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Metal-responsive transcription factor 1 (MTF-1) mediates both basal and heavy metal-induced transcription
of metallothionein genes and also regulates other genes involved in the cell stress response and in metal
homeostasis. In resting cells, MTF-1 localizes to both the cytoplasm and the nucleus but quantitatively
accumulates in the nucleus upon metal load and under other stress conditions. Here we show that within the
DNA-binding domain, a region spanning zinc fingers 1 to 3 (amino acids [aa] 137 to 228 in human MTF-1)
harbors a nonconventional nuclear localization signal. This protein segment confers constitutive nuclear
localization to a cytoplasmic marker protein. The deletion of the three zinc fingers impairs nuclear localization.
The export of MTF-1 to the cytoplasm is controlled by a classical nuclear export signal (NES) embedded in the
acidic activation domain. We show that this activation domain confers metal inducibility in distinct cell types
when fused to a heterologous DNA-binding domain. Furthermore, the cause of a previously described stronger
inducibility of human versus mouse MTF-1 could be narrowed down to a 3-aa difference in the NES; “hu-
manizing” mouse MTF-1 at these three positions enhanced its metal inducibility to the level of human MTF-1.

Cells need to adapt quickly to various forms of stress and
adjust their gene expression profile accordingly. Therefore,
stress-responsive transcription factors are regulated mostly at
the posttranslational level by modulating their activity, stabil-
ity, or subcellular localization. A number of transcription fac-
tors localize predominantly to the cytoplasm but translocate to
the nucleus when required. Since the nuclear pore complex
typically allows the diffusion of molecules of up to approxi-
mately 20 to 40 kDa only (8), larger molecules require active
transport to pass through the nuclear pore. Driven by a
RanGTP gradient, this cargo transport is facilitated by binding
to transport receptors, B-karyopherins (5, 10). Import into the
nucleus requires the binding of importin-B to a nuclear local-
ization signal (NLS) in the cargo protein either directly or
through an adapter molecule, importin-a. Such NLSs typically
consist of mono- or bipartite stretches of basic amino acids. In
the nucleus, importin-g binds to RanGTP, which lowers its
affinity for the cargo, leading to its release. Classical export
from the nucleus to the cytoplasm is controlled by binding to
the RanGTP-bound export receptor Crm1 through a leucine-
rich nuclear export signal (NES). The cargo is released upon
GTP hydrolysis in the cytoplasm. The Ran GTP gradient is
maintained by Ran GTPase-activating protein, inducing the
Ran-catalyzed hydrolysis of GTP in the cytoplasm, and gua-
nine nucleotide exchange factor, catalyzing the exchange of
GDP for GTP in the nucleus (10, 14, 26). Here we study how
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metal-responsive transcription factor 1 (MTF-1)-regulated
transcription is dependent on its subcellular localization and
activation status.

MTF-1 is evolutionarily conserved from mammals to insects
and has been characterized for various species including hu-
man, mouse, capybara, pufferfish, zebrafish, trout, and Dro-
sophila melanogaster (1, 2, 7, 13, 20, 29, 43). This constitutively
expressed transcription factor is activated upon diverse stress
stimuli, notably metal load but also oxidative stress and hyp-
oxia (6, 24). In resting cells, MTF-1 localizes primarily to the
cytoplasm but upon stimulation translocates to the nucleus (32,
37). There, it binds to the enhancers/promoters of target genes
that harbor one or multiple copies of a specific recognition
sequence, the metal response element (MRE). MREs share
the “core” consensus sequence TGCRCNC (29, 38). The best-
characterized target genes are those for metallothioneins. Me-
tallothioneins are short, cysteine-rich proteins that bind, and
thereby scavenge/detoxify, a variety of heavy metals. In addi-
tion, they serve as scavengers of reactive oxygen species (12).
Besides its well-characterized role in metallothionein gene
transcription, MTF-1 is also involved in the transcriptional
regulation of other metal-responsive genes, such as zinc trans-
porter 1 (17), and the recently identified cadmium-responsive
target genes N-myc downstream regulated gene 1 (Ndrgl) and
glycine-rich protein 1 (42). The loss of MTF-1 in the mouse
leads to embryonic lethality at day 14 post coitum due to
cell-autonomous hepatocyte degeneration, which shows that
MTF-1 also serves a developmental role (11, 39). DNA binding
of MTF-1 is accomplished by six tandemly arranged zinc fin-
gers, whereby zinc fingers 1 to 4 are most important (3, 9). The
zinc finger region is also implicated in the metal inducibility of
MTF-1, since MTF-1 requires elevated zinc concentrations for
DNA binding in vitro (13), and mutations in the linker between
zinc fingers 1 and 2 lead to constitutive transcriptional activa-
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FIG. 1. Zinc fingers 1 to 3 of hMTF-1 are sufficient to direct nuclear localization of a cytoplasmic marker protein, pyruvate kinase (myc-PK).
(A) Scheme of the hMTF-1 domains and overview on the fragments tested for NLS function. Yellow, potentiation domain; blue, zinc fingers; green,
acidic activation domain; orange, proline-rich activation domain; purple, serine/threonine-rich activation domain; black box preceding zinc fingers,
arginine/lysine-rich motif; black box following zinc fingers, NES; black box at the C terminus, cysteine cluster. Fragments of MTF-1 were fused into
the vector with the myc-tagged marker (myc-PK); the first and last amino acid positions and mutations/deletions are indicated. (B and C) General
(B) and refined (C) searches for an NLS in MTF-1. U20S (human osteosarcoma) cells were transfected with myc-PK with or without fragments
of MTF-1 or the SV40 NLS inserted and were analyzed for their subcellular localization by anti-myc immunostaining. For quantification, 200 cells
each were classified into the indicated categories (c, cytoplasm; n, nucleus) and counted. Nuclei were visualized by DAPI staining.

