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Abstract MTF-1 is a zinc finger transcription factor that mediates the cellular response to heavy metal stress; its
targeted disruption in the mouse leads to liver decay and embryonic lethality at day E14. Recently, we have sequenced
the entire MTF-1 gene in the compact genome of the pufferfish Fugu rubripes. Here we have defined the promoter
sequences of human and mouse MTF-1 and the genomic structure of the mouse MTF-1 locus. The transcription unit
of MTF-1 spans 42 kb (compared to 8.5 kb in Fugu) and is located downstream of the gene for a phosphatase (INPP5P)
in mouse, human, and fish. In all of these species, the MTF promoter region has the features of a CpG island. In both
mouse and human, the 5’ untranslated region harbors conserved short reading frames of unknown function. RNA
mapping experiments revealed that in these two species, MTF-1 mRNA is transcribed from a cluster of multiple initiation
sites from a TATA-less promoter without metal-responsive elements. Transcription from endogenous and transfected
MTF-1 promoters was not affected by heavy metal load or other stressors, in support of the notion that MTF-1 activity
is regulated at the posttranscriptional level. Tissue Northern blots normalized for poly A+ RNA indicate that MTF-1 is
expressed at similar levels in all tissues, except in the testes, that contain more than 10-fold higher mRNA levels.

INTRODUCTION that other organs besides the liver are also affected. How-
ever, no other target tissues where MTE1 is essential
could be identified thus far. Neural grafting experiments
revealed that, at least for development of the basic central
nervous system cell types, MTE-1 is dispensable (Lichtlen
et al 1999). Fibroblasts obtained from day 12.5 embryos
(ie, before liver crisis) could be grown in culture and did
display increased sensitivity toward both heavy metal
toxicity and oxidative stress due to hydrogen peroxide
treatment (Gtines et al 1998). The expression of the cel-
lular detoxifying proteins, metallothionein I and II, was
barely detectable in MTF-1 knockout cells and embryos.
Furthermore, a number of MTE-1 target genes are affect-
ed, including gamma glutamyl cysteine synthetase (-
GCS) (Gtlines et al 1998; PL., YW, and WS., unpub-
lished).

Recently, we isolated and sequenced the MTF-1 gene
from a cold-blooded vertebrate, the Japanese pufferfish

Fugu rubripes (Auf der Maur et al 1999). Fugu is a useful
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Most organisms from fungi to humans respond to heavy
metal stress by increased transcription of genes that en-
code detoxifying proteins, notably metallothioneins (Kagi
and Kojima 1987; Heuchel et al 1995). We have previously
identified a zinc finger protein, termed MTF-1, as a key
transcription factor in mediating this stress response
(Westin and Schaffner 1988; Radtke et al 1993). MTF-1,
which is highly conserved among vertebrates, was elim-
inated by targeted gene disruption in the mouse and was
thereby identified as an essential protein as null mutant
embryos died in utero at E14 due to liver decay (Heuchel
et al 1994; Giines et al 1998). Interestingly, elimination of
either of 2 other stress-responsive transcription factors, c-
Jun and NF-kB/relA, yields a similar phenotype of em-
bryonic liver decay (Hilberg et al 1993; Beg et al 1995).
Because MTE-1 is expressed ubiquitously, it seems likely
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as much as that of the mammalian genome. Genome com-
paction in Fugu is the result of shorter introns and inter-
genic spacers and a paucity of repetitive DNA, a feature
common among the bonyfish family of Tetraodontidae (El-
gar et al 1996). The selective pressure for this compaction
is presently unknown. We demonstrated that the Fugu
MTE1 is closely related to counterparts in mouse and
human, and that the transcription unit spans about 8.5
kb of genomic DNA. A tentative comparison of the mouse
and Fugu promoters for MTE-1 revealed that both loci are
preceded by a phosphatase gene (inositol polyphosphate
5-phosphatase II), have the properties of a so-called CpG
island (Auf der Maur et al 1999), but otherwise do not
exhibit any sequence similarity in this region. Here we
have sequenced the entire gene of mouse MTE-1. We also
sequenced the human MTE-1 promoter and determined
the transcription start sites in mouse and human. In ac-
cordance with the larger genome size of the mouse rela-
tive to Fugu, the mouse MTF-1 transcription unit is 5
times longer than that of Fugu. Remarkably, the intron/
exon boundaries are conserved to the nucleotide between
Fugu and mouse, even in regions of low protein similar-
ity. MTE-1 is expressed to a similar level in all mouse
tissues analyzed, except in testes that curiously contain a
much higher level. In accordance with the general notion
that housekeeping promoters are often associated with
CpG islands and are transcribed with scattered starts
from TATA-less promoters, we find scattered starts for
both mouse and human MTE1 mRNA.

MATERIALS AND METHODS
Plasmids and constructs

All constructs were engineered according to standard
DNA cloning procedures (Sambrook et al 1989).

