF-1 as playing
an important role in the regulation of MTF-1
activity (LaRochelle et al., Biochem J 353: 591–
601, 2001); one summarizes the results of a tar-
get gene search for potential MTF-1 regulated
genes and the functional significance of the
findings (Lichtlen et al., Nucleic Acids Res 29:
1514–1523, 2001); another reports that gene ex-
pression induced by hypoxia requires MTF-1
and MRE sequences (Green et al., Cancer Res 61:
2696–2703, 2001); and one presents new insight
on the nuclear–cytoplasmic trafficking of MTF-
1 in response to a variety of stress signals, in-
cluding hydrogen peroxide (Saydam et al., J Biol
Chem 276: 25487–25495, 2001). The major con-
clusion from this latter report is that nuclear
import of MTF-1 appears necessary but not suf-
ficient for MRE-dependent transcriptional acti-
vation. Finally, a recent report documents the
femtomolar sensitivity of two zinc metalloreg-
ulatory proteins which function together to
control zinc homeostasis in E. coli; these find-
ings are consistent with the hypothesis that
there is essentially no free zinc in these bacte-
ria (Outten and O’Halloran, Science 292: 2488–
2492, 2001).
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