tion (19). The C-terminal half of mammalian MTF-1 contains
three types of transcriptional activation domains, of which the
acidic activation domain is the strongest one (28). In the C-
terminal region, there is a cysteine-rich motif (CQCQCAC)
that was previously shown to be necessary for metal induction
(4). Interestingly, mouse MTF-1 is less responsive to metal
than human MTF-1 (hMTF-1) irrespective of whether it is
tested with mouse or human cells (2, 23, 29). Activation by
heavy metals involves several signal transduction pathways that
affect MTF-1. Previously reported kinase inhibitor studies in-
dicated roles for protein kinase C, tyrosine kinase, casein ki-
nase II, and c-Jun N-terminal kinase, whereby no distinction
was made between direct or indirect effects (15, 31). A con-
spicuous cluster of basic amino acids just upstream of zinc
finger 1 in hMTF-1 was tested as a candidate NLS. However,

a triple-amino-acid substitution in this region only delayed but
did not abolish metal-induced nuclear import (32). Antagoniz-
ing import, hMTF-1 also contains a determinant for export
from the nucleus: a classical leucine-rich NES sequence is
embedded in the acidic activation domain. Mutations in this
region lead to impaired export and also to impaired transacti-
vation by MTF-1, initially suggesting a link between nuclear
export and metal inducibility.

In this study, we identify the major determinant for the
nuclear import of MTF-1 to be a nonconventional NLS in the
region spanning zinc fingers 1 to 3. Furthermore, we show that
the acidic activation domain of hMTF-1 can work as a zinc-
inducible activation domain independent of the full-length
protein context. The higher metal inducibility of h(MTF-1 than
mouse MTF-1 can be attributed to a 3-amino-acid (aa) differ-
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FIG. 2. Amino acids 133 to 226 are essential for nuclear localization of hMTF-1. (A and B) MTF-1 fused to GFP, with or without deletions
in the zinc finger region, was transfected into U20S (human osteosarcoma) cells. Thirty-six hours after transfection cells were treated with 100 pM
zinc sulfate or 10 ng/ml LMB for 2 h or left untreated. Cells were fixed, and subcellular localization was monitored by GFP fluorescence. For
quantification, 200 cells each were classified into the indicated categories (¢, cytoplasm; n, nucleus). Nuclei were visualized by DAPI staining. nt,
not treated; wt, wild type. (C) Sequence of the region necessary and sufficient for the nuclear localization of hMTF-1. Basic amino acids are

highlighted in yellow. ZF1, zinc finger 1.

ence in the NES, which is embedded in the acidic activation
domain.

MATERIALS AND METHODS

Cell culture conditions and transfection. Cells were maintained in Dulbecco’s
modified Eagle medium (Gibco) supplemented with 8% fetal bovine serum
(Biochrom AG, Berlin, Germany), 2 mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin (Invitrogen). Transfections were performed using the
standard calcium phosphate coprecipitation method. Dko7 cells were derived
from MTF-1"/~ mouse embryonic stem cells (13) that were allowed to differ-
entiate into fibroblast-type cells and immortalized by transformation with simian
virus 40 (SV40) large T antigen (28).