The human MTE-1 promoter was polymerase chain re-
action (PCR)-amplified in 3 rounds of nested PCR using
Ready To Go® PCR beads from Pharmacia. Two hun-
dred nanograms of human genomic DNA was used for
the first round of PCR, and 0.1% of the PCR product
served as template for the subsequent round of PCR, per-
formed as follows. One denaturation cycle at 94°C for 4
minutes, followed by 35 cycles of 1 minute at 94°C, 1 min-
ute at 65°C, and 3 minutes at 72°C, and a final incubation
time of 30 minutes at 72°C. The 3, nested upstream prim-
ers (hINPP5P-trailer 1: 5'-CCAGTTCCTCTGCAACCC-
ACTC-3', hINPP5P-trailer 2: 5'-CCAGCCCCACCTGTT-
TCAGCTC-3', hINPP5P-trailer 3: 5'-GCCCACCATTGG-
TTAGCACACTC-3') anneal in the 3" untranslated region
(UTR) of the human inositol polyphosphate 5-phospha-
tase gene (accession number M74161), and the 2 down-
stream primers (hMTE-1 first exon 1: 5'-GGCTCCCGG-
CAACGGCGGCAGC-3', hMTEF-1 first exon 2: 5'-TTC-
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TCCCCTCCCCAGCGGCACC-3’) anneal in the first exon
of the human MTE-1 gene. The 2.6-kb PCR product ob-
tained after the third round of PCR was blunt-end ligated
into Bluescript pBS SK(-) and sequenced from both ends.

Cell culture

Wildtype mouse fibroblasts were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supplemented
with 10% fetal calf serum (Gibco), 100 U/mL penicillin
and 100 U/mL streptomycin and 2 mM L-glutamine. Hela
cells were maintained in DMEM medium with 2.5% fetal
calf serum and 2.5% newborn calf serum (Gibco) as de-
scribed for previous studies on heavy metal induction
(Westin and Schaffner 1988).

Mapping of the mouse MTF-1 transcription start site

Plasmid transfections and S1 nuclease mapping of resul-
tant transcripts were performed as previously described
(Kemler et al 1991; Radtke et al 1993). Wildtype mouse
fibroblasts were transfected with 10 pug of the mMTE
1aOVEC promoter construct along with 10 pug of an ex-
pression plasmid carrying mMTE1cDNA by calcium
phosphate methodology. For heavy metal induction,
ZnSO, was added to a final concentration of 100 pM for
2 hours before harvest. For S1 mapping, cytoplasmic total
RNA was hybridized overnight with 2P-labeled, single-
stranded DNA oligonucleotide (mMTFE-1-S1 oligo-2: 5'-
GGCTCCCGGCAACGGCGGCAGCAGCAGCTTCTC-
CCCTCCCAAGCGGCACCATGATTGCCCCCACCTGTC-
CCTAGCGTCACTTCCGCTTCCGCTTTCCGGAGGAA-
GGAGTCAGATG-3') and digested with 300 U S1
nuclease at RT for 1 hour. The samples were electropho-
resed through a 10% polyacrylamide sequencing gel, and
S1 nuclease data were collected and quantified using a
Phosphorlmager.

For reliable mapping of MTF-1 transcripts, we found
that the digestion conditions usually applied to a B-glo-
bin reporter gene transcripts were too mild. S1 nuclease
digestion had to be done at elevated temperature and/or
higher concentration of S1 nuclease, typically room tem-
perature or 37°C with 150450 units of S1 nuclease in
order to allow for complete degradation of probe oligo
not hybridized to MTF-1 mRNA.

o-Nitrophenyl-B-p-galactopyranoside and luciferase
assay

Hela cells were transiently transfected with 5 pg of the
uOREF lacZ fusions and 1 wg of the control luciferase con-
struct pGL3 (Promega) using the calcium phosphate
method. For zinc induction, cells were incubated for 4
hours with tissue culture medium at 100 uM ZnSO,.
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Forty-eight hours after transfection, cells were scraped,
and the resultant pellet from each 10-cm dish was resus-
pended in 120 pL 100 mM, pH 7.5, Tris-Cl. Cells were
lysed by 3 freeze-thaw cycles, frozen in liquid nitrogen
for 5 minutes, then thawed at 37°C for 10 minutes. Sam-
ples were clarified for 5 minutes by centrifugation, and
30-pL supernatant aliquots were incubated with 500-uL
B-Gal buffer (60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM
KCl, 1 mM MgCl,) and 100 wL o-nitrophenyl-B-D-galac-
topyranoside (ONPG) buffer (60 mM Na,HPO,, 40 mM
NaH,PO,, and 0.1 M ONPG) at 30°C for 30 minutes, after
which the reaction was stopped via addition of 500 L
of 1 M Na,CO,. Absorbance was measured spectrometr-
ically at 420 nm. As an internal reference for transfection
efficiency, 30 wL of cell extract was also assayed for lucif-
erase activity (Promega) with a Lumat LB 9507 luminom-
eter (EG&G Berthold).

Synthesis of UORF1 and uORF2 peptides

Upstream open reading frame (uORF) peptides were syn-
thesized with a Perkin Elmer/Applied Biosystems model
433 A peptide synthesizer, and purified over Sephadex G-
10 column (Dr S. Klauser, Institute of Biochemistry, Uni-
versity of Ziirich).