Plasmid constructions. The vector expressing myc-tagged chicken pyruvate
kinase (myc-PK) was a generous gift from Gideon Dreyfuss (Howard Hughes
Medical Institute, Philadelphia, PA) and was described previously (36). The
plasmids expressing myc-PK fusion proteins were generated by cloning PCR-

amplified fragments with either KpnI and NotI sites or Acc651 and NotI sites (for
aa 110 to 228 and 137 to 228 because of an endogenous Kpnl site) into the
KpnI-NotI- or Acc651-Notl-digested myc-PK vector. Wild-type plasmid
pChMTF-1-VSV; pChMTF-1-VSV with the mutation H185Y, 135KRK—LLI, or
4L—A (32); or pEGFP-hMTF-1(A133-139) was used as a template. Primer
sequences are available upon request. The myc-PK_aal30-140 fusion construct
was generated by annealing the oligonucleotides 5'-GGCCGCTCAGTAGCGC
TTTACTTCTTTACGTTTTGTTTCCGGGTAC-3'and 5'-CCGGAAACAAA
ACGTAAAGAAGTAAAGCGCTACTGAGC-3' and subsequent cloning into
the Kpnl-NotI-digested myc-PK vector. The myc-PK_SV40NLS fusion construct
was generated in the same way using the following oligonucleotides: 5'-CCGA
AGAAGAAGCGAAAGGTATGAGC-3' and 5'-GCGGCCGCTCATACCTTT
CGCTTCTTCTTCGGGTAC-3'. Reporter plasmid 4XMREd-OVEC and ref-
erence plasmid OVEC-Ref were described previously (41). Plasmids expressing
hMTF-1-vesicular stomatitis virus (VSV) (29), mouse MTF-1-VSV (2), and
hMTF-1-VSV(4L—A) (32) were described previously. Plasmids with the muta-
tions H185Y, C337Y/D340E/S342G, C337Y, and S342G in hMTF-1 and Y336C/
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E339D/G341S, Y336C, and G341S in mouse MTF-1 were generated by using
site-directed mutagenesis (QuikChange; Stratagene) according to the manufac-
turer’s instructions. Primer sequences are available upon request. To generate
plasmid pEGFP-hMTF-1, plasmid pC-hMTF-1 (13) was digested with Ncol,
blunt ended with Klenow polymerase, and subsequently Xhol digested. The
resulting 3,254-bp fragment was cloned into BspEI-digested, Klenow-treated,
and subsequently Sall-digested vector pEGFP-C1 (Clontech). The pEGFP-
hMTEF-1 deletion constructs were generated by PCR using primers, containing
restriction sites, flanking the regions to be deleted. Detailed instructions and
primer sequences are available upon request. The plasmid expressing the re-
porter gene under the control of five Gal4 binding sites, 5X GOVEC, was de-
scribed previously (34). The vector expressing the Gal4 DNA binding domain
(DBD) (aa 1 to 93) fused to amino acids 327 to 410 of mouse MTF-1 was
described previously (28). Vector pSCTGal(1-93), expressing only aa 1 to 93 of
the Gal4 DBD (aa 1 to 93), was described previously (35). The plasmids express-
ing the Gal4 DBD fused to fragments of hMTF-1 or the control activation
domain of TFE3 were generated either by PCR amplification or by restriction
digestion and subsequent cloning into vector pSCTGal(1-93). All sequences were
confirmed by sequencing. Detailed information about the primers and the clon-
ing procedure are available upon request.

S1 nuclease protection assay. For testing the transcriptional activity of wild-
type and mutant MTF-1, dko7 cells were seeded into 10-cm dishes and trans-
fected with 10 pg of 4XMREd reporter plasmid, 4 pg OVEC-Ref reference
plasmid, and 1 pg of the respective MTF-1 plasmid. To test the transcriptional
activity of the acidic activation domain, cells were transfected with 10 pg
5XGOVEC reporter plasmid, 4 pg OVEC-Ref reference plasmid, and 0.5 pg of
the respective effector plasmid. Herring sperm DNA was added to each sample
to a total amount of 20 pg DNA. Sixteen hours after transfection, the precipitate
was washed off with Tris-buffered saline. Twenty-four hours after washing, cells
were treated as indicated. For metal induction, tissue culture medium was sup-
plemented with zinc sulfate (final concentration, 100 uM) or cadmium chloride
(final concentration, 50 pM) for 4 h. Leptomycin B (LMB) (final concentration,
10 ng/ml) (catalog no. 431050; Calbiochem) dissolved in ethanol or solvent alone
was added to the cells 2 h prior to zinc supplementation. RNA isolation and S1
nuclease protection assays were performed as described previously (40, 41). The
samples were analyzed by use of a 10% polyacrylamide (acrylamide-bisacryl-
amide, 19:1)-7.5 M urea gel. Bands were visualized using an FLA-7000 fluores-
cent image analyzer and quantified using ImageGauge software (Fujifilm Life
Science). Reporter bands were normalized to the reference bands and compared
to the sample value with noninduced hMTF-1, which was set to 1.

Indirect immunofluorescence. U20S or dko7 cells were plated onto coverslips
in 12-well tissue culture dishes and transfected with 1 ug expression vector per
well as indicated. Cells were either left untreated or treated with either 100 pM
zinc sulfate or 10 ng/ml LMB for 2 h. Immunofluorescent staining was done as
described previously (32). Each experiment was repeated three times. The fol-
lowing antibodies were used: mouse anti-VSV at a 1:500 dilution (V5507;
Sigma), fluorescein-coupled rabbit anti-mouse immunoglobulin G at a 1:1,000
dilution (Molecular Probes), mouse anti-c-myc at a 1:1,000 dilution (catalog no.
OP10; Oncogene), and Alexa Fluor 594 goat anti-mouse immunoglobulin G at a
1:1,000 dilution of the 2-mg/ml stock (Invitrogen). Nuclei were visualized by
staining with 4’,6’-diamidino-2-phenylindole (DAPI) at a concentration of 1
pg/ml.

Preparation of nuclear extracts and EMSA. HEK293 cells were transfected
with 2 g of either pPChMTF-1-GFP wild-type or deletion constructs as indicated.
Herring sperm DNA was added to a final amount of 20 pg DNA per 10-cm dish.
Sixteen hours after transfection, the precipitate was washed away with Tris-
buffered saline, and fresh medium was added. Forty hours after transfection, cells
were treated with 100 wM zinc sulfate for 2 h or left untreated as indicated.
Nuclear extracts were prepared as described previously (33). The electrophoretic
mobility shift assay (EMSA) was performed as described previously (29) by
using, for each sample, 10 pg of nuclear protein extract and 25 fmol of end-
labeled, 31-bp-long oligonucleotide containing the core MRE sequence (MRE-
s), TGCACAC. The samples were analyzed on a 4% polyacrylamide gel (acryl-
amide-bisacrylamide, 29:1). The bands were visualized using an FLA-7000
fluorescent image analyzer and ImageGauge software (Fujifilm Life Science).

RESULTS

Zinc fingers 1 to 3 are necessary and sufficient for nuclear
localization. MTF-1 translocates to the nucleus in response to
metal exposure, but the only segment resembling classical NLS
motifs, a cluster of basic amino acids N terminal to the zinc
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FIG. 3. A 3-aa change in the NES of mouse MTF-1 (mMTF-1) to
the corresponding human residues confers high metal inducibility.
MTF-1 null cells (dko7) were transfected with a reporter plasmid
under the control of four tandem MRE:s, a reference plasmid, and the
indicated wild-type or mutated MTF-1 construct of mouse or human.
Thirty-six hours after transfection cells were treated with 100 wM zinc
sulfate for 4 h. RNA was isolated from the cells and quantified by the
S1 nuclease protection assay. Error bars indicate the standard devia-
tions of data from three independent experiments. rel., relative; nt, not
treated.