RESULTS

Isolation of the complete mouse MTF-1 gene and
comparison of MTF-1 promoters from human and
mouse

Recently, we isolated and sequenced the entire MTE-1
gene from the pufferfish Fugu rubripes and found the 3’
end of a phosphatase gene (INPP5P) immediately up-
stream of the MTE1 gene (Auf der Maur et al 1999).
Working under the assumption that in mammals the
same gene might precede MTF-1, we designed primer
pairs annealing forward from the INPP5P 3’ UTR and
backward from the 5" UTR of human MTF-1. Sequence
analysis of the major DNA segment amplified by PCR
revealed that it indeed represented the 3’ end of INPP5P,
the intergenic region, and the 5’ end of MTE-1. In similar
fashion, we also isolated the corresponding intergenic
spacer region from the mouse. Additionally, we isolated
and sequenced the entire mouse MTE-1 transcription unit
(accession number AJ251880). It spans 42 kb, which is 5
times the size of the corresponding gene in the pufferfish
(8.5 kb) (Fig 1A). While the overall amino acid identity
of mouse and Fugu proteins is 57%, the 6 putative zinc
fingers are extremely conserved (94%). In both species,
11 exons were identified, although the 5 UTR in the
mouse is split by an extra intron, and the protein-coding
region bears a small deletion that removes a few amino

Cell Stress & Chaperones (2000) 5 (3), 196-206

acids plus an intron relative to Fugu in this position.
These differences notwithstanding, the splice sites are
conserved to the nucleotide between mouse and Fugu (Fig
1B).

MTF-1 promoters of mouse, human, and fish are TATA-
less CpG islands

When comparing the intergenic region between INPP5P
and MTF-1 of human and mouse, that of human is con-
siderably longer (2.5 kb vs 1.0 kb, respectively). The spac-
er is poorly conserved between the 2 species and harbors,
in human, 3 Alu repeats that account for most of the size
difference with the mouse (Fig 2A). For a relatively short
stretch of 60 bp upstream of the transcription starts, the
MTE-1 promoter/initiator region is very similar between
mouse and human (86% identity) but diverges further
upstream (Fig 2B). In addition we have determined
[G+C] content and CpG dinucleotide distribution in
mouse and human. In both species, as in the pufferfish
analyzed before (Auf der Maur et al 1999), the MTF-1
promoter displays the typical features of a CpG island,
namely a CpG dinucleotide frequency that is approaching
or even exceeding the statistically expected value, rather
than the depression to about one fifth of expectation typ-
ically observed in coding sequences (Fig 2A). In none of
the 3 species did the MTE-1 promoter region contain a
TATA box, a feature not unusual to promoters of house-
keeping genes (Smale and Baltimore 1989).

Conserved ORFs in the 5" UTR of mammals but not in
fish

Unlike the less conserved 5 UTR sequences of other
mammalian genes, the 140-nt leader of mouse MTE-1 is
highly similar to the 5" UTR of its human counterpart but
not to that of the pufferfish Fugu. We also noted that the
leader sequence contains two short overlapping ORFs of
31 and 26 amino acids, termed uORF1 and uORF2, re-
spectively (Fig 3A). The first one, starting very close to
the major transcription start sites, begins with a near per-
fect Kozak sequence AtcAUGG (Kozak 1986), while the
second one begins with 3 consecutive CUG triplets. The
uORFs and/or additional initiation codons in the 5" UTR
are not uncommon among mammalian mRNAs, notably
in those coding for regulatory proteins such as transcrip-
tion factors and proto-oncogenes (see Discussion).

We have made the following attempts to determine the
function of the uORFs: (1) To test whether the MTF-1
uORFs could be translated at all, each of the 3 ORFs
(uORFs 1 and 2 and MTE-1) were fused to the lacZ ORE
and transfected into HeLa cells along with a plasmid en-