finger domain, was previously shown not to be essential for
nuclear import (32), suggesting that an additional part of
MTF-1 was required. To search for such an NLS function in
hMTF-1, overlapping fragments of the cDNA sequence (Fig.
1A) were fused in frame into a vector expressing myc-PK, a
protein that was previously shown to be localized exclusively to
the cytoplasm (36). The subcellular distribution of these fusion
proteins was examined (Fig. 1B and C). To exclude confound-
ing effects due to nuclear export, we also tested a mutant
fragment where four leucines were replaced by alanines,
thereby destroying export function (aa 300 to 523 [4L—A])
(Fig. 1A and C) (32). Also included was an MTF-1 segment in
which the histidine at position 185 was replaced by tyrosine. An
His185-containing variant of hMTF-1 was described previously
by us (2) but represents a rare polymorphism or mutation since
other hMTF-1 isolates contain a tyrosine at position 185 (25;
our unpublished observations). Both the His185 and the
Tyr185 versions display the same metal inducibility (see Fig. S1
in the supplemental material) and import activity of the frag-
ment at aa 110 to 228 (Fig. 1B and C). As depicted in Fig. 1B,
only the segments spanning the zinc fingers conferred nuclear
localization to myc-PK. Nuclear import was efficient and
clearly better than that with the SV40-NLS construct with a
minimal NLS, as defined previously by Kalderon et al. (16).
Further dissection of the zinc finger region revealed that the
region spanning aa 137 to 228 had almost exclusive nuclear
localization (Fig. 1C). An N-terminally extended fragment, aa
110 to 228 (Fig. 1B), was less efficiently imported, suggesting
some inhibitory function in the extension. A mutation (LLI) or
deletion (A133-139) of the string of basic amino acids whose
mutation had been shown to delay nuclear import (32) im-
paired the nuclear localization of the fragment at aa 110 to 228.
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FIG. 4. Mutations in MTF-1 suggest a link between export and metal inducibility. (A) To analyze the subcellular localization of the chimeric
constructs, MTF-1 null cells (dko7) were transfected with wild-type or mutated MTF-1-VSV of mouse or human. Cells were stained using an
anti-VSV antibody. Two hundred cells each were counted and classified into the indicated categories (c, cytoplasm; n, nucleus; n and c, equally
distributed). The mutant with impaired metal induction showed increased nuclear localization, and the mutant with high metal inducibility showed
increased cytoplasmic localization. mMTF-1, mouse MTF-1; nt, not treated. (B) Sequence comparison of the MTF-1 NESs of different species
(corresponding to aa 335 to 346 of hMTF-1). The human sequence differs from the rodent sequences in 2 and 3 aa, respectively. The leucine
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However, a minimal fragment containing this basic stretch (aa
130 to 140) fused to the marker protein was insufficient to
confer nuclear localization (Fig. 1C). We therefore dubbed this
basic string an auxiliary NLS (aNLS). Unlike full-length
MTF-1, whose nuclear localization is stress regulated, treat-
ment of the cells with 100 wM zinc for 2 h did not change the
localization pattern of any of the constructs (data not shown).

To further test whether the segment spanning zinc fingers 1
to 3 is necessary for the nuclear localization of MTF-1, we
analyzed the localization of GFP-tagged hMTF-1 with various
deletions in the zinc finger region (Fig. 2A and B). A complete
deletion of the zinc finger domain as well as the deletion of
only zinc fingers 1 to 3, including the aNLS, abolished import.
A smaller deletion of only zinc fingers 2 and 3 showed reduced
import. Outside of zinc fingers 1 to 3, there was another, albeit
weak, activity for nuclear import: zinc fingers 4 to 6 of MTF-1
(aa 212 to 228) conferred nuclear localization to the pyruvate
kinase marker protein (Fig. 1B) but were not sufficient to
direct efficient nuclear import within the context of MTF-1
lacking zinc fingers 1 to 3 (Fig. 2B). MTF-1 lacking all zinc
fingers still showed partial nuclear localization in cells treated
with the export inhibitor LMB (Fig. 2B). These are, however,
minor activities that are overridden by the presence of a func-
tional export machinery. Furthermore, the nucleocytoplasmic
distribution of the deletion constructs was no longer affected
by zinc status (Fig. 2B). Unexpectedly, the elimination of the
aNLS either by amino acid substitutions or by deletion gave
different results. The replacement of basic amino acids
(K135L, R136L, and K1371I) delayed import (32), while a com-
plete deletion (A133-139) led to constitutive nuclear localiza-
tion (with a concomitant loss of activity, possibly due to steric
alterations) (see below and Fig. 4C). Altogether, these results
show that the region spanning zinc fingers 1 to 3 is necessary
and sufficient for the nuclear localization of MTF-1. This re-
gion does not resemble the classical mono- or bipartite NLSs
(Fig. 2C).