A

ATG

zinc finger
exons
p——

TGA PolyA
motifs
L

zinc finger exons

Characterization of mouse MTF-1

199

ATG ——r— TGA
[ i 11 [ | ] I ]
LI LL| | ] l I
et
012345k
N’
leader peptides zinc finger domain activation domains
100bp
Mouse GTTGCCGGGAGCCGCGGAG gtaaaagcagaggctggactcggctggggc...... tggttctaactctggtgttatctattgecag AAAGGCCGTTACCTTTCCA
intron 1 (1998 bp}
T K Q R intron 1 (1609 bp) vV N R Y X
Fugu ACC AAG CAA AGA GAG gcaagttcccaattttactacgactcttaa...... ttctcattcctcctcgtgttl:ﬁtl:Tcattag (|51I'T ??T (IJ?C ';'/I\T ?;,\(f
IR [ 11 | 1 Il
Mouse ACG AAA CGG AAA GAA gtaagtaaagccgcagatgaggecggtgtyg. ..., actgatgaggtgtccectgtectetgteag GTA AAG CGG TAC CAG
T K R K E intron 2 (14'869 bp) v K R Y Q
N T L Y R intron 2 (1379 bp) L K H A Q
Fugu AC ACT TTA TAC AG gttagaatttctttttttttctaaﬂ;tata ..... agtctttaﬁgatcaattg};cttgtct?tﬁ C'i’} T/’Afi\ (IE?II\ ?TC ?TG
PEETE b HE [ 1] Il | N |
Mouse AC ACA CTG TAC A gtcaggggccgcagaacgcectecttgegt.. ... gagcatttatttctctgggacattttgcag TTG AAA GCA CAT CAG
KT LY R intron 3 (786 bp) L H oA 0
E K P F R intron 3 (112 bp) ¢C 0 H D &
Fugu GAG AAG CCA TTC CG gtacgatcacacttgtggctttatttttga..... actttttctgttygtttgtctttggaattag GT GA A GT
[EoT 1l IRNIRR | R U PO T 1
Mouse GAA AAG CCA TTT CG gta.ggtctcgetgecttecgectgtetea.. ... tgtttgtctttgcttaaacaactcacttag GT GAT CAC GC
E K P F R intron 4 (2926 bp) ¢ b H D G
vV R T H T intron 4 (329 bp) G E X P F
Fugu GTA CGG AC AC ACA G gtaaaaaatagggactttgaccttatatcilz ..... cattttaatgtgtatatl:aTactttctgtag GG /|\G ;|\AG ﬁA HC
[E T | i | ol | [11 H | |
Mouse GTC CGG AC AC ACT G gtaagtttaggctgatttccatgtttcatt..... aacctaatatgacttcttcttcacctgcag GT GAA AGA CCC TTC
v R T H T intron 5 (663 bp) 6 B R P F
H P 1 S E intron 5 (81 bp) D A N K S
Fugu CAT CCC ATT TCT GAA gttagtaatttcaccctttctgcatcatat..... tt tctgatttccttgﬁ?a}:gaa?ttcag GAT GCA A
Il It IR |1l | Il Il P
Mouse CAC AAT GGA TCA GAG gtgtgttctectectgttetettetgggeg. .. .. ttgctcaatgaggactittttctttcacag GAT ACA AC
H N & § E intron 6 (5932 bp) DT N H S
E N L N N intron 6 (142 bp) A Q 0D Lt D
Fugu GAG AAT CTT AAT AAT gtaagttttttagaaactacagegtttaaa..... accggcaatttatttatgttttgaccacag GCT CAA GAT CTG GAC
11l |1 I RN L
Mouse GAA AAT TCC AGT TCG gtaagtccctgagtaattctetttgaaaca... .. tggcaaatctcacagctctctcectgtcag ACA CAG GAC CAG GAC
E N S 5 8 intron 7 (6495 bp) T a 0
D A H P K intron 7 (66 b{)) E S L A E
Fugu GAT GCT CAT CCA AAA G gtcagtacaccttgaaactctaaattatat..... tt ttggtgactgatrattttctchtcag AG AGC CTT GCT GAA
b e Il | I [11 |
Mouse GAC CCT CTG CAG ACA G gtgtgcttcacgtttcagtccgecegttta... .. tggaaacatgtttcttcttttccttgacag CT GCC TTG ATT GAC
D P L 0 T intron 8 (518 bp) A A L T D
S S T H T intron 8 (75 bp) I 1T VvV N S
Fugu TCA TCT ACC CAC ACA A gtaagggcatggagggtccttcccagecga..... ctcaggcctccatttctgectetgteacag CT ACT GTC AAC TCC
N A E QG A intron 9 (90 bp) Q 0 6 A P
Fugu AAT GCA GAA CA/? GCA s‘ﬂ‘;gﬁ;taatgcgttcctttat?gaaaa?tt ..... caaccaatctgtcctettttttgetcacag CA AA GGT GCT CCG
I | IIT 11 INRN | | EEIRRRI |
Mouse AAC CAA GA AA ATT gtaagtattacttgtaagcacacccagtag..... gttgatgtgattttgttgtgtitcccteag CA GCA TCG AAA
N2 E Q0 I intron 9 (3606 bp) a AS K
M 6 G N A intron 10 (197 bp) G v
Fugu ATG ?GA G(laA AAT GCT G gtaaatt?atgagaatttaatctggtacaa ...... taaaataaattttgtttttgtet.. . .tcag GT AAC TCG GTC CAA
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Fig 1.

intron 10 (1556 bp)

Genomic structure of Fugu and mouse MTF-1 genes. (A) In the pufferfish (on top) and in the mouse, the transcription unit of MTF-

1 spans 8.5 and 42 kb, respectively. The exons (black boxes), introns, and spacers (black lines) are drawn to approximate scale and clearly
illustrate the compaction of the Fugu MTF-1 gene relative to MTF-1 of the mouse and probably most other vertebrates. Shown underneath
the genomic structure is a schematic view of the mouse cDNA with protein reading frames indicated, including the 2 short overlapping uORFs
(UORF1 and 2), followed by the MTF-1 ORF with its 6 zinc fingers for DNA binding and 3 activation domains. The position of introns is
indicated by inverted open triangles. (B) Comparison of the Fugu and mouse MTF-1 splice junctions. Both genes contain 11 exons; 1 intron
and flanking exon sequences are deleted in the mouse relative to the Fugu, while the mouse leader sequence contains an additional intron.
Splice junction sequences are conserved to the nucleotide, even if located in a region of low similarity between the 2 genes (notably at intron
7 of Fugu vs intron 8 of the mouse). Accession numbers pufferfish: AJ131394; accession number mouse: AJ251880.
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Fig 2. Structure of the MTF-1 promoter region. (A) Genomic structure of the last exon of INPP5P, subsequent intergenic segment, and the
promoter region of the MTF-1 gene in mouse (accession number AJ251880), and human (accession number AJ251881). In human, the
polyadenylation site is shifted upstream relative to the mouse, probably as a consequence of the insertion of 3 Alu repeats. CpG-density and
[G + C] content, as represented by the GpC-density, is also indicated by the bar graph below. In mammals (shown here) and pufferfish (Auf
der Maur et al 1999), the MTF-1 promoter is embedded in a CpG island. In mouse and human, not only the CpG density but also the overall
[G + C] content is increased, typical for warmblooded vertebrates, but not fish. Note that the CpG island features extend quite far upstream
of the first MTF-1 exon in mouse and human, yet only about 60 bp of exon-proximal promoter sequences are conserved (Fig 2B). (B)
Comparison of mouse and human MTF-1 promoters. While the typical CpG island properties extend further upstream (Fig 2A), the region of
strong sequence similarity is confined to the immediate upstream region and the mRNA leader (5" UTR). Putative transcription factor binding
sites, as found using the TRANSFAC database (Heinemeyer et al 1998), are indicated by brackets if present in either 1 or both species.
Putative binding sites correspond to the ones of previously characterized transcription factors but have not been verified experimentally for
the mouse or human MTF-1 promoters. The hatched region denotes the region of multiple transcription starts, as shown in Figure 4, with
the major start indicated by an arrow within the sequence CAATC.

mouse

human

and uORF2. (2) The nuclear concentration of MTE-1 pro-
tein had previously been shown to increase within a few

coding the luciferase gene as a transfection reference (Fig
3B). Quantification of B-galactosidase expression by the

ONPG assay revealed that the AUG codon of uORF1 was
indeed very efficiently utilized, while the triple CUG start
yielded very low B-galactosidase activity. The construct
where the bona fide ORF of MTF-1 was fused to lacZ was
also efficiently used, in spite of the presence of uORF1
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hours of zinc treatment (Heuchel et al 1994). This increase
might have been due to a more efficient translation of
MTE1 mRNA under zinc conditions. Therefore we tested
the above constructs, containing or not containing uORFs,
in transient transfection assays, and compared resultant



B-galactosidase levels of untreated and zinc-treated cells.
As shown in Figure 3B we did not observe any strong
differences.

(3) Because CUG triplets have been reported to be uti-
lized with reasonable efficiency as translational starts in
mammalian cells, in particular under stress conditions
(Vagner et al 1996), we investigated whether utilization
of the potential CUG start of uORF2 could be boosted by
stressors, such as heavy metals, oxidative stress, heat
shock, serum starvation, or UV irradiation. However, after
transfection of HelLa cells with the uORF2-lacZ fusion
constructs, there was only marginal B-galactosidase activ-
ity under all conditions tested, indicating that the CUG
triplets were poorly used to initiate translation (not
shown).

(4) To test whether the mRNA leader could affect cel-
lular concentration/activity of MTF-1, MTF expression
constructs with or without peptide-encoding leader se-
quences were transfected into the 2 mouse MTF-1 knock-
out cell lines KO1.1 and KO1.9. Irrespective of the pres-
ence or absence of zinc, MTE-1 protein concentration was
found to be at about the same level, as determined by
electrophoretic mobility shift assays (bandshift) with
transfected cell lysates (not shown). (5) We also wished
to investigate whether 1 of the uORF peptides might reg-
ulate transcriptional activation by MTE-1. Human MTF-1
expression clones containing or lacking the uORFs were
transfected into the MTF-1 knockout cell line DKO7 (Heu-
chel et al 1994) along with a B-globin reporter gene under
the control of tandem metal-regulated enhancer (MRE)
sequences (4X MREd). Reporter gene activity, as quanti-
fied by S1 mapping, was the same among all MTE-1 ex-
pression clones irrespective of the presence of uORFs (not
shown). (6) To see whether the uORF1 or uORF2 peptides
affected translation efficiency of MTE-1 mRNA, we had
both of the peptides synthesized and added them to a
reticulocyte lysate system for cell-free coupled transcrip-
tion/translation. However, the synthetic peptides, alone
or in combination, and tested at various concentrations,
had no effect on translation efficiency, as determined by
bandshift experiments (not shown). (7) To see whether
the peptides affected DNA-binding of MTE-1, a bandshift
assay was done in presence of synthetic uORF1 and/or
uORE2 peptides in the binding buffer; no effect was ob-
served. (8) Finally, we tested not only transfections but
also cell-free transcription reactions of a metal-responsive
promoter under the control of MTE-1 in the presence of
synthetic uORF1 or 2 peptides. Again no effect on re-
porter gene expression was observed in S1 mapping ex-
periments. Also, the peptides did not affect cell-free tran-
scription from MTF-1’s own promoter (not shown). In
spite of all these negative findings, we still consider it
likely that the conserved uORFs contribute to some, as
yet unknown, functional aspects of MTF-1.
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Mapping of the transcript starts of MTF-1