Three amino acids in the acidic activation domain specify
metal inducibility. In transfection experiments using various
cell lines and promoter constructs, we previously observed that
hMTF-1 exhibited a much higher metal inducibility than
MTF-1 of rodents (mouse and capybara) (20, 23; this paper).
The substitution of a 65-aa segment within the murine acidic
activation domain with the corresponding human sequence
conferred high metal inducibility (23). A sequence comparison
between the mouse and human proteins showed that this 65-aa
segment differs in 9 aa. Three of these are clustered at the NES
motif, and we considered them to be likely candidates for the
effect. To test this, we converted the 3 aa in mouse MTF-1 to
the human type and vice versa (see Fig. 4B). MTF-1 null
mutant cells (dko7) were transfected with the respective mu-
tant or wild-type MTF-1 constructs, a reference plasmid, and a
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reporter plasmid under the control of four tandem MREs. This
reporter offers the advantage of being dependent exclusively
on MTF-1; i.e., it is completely inactive unless an MTF-1 ex-
pression clone is cotransfected. In line with the above-de-
scribed results, mouse MTF-1 displayed about twofold metal
inducibility, and hMTF-1 displayed about eightfold inducibility
(Fig. 3). The metal inducibility of mouse MTF-1 with the
“humanized” NES was indeed as strong as that with the human
wild-type protein, whereas the reciprocal substitution con-
struct, hMTF-1 with the mouse NES, behaved like wild-type
mouse MTF-1. For this effect, the simultaneous exchange of all
three amino acids was required: single-amino-acid substitu-
tions did decrease the metal inducibility of hMTF-1, but in the
converse situation, they did not improve metal induction in
mouse MTF-1 (data not shown). Taken together, these results
show that the 3-aa difference in the NES region between the
mouse MTF-1 and hMTF-1 proteins accounts for the different
metal inducibilities.

A link between nuclear export and MTF-1 activity? Analysis
of the subcellular localization of the chimeric constructs de-
scribed above revealed that the triple-amino-acid substitution
also changed the subcellular distribution of MTF-1 (Fig. 4A).
hMTF-1 with the mouse NES showed enhanced nuclear local-
ization, whereas “humanized” mouse MTF-1 showed increased
cytoplasmic localization in comparison to wild-type mouse
MTF-1. Another mutant MTF-1 with a change of four leucines
to alanines (aa 338, 341, 343, and 344) in the NES was also
previously shown to exhibit impaired export together with im-
paired zinc inducibility (32). Since the NES is embedded within
the acidic activation domain, this correlation might be ex-
plained by a simple spatial overlap of the two functional do-
mains. To investigate this further, we examined the transcrip-
tional activity of export-impaired MTF-1 with a mutation
outside the NES. As shown above, the deletion of aa 133 to 139
led to constitutive nuclear localization (Fig. 2B). This construct
also showed impaired metal inducibility (Fig. 4C), even though
it retained DNA-binding ability, as shown by EMSA (Fig. 4D).
These results suggested that nuclear export might be function-
ally linked to the metal inducibility of MTF-1. As expected,
none of the mutant constructs with a partial or complete de-
letion of the zinc fingers was able to bind DNA (Fig. 4D).

Nuclear export is not essential for metal inducibility. To
clarify this issue, i.e., whether the nuclear export of MTF-1 is
necessary for metal induction, we made use of the export
inhibitor LMB. We observed that LMB pretreatment for 2 h
followed by zinc treatment for 4 h led to only a mild reduction
in levels of MTF-1-dependent transcription (Fig. 5SA). As ex-
pected, under conditions of export inhibition, immunofluores-
cent staining confirmed the nuclear accumulation of MTF-1
(Fig. 5B and C). We conclude that export, while it might
support MTF-1 function, is not an essential step in the process

residues, characteristic for NESs, are well conserved. (C) The transcriptional activity of MTF-1 with a mutation outside the NES that is impaired
in nuclear export was analyzed by an S1 nuclease protection assay. This mutant is not metal inducible. Error bars indicate standard deviations of
data from three independent experiments. wt, wild type. (D) Test for DNA binding by EMSA. HEK293 cells were transfected with MTF-1-GFP
constructs as indicated and treated with 100 wM zinc sulfate or left untreated. MTF-1-GFP and MTF-1-GFP(A133-139) bind to the MRE-
containing oligonucleotide, while the constructs with larger deletions did not. The band visible in the latter case is the band shift from endogenous
(endog.) MTF-1 from HEK293 cells, which migrates faster because it lacks the GFP moiety.
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FIG. 5. Inhibition of nuclear export does not abolish metal induc-
ibility. (A) MTF-1 null cells (dko7) were transfected with a reporter
plasmid under the control of four tandem MREs, a reference plasmid,
and hMTF-1-VSV. Thirty-six hours after transfection cells were
treated with either LMB or solvent alone or left untreated. After 2 h,
zinc sulfate (final concentration, 100 pM) was added to the cells as
indicated (while LMB remained present). RNA was isolated from the
cells and quantified by an S1 nuclease protection assay. Export inhi-
bition by LMB treatment does not abolish induction by zinc (center).
Error bars indicate the standard deviations of data from three inde-
pendent experiments. EtOH, ethyl alcohol; rel., relative. (B and C) To
test whether export inhibition by LMB was efficient, MTF-1 null cells
(dko7) were transfected and treated with zinc or LMB as described
above, and the subcellular localization of MTF-1-VSV was analyzed
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of metal induction. The loss-of-function mutations in the NES
are thus compromising primarily an activation function rather
than affecting metal response indirectly via the inhibition of
nuclear export.