We also performed a number of transcription start map-
ping experiments of MTF-1 in mouse and human cells.
These studies revealed a multitude of scattered transcrip-
tion initiation sites, upstream and around the putative ini-
tiator AUG of uORF1. Such scattered starts are typical for
TATA-less promoters and occur in many housekeeping
genes (Grosschedl et al 1981; Smale and Baltimore 1989
and references therein). The DNA probe for transcript
mapping extended to nucleotide —100 from the main
starts (see Materials and Methods for details). The same
pattern of multiple transcription starts was observed with
transfected MTE-1 promoters and with endogenous MTF-
1 transcripts from mouse and human cells, suggesting
that the complete information for transcription initiation
was embodied within the subcloned promoter segments
(Fig 4 and data not shown).

MTF-1 expression is not inducible by heavy metal and
other selected stressors

The budding yeast Saccharomyces cerevisiae and the op-
portunistic pathogenic fungus Candida glabrata harbor
very similar heavy metal inducible transcription factors,
designated Acel (Thiele 1988) and AMT1 (Zhou and
Thiele 1991), respectively. Acel/AMT1 are completely
different from MTF-1 and likely evolved separately. While
in S. cerevisiae the Acel factor gene itself is not stimulated
by metal stress, in C. glabrata the AMT1 transcription fac-
tor gene is activated by heavy metal load, resulting in a
positive feedback. In order to test whether the promoter
of MTE-1 is responsive to cellular stress, we tested several
stress conditions in transfected mammalian cells and also
tested for a possible induction of the endogenous MTF-1
transcripts. Neither zinc, nor cadmium, nor H,O, signif-
icantly elevated the level of MTE1 transcripts (not
shown). These data indicate that MTF-1 is constitutively
expressed and that the induction of its activity under
heavy metal stress is likely largely post-transcriptional.
Indeed, evidence is accumulating that MTE-1 activity is
induced at a post-translational level; N. Saydam and W.S,,
unpublished).

MTF-1 is ubiquitously expressed

In order to assess tissue expression patterns of MTF-1
mRNA and functional protein, we carried out Northern
blot and bandshift analyses with a number of mouse tis-
sues. A commercially available, tissue Northern blot was
hybridized with a full-length MTF-1 cDNA probe. We ob-
served quite uniform levels of expression of MTF-1 tran-
scripts in all tissues tested, with the exception of testis.
Under conditions normalized for poly A* RNA, analysis
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A

5 UTR

frame 1
mouse MTF-1 1t - - - EXFN LT GTGCCGCTEGGGAGGGGAGAA

human MTF-1 GCAATCGTGCCGCTGGGGAGGGGAGAA
pig MTF-1 (BRI GCAATC GTGCCGCTGGGGAGGGGAGAA

TGCTGCTGCCGCCGRERITTGCCGGGAGCCGCGGA
TGCTGCTGCCGCCCGREITTGCCGGGAGCCGCGGA
CGCCGHEITTGCCGGGCAGCCGCGGA

frame 2

GARAGG[YCETTACCTTTCCATTTCTCACAATTGGGC GCACA[Y

GACABGTCATTACETTTECATTTCTCACAATGGGcGcACAA?rG

mouse MTF-{ 64
human MTF-1 67

CCATGGGGGAACAC
CClA‘I‘GGGGGAACAC

pig MTF-1 IGACAGGTCARTACCTTTCCATTTCTCACAATTGGGC CCATGGGGGAACAC
4
bona fide MTF-1
start codon
UORF peptides
LTI VP LGRGEAAAAARVAGS RGIARIPYLPFHFSQLG
M E IV PL.GRGEAAAAARVAGS RGDESLEFHFSQLG
pig ORF1 MVPLCGRGEAAAAANVAGSRGDRSLPFHFSQLG
T BN T. L. LP PLEP GAAEIGIIYL. ST SHNWA E Hjy
P BT, 1. 1. PPLP GAAE TEH YRR I SHNWAEHN
pig ORF2 BLLIBPPLPGAAETGHYLSISHNWAEHN
_me"_J =
ATG
mMTF-1 gene CTG CTGCTG ] B-galactosidase
UORF2 (LacZ) activity
0 50 100 150

pcORF1LacZ CTG CTG CTG

N\AN\AELJ FANNNEIZAN - [
Zn2+
pcORF2LacZ wmeLlcm CIGCTG SN\ Cacz N Z;Z " :
WIELJ

pcORFMTF-1LacZ CTG CTG CTG

Ceonto) WLW g

Fig 3. Sequence of the 5" UTR region of the MTF-1 gene. (A) Alignment of mouse, human, and pig MTF-1 5" UTR sequences and peptide
ORFs. Two ORFs (UORF1 and uORF2) are located upstream of the actual MTF-1 ORF. For uORF1, AUG start and TGA stop are demon-
strated by white rectangles, and uORF2 triple CUG and TGA by shadowed rectangles. The start codon of the bona fide MTF-1 ORF is
marked with an arrow. Shown below is the alignment of uUORF1 and 2 peptide sequences. Conserved nucleotides and amino acids are
highlighted as white letters on a black background. The 5" UTR of pig MTF-1 represents an EST (accession number Z84162). (B) Translation
initiation at UORF start codons. To assess whether the uORFs are translated, recombinant plasmids were constructed wherein the start
codon from either uORF1, uORF2, or hMTF-1 was fused in frame to the B-galactosidase gene ORF. Plasmids pcORF1lacZ, with 3-Gal fused
with the UORF1 AUG, pcORF2lacZ, with 3 CUGs from uORF2, and pcMTF1ORFlacZ, with AUG of the MTF-1 gene ORF, were separately
transfected into HelLa cells. Zinc induction was performed with 100 wM ZnCl, in the medium for 4 hours. The expression level of B-galac-
tosidase from the start codon of each construct was quantified by the ONPG assay (see Materials and Methods). The expression level of
the control CMV-lacZ plasmid is set as 100%. Note that the ORF fused to lacZ is indicated in bold. The standard deviation for the zinc-
treated pcORFMTF-1lacZ is so small that the error bar is hardly visible. Shown on top for comparison is the genomic structure of the mouse
MTF-1 gene with its multiple transcription starts, and the 2 uORFs (UORF1 and uORF2), followed by the bona fide start of the MTF-1 ORF.
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Fig 4. Precise mapping of the multiple transcription start sites in
the MTF-1 gene. RNA was isolated from cells and subjected to S1
nuclease mapping with a labeled DNA oligonucleotide corresponding
to the entire promoter region of MTF-1. While our 3-globin reporter
gene under these assay conditions yields a strong, narrowly defined
site of transcription initiation (Westin et al 1987, and not shown), the
MTF-1 promoter shows the scattered multiple starts characteristic of
TATA-less, CpG-island type promoters. At least the longer tran-
scripts are expected to allow for translation initiation from the AUG
of UORF1 (framed) (see also Fig 3). Pr., position of input oligonu-
cleotide probe (for details see Materials and Methods); C/T/A/G, se-
quencing reaction of the MTF-1 promoter region used as reference;
“mMTF-1 transcripts” indicates the pattern of protection from S1 nu-
clease digest after hybridization of cellular mRNA to the probe oli-
gonucleotide.

of testes revealed at least a 10-fold higher level of MTF-1
transcripts in this tissue (Fig 5). When MTE-1 protein it-
self was analyzed by bandshift, in all tissue extracts of
mice and in all cell types tested so far, we found a strong
band characteristic for MTE-1, and again detected ex-
tremely high expression levels of MTE1 in testes (not
shown).

DISCUSSION

The zinc finger transcription factor MTE-1 is a key player
in the response to cellular stress, notably to heavy metal
load and to hydrogen peroxide, and works by activating
metallothionein and other genes involved in control of
cellular redox balance and/or stress response (Westin
and Schaffner 1988; Radtke et al 1993; Labbé et al 1993;
Heuchel et al 1994; Otsuka et al 1994; Bittel et al 1998;
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Gines et al 1998; Murphy et al 1999). Here we have de-
termined the promoter sequences for the human and
mouse MTF-1 gene and elucidated the complete genomic
structure of the mouse MTE-1 locus for purposes of com-
parison with its counterpart locus in the Japanese puffer-
fish Fugu rubripes genome, described previously (Auf der
Maur et al 1999). The transcription unit of MTE-1 in the
mouse spans some 42 kb, compared to 8.5 kb in Fugu.
This is yet another illustration of the extreme compaction
of the Fugu genome that contains a full set of vertebrate
genes but, due to shortening of introns and spacers, is
collectively only 13% the size of a typical mammalian
genome (Elgar et al 1996). Even though most of the
mouse introns are much longer than the corresponding
ones of Fugu, we find that the actual splice junctions are
conserved to the nucleotide between the 2 species, even
in segments where the protein sequence is poorly con-
served. Conservation of splice junctions could be most
readily explained by selection pressure for a complex pat-
tern of alternative splicing. However, MTF-1 mRNA and
protein are expressed in all tissues analyzed so far, with-
out any evidence for developmental or cell type-specific
alternative splicing (Fig 5 and not shown). Furthermore,
we have argued before that introns, whose sequences can
diverge rapidly, are important to prevent homologous re-
combination between related members of a gene family
(Matsuo et al 1993). Again, however, MTE-1 does not ful-
fill a necessary criterium: the gene encoding it seems to
be unique, ie, without further members of a transcription
factor family. For these reasons, the high conservation of
splice junctions remains enigmatic.