The acidic activation domain can work as an autonomous
metal-inducible unit. In the course of dissecting metal induc-
ibility and the nuclear export of hMTF-1, we decided to test
the transactivation activity of wild-type and NES mutant
MTF-1 proteins in a heterologous context. To this end, we
fused the C terminus of MTF-1 (aa 322 to 753) or the acidic
activation domain only (aa 322 to 411) to the DBD derived
from the yeast transcription factor Gal4 (Fig. 6A). The NES
motif was mutated either by the substitution of four leucines by
alanines (32) or by replacing human-specific amino acids by the
ones from mouse, and the metal inducibility of the wild-type
and NES mutant constructs was then tested in an S1 assay with
a reporter gene under the control of five Gal4-binding sites
(Fig. 6B to E). The respective construct containing the mouse
acidic activation domain was also included. A metal-indepen-
dent activation domain of an unrelated transcription factor
(TFE3) was used as a control (Fig. 6A to C). As expected, the
latter was not zinc responsive, whereas the constructs contain-
ing the acidic activation domain or the full C terminus of
hMTF-1 were inducible upon zinc supplementation of the cell
culture medium (fivefold and threefold, respectively). The cor-
responding mutant constructs carrying the four leucine-to-ala-
nine mutations displayed a reduced basal activity and, more
importantly, were completely nonresponsive to zinc. Also, the
construct containing the mouse acidic activation domain was
not metal inducible (Fig. 6B and C). This is in line with our
observations that wild-type hMTF-1 shows higher metal induc-
ibility than mouse MTF-1, as mentioned above. Accordingly,
“mousifying” the NES in of the Gal_322-411 construct by tri-
ple- or single-amino-acid substitutions abolished metal induc-
ibility (Fig. 6D and E), as described above for h(MTF-1 (Fig. 3).
The Gal _322-411 construct was also tested in different cell
lines, namely, U20S, G8, COS7, CV-1, and HepG2. The re-
sults described above could be reproduced in G8 cells (human
foreskin cells) and COS7 cells (SV40 T-antigen-transformed
CV-1 cells), but no zinc induction was observed in CV-1 (Af-
rican green monkey cells), HepG2 (human hepatoma cells),
and U20S (human osteosarcoma cells) cell lines (Fig. 6F and
G). Note that the metal-responsive fusion construct Gal_322-
411 did not contain the C-terminal cysteine cluster, which was
shown previously to be essential for MTF-1 activity (4). In
mammalian MTF-1, this cluster seems to fulfill primarily a
structural role in the context of the complete protein (V.
Giinther and W. Schaffner, unpublished results).

DISCUSSION

In this study we investigated distinct domains of MTF-1 and
their role in metal induction and subcellular localization. A