For comparison with mouse and Fugu, the intergenic
region preceding the MTE-1 transcription start was iso-
lated from human as well. Not unexpectedly, like in the
other species, the same phosphatase gene (INPP5P) was
also found to precede the human MTE-1 locus. Curiously,
a large portion of the 3" UTR of the mouse INPP5P gene
appears to have been made obsolete during human evo-
lution by the insertion of 3 Alu repeats, with a concomi-
tant upstream shift of the polyadenylation site (Fig 1). An
analysis of CpG-density vs overall [G + C] content shows
that the intergenic region and leader sequence in both
human and mouse possess the typical features of a CpG
island. Interestingly, the CpG island extends far upstream
of the sequence conserved between human and mouse,
suggesting that a high CpG density and [G + C] content
are more important than the actual sequence. It might be
that the mere features of a CpG island is to ensure an
open promoter structure; Cross and Bird (1995) have
shown that CpG islands are associated with open,
DNAse-sensitive, and hence transcriptionally accessible
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Fig 5. Similar levels of MTF-1 mRNA in all tissues except testes.
A tissue Northern blot containing a normalized amount of poly A*
RNA from various mouse organs was hybridized with a cDNA probe
of mouse MTF-1. The autoradiograph reveals the presence of MTF-
1 mRNA (black triangle) in all tissues: heart (H), brain (B), spleen
(S), lung (Lu), liver (Li), skeletal muscle (M), kidney (K), and testes
(T). An upper band (open triangle) that was not seen in a previous
Northern blot from liver (hot shown) was not further investigated. The
extremely high representation of MTF transcripts in testicular tissue
was confirmed by quantification of protein by electrophoretic mobility
shift (not shown). Similar high testicular transcript levels have been
previously reported for other components of the RNA Pol Il tran-
scriptional apparatus (Schmidt and Schibler 1995).

chromatin. Accordingly, in the pufferfish Fugu, the pro-
moter region is also organized as a CpG island (Auf der
Maur et al 1999), but no primary sequence is conserved
between mammals and fish whatsoever. Both mouse and
human, but not fish, 5 UTRs contain 2 conserved short
reading frames (uORFs). Our studies indicate that in spite
of a very short leader sequence, at least uORF1 with a
near perfect Kozak rule initiation context is likely to be
expressed. Upstream ORFs or additional start codons in
frame with the bona fide protein are particularly frequent
in genes controlling cell growth, including transcription
factors and kinases. A common denominator of such up-
stream initiation sites seems to be a downregulation of
the translation efficiency of the bona fide ORE, perhaps by
feedback mechnisms (Geballe 1996; Brown et al 1999). A
well-characterized example is the transcription factor
GCN4 in yeast that contains no less than 4 uORFs in the
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leader that can be bypassed under conditions of amino
acid starvation to allow for more efficient translation of
GCN4 (Grant et al 1995). Another case is represented by
the mammalian AdoMetDC gene transcript, where trans-
lation of a 7-amino acid leader peptide has been shown
to downregulate translation from the downstream ORF
for the AdoMetDC enzyme (Hill and Morris 1992). In our
case, however, several experiments have not yielded any
evidence for an effect of the upstream ORFs on MTFE-1
concentration or function, neither in a positive nor neg-
ative way. As mentioned above, fungal metallothionein
genes are activated by a copper-containing transcription
factor unrelated to MTF-1. In the pathogenic yeast C. gla-
brata, AMTT1 is subject to positive autoregulation by an
MRE in its promoter, while in the budding yeast S. cer-
evisiae, the closely related ACE1 factor is constitutively ex-
pressed. The latter situation seems be the case for MTF-
1. First, we found no signature MRE motifs in its pro-
moter. Second, neither transfection of the transcription
factor MTE-1, or Sp1, nor various conditions of stress such
as heavy metals or heat resulted in any appreciable up-
or downregulation of a reporter gene driven by the MTF-
1 promoter. Thus, MTF-1 seems to be ubiquitously and
constitutively expressed (see also below). Curiously, un-
like many CpG island promoters, the MTF-1 promoter
also does not contain binding sites for the Sp1 transcrip-
tion factor, and accordingly transfection of an Spl ex-
pression vector had no effect on transcription from an
MTE-1 promoter (not shown).

MTF-1 is a key player in the cellular stress response,
notably to heavy metals, but also to oxidative stress. Its
target genes include the stress-induced metallothioneins
MT-I and MT-II and y-GCS, an enzyme essential for glu-
tathione synthesis (Giines et al 1998). It is therefore not
unexpected that MTE-1 was found to be expressed in all
cell lines tested by us (not shown) and in all tissues as-
sayed by Northern blot analysis (Fig 5). The exorbitant
level of MTE-1 gene transcripts in testes also holds true
for at least some other components of the transcription
apparatus: Schmidt and Schibler (1995) have found that
the TATA box-associated protein TBP and also TFIIB and
the pol II machinery are all very highly expressed in sper-
matocyte precursor cells. It was argued that this overex-
pression ensures heavy duty transcription throughout
spermatogenesis, even into the stages of sperm matura-
tion. Nevertheless, the very strong MTE-1 expression in
testes may well serve a specific function, because testes
from sexually mature mice contain 10-fold higher mRNA
levels for MT-I and -II than adult liver (De et al 1991).

Knockout of the murine MTF-1 results in embryonic
lethality at day E13, with liver decay as the primary de-



fect (Glines et al 1998). So far, it has not been possible to
rescue MTF-1 knockout mice with a liver-specific pro-
moter activity, while rescue was possible with a ubiqui-
tous expression pattern (PL., T. Riilicke, and W.S., unpub-
lished). Even though MTF-1 seems not essential for the
growth of fibroblasts and for the differentiation into a few
basal neural cell types, it may well fulfill an essential role
in cellular stress response in many tissues other than the
liver.
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