by anti-VSV immunofluorescent staining. For quantification, 200 cells
each were counted and classified into the indicated categories (c,
cytoplasm; n, nucleus). FITC, fluorescein isothiocyanate; nt, not
treated.
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FIG. 6. The acidic activation domain of hMTF-1 works as an independent zinc-inducible unit in some, but not all, cells. (A) To dissect the
transactivation function of hMTF-1, mutant or wild-type fragments of human or mouse MTF-1, or the activation domain of an unrelated factor (TFE3)
as a control, were fused to the GAL4 DBD as indicated. NESmut, NES mutant. (B to E) The indicated fusion constructs were tested for the
transcriptional activation of a Gal4-responsive reporter gene (5X GOVEC) in MTF-1 null cells (dko7) by the S1 nuclease protection assay. The reporter
signal was normalized to the reference signal of a cotransfected plasmid. The metal inducibility of the acidic activation domain of hMTF-1 is fivefold, and
that of the full C terminus is threefold (due to the saturation of the signal, induction might have been more than threefold). Neither the acidic activation
domain of mouse MTF-1 nor mutant versions of the human NES/acidic activation domain display any metal response. Error bars indicate the standard
deviations of data from three independent experiments. nt, not treated; rel. relative. (F) The zinc responsiveness of a Gald_322-411 fusion protein was tested
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cells but not in U20S cells, CV-1 cells, and HepG2 cells. (G) Tested cell types and their properties. No common characteristics can be assigned to the cells that
show inducibility of the isolated acidic activation domain (except that two of the three lines were transformed by SV40).
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subsegment of the DBD, encompassing zinc fingers 1 to 3,
contains the main determinant for nuclear import (NLS) of
hMTF-1. The NLS identified here does not conform to the
classical stretch of basic amino acids but instead resembles the
recently characterized NLS of the zinc finger transcription
factor SNAILI. This novel NLS is composed of six basic amino
acids situated at distinct positions in three consecutive zinc
fingers. Single mutations of these basic residues in SNAIL1 did
not affect its subcellular localization (22). Such a delocalized
arrangement of basic residues has also been seen for other zinc
finger proteins (such as Egrl, EKLF, RFLAT, SP1, and FEZ1)
(22). We note that four of the six basic residues are conserved
in zinc fingers 1 to 3 of hMTF-1, and five of six are conserved
in Drosophila MTF-1. Thus, we consider it likely that the NLS
of MTF-1 is of the same category, with zinc finger folding
bringing the basic residues into close proximity, as in a contig-
uous classical NLS. Although MTF-1’s intracellular localiza-
tion is regulated by the response to stress, notably metal stress,
the isolated NLS and NES motifs fused to marker proteins are
not zinc responsive but rather are constitutively active, suggest-
ing that metal-dependent nuclear accumulation is mediated by
conformational changes that rely on an intact MTF-1 (see also
below).

The most elusive feature of MTF-1 function remains its
metal inducibility. Previously, we and others showed that
MTF-1 requires a higher zinc concentration for DNA binding
than other factors, such as Oct-1 and the zinc finger factor Sp1
(13). Moreover, in a cell-free assay system, we demonstrated
MTF-1-dependent transcription in response to zinc and even
in response to cadmium and copper upon the liberation of zinc
from zinc-saturated metallothionein (44). These data sug-
gested an important role of zinc fingers in metal inducibility
but did not explain why transfected hMTF-1 is much more
metal inducible than mouse MTF-1. Here we show that a
crucial region for metal inducibility is the NES/acidic activa-
tion domain and that the difference in metal responsiveness
between the human and mouse MTF-1 proteins is due to a 3-aa
difference in a segment that resembles a recently identified
motif, the “9-aa transactivation domain” (27). This motif is
characterized by a distinct pattern of hydrophobic patches
around positions 3 and 7 and an embedded hydrophilic region
around position 5 (see Fig. S2 in the supplemental material). It
was identified in the transcription factors Gal4, Oafl, Pip2, and
Sox18 and also occurs within the transactivation domains of
VP16, p53, HSF1, NFAT1, and NF-«B, all of which interact
with TAF9 (27, 30). Since the above-mentioned factors are not
metal inducible, such an arrangement is probably necessary but
not sufficient for the metal response. Similarly, interactions of
the acidic activation domain of mouse MTF-1 with the cofactor
p300 in a zinc-dependent manner (18) and of Drosophila
MTEF-1 with TFIID and Mediator, two members of regulatory
coactivator complexes (21), are probably a prerequisite for
metal inducibility. For example, the interaction of the NES
with the export receptor Crm1 in nonstressed cells is probably
lost upon metal stress, with the concomitant recruitment of
coactivators to this domain.

In another attempt to dissect metal inducibility, segments of
MTF-1 were fused to the Gal4 DBD. We found that the acidic
activation domain of hMTF-1 can act as an autonomous zinc-
inducible unit in a Gal4-DBD fusion construct. However, the
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metal response was not as robust as that with intact h(MTF-1,
which readily works in every cell line tested so far irrespective
of primate or rodent origin. In contrast, metal induction with
Gal4-MTF-1 fusions was seen in only a subset of cells tested,
probably due to differences in signaling pathways prevalent in
particular cell lines. In spite of the caveat that further compo-
nents are required to bring about a strong, ubiquitous metal
inducibility, it is worth pointing out that this is the first dem-
onstration of zinc-responsive transcriptional activation for an
isolated MTF-1 activation domain. Since the target genes of
MTF-1 are involved in fundamental processes such as metal
homeostasis, neurodegeneration, and angiogenesis, advances
in the knowledge of MTF-1 regulation will have an impact on
these fields.
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