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The Neurospora crassa copper metallothionein gene was clon-
ed and its complete nucleotide sequence is reported. Enrich-
ed metallothionein mRNA was used as a template for cDNA
synthesis, primed by a metallothionein-specific, synthetic
undecanucleotide. The sequence of the cDNA obtained allow-
ed the synthesis of a unique 21-mer which was used to screen
a genomic DNA library of N. crassa. In agreement with the
published amino acid sequence, the gene codes for a polypep-
tide 26 amino acid residues in length. The coding region is
interrupted by a small intron (94 nucleotides). The gene struc-
ture is compared with those of mammalian metallothioneins.
In both cases, the coding regions are split by introns, the
intron-exon boundaries, however, are in different positions.
The Neurospora copper metallothionein gene is, to our
knowledge, the smallest gene interrupted by an intron isolated
so far.
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Introduction

Metallothioneins (MTs) are a class of low mol. wt., heavy metal-
binding proteins, containing high amounts of cysteine. They have
been isolated from various organisms including vertebrates, in-
vertebrates and fungi (Kégi and Nordberg, 1979). In mammals
MTs have a typical chain length of 61 amino acids and they are
synthesized in response to heavy metal ions and glucocorticoids
(Kégi et al., 1984).

We have previously shown that the ascomycete Neurospora
crassa contains a small copper-binding protein, 25 amino acid
residues in length (Lerch, 1980). It is induced by copper only
and does not bind any other metal ions in vivo. The protein ex-
hibits a pronounced amino acid sequence homology to the
amino-terminal part of mammalian MTs. In particular, the se-
quence positions of the seven cysteinyl residues are conserved
(Lerch, 1980). The ability of Neurospora MT to bind heavy
metals other than copper has recently been demonstrated in vitro
(Beltramini et al., 1984). The biological functions of Neurospora
metallothionein remain unclear although it has been assigned to
play a role in copper storage and detoxification. It was, moreover,
demonstrated in vitro, that it acts as an efficient copper donor
to the apo-forms of copper-containing proteins such as
Neurospora tyrosinase and Carcinus hemocyanin (Lerch and
Beltramini, 1983).

The structures of mouse and human MT genes have been in-
vestigated in great detail (Glanville er al., 1981; Karin and
Richards, 1982). The genes are interrupted by two introns, the
positions of which are conserved. Both for the induction by heavy
metals and glucocorticoids, transcriptional control has been
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demonstrated (Durnam and Palmiter, 1981; Hagar and Palmiter,
1981). Their effects are mediated, however, through the activa-
tion of different promoters (Karin e al., 1984a). Both promoters
have been characterized in the cases of the human MT-II (Karin
et al., 1984a, 1984b) and the mouse MT-I (Stuart et al., 1984;
Carter et al., 1984) genes.

More recently, a gene coding for a cysteine-rich, copper-
inducible protein has been cloned from the yeast Saccharomyces
cerevisiae, and its primary structure elucidated (Butt ez al., 1984a,
1984b; Karin et al., 1984c). It shows, however, only a remote
sequence homology to mammalian MTs.

Both in view of the close structural similarity of Neurospora
copper MT to mammalian MTs and the observed differences in
the mode of induction, we set out to clone the Neurospora MT
gene. Because N. crassa represents a simple, genetically well-
established eukaryotic organism, this system seems to be highly
suitable to investigate the molecular mechanisms of MT induc-
tion by copper and the overall biological function(s) of MTs.

Here, we report the cloning and the nucleotide sequence of
the N. crassa copper metallothionein gene. Its structure is com-
pared with those of yeast, human and mouse MTs.

Results
Primer extension and screening of a genomic DNA library

For specific cDNA synthesis, a primer encoding four amino acids
(residues 11 —14) in the sequence of Neurospora copper MT
(Lerch, 1980) was prepared (Figures 1a and b). This primer was
selected over the other seven possibilities based on the publish-
ed codon usage of the trp-1 (Schechtman and Yanofsky, 1983)
and histones H-3 and H-4 (Woudt et al., 1983) genes from N.
crassa. High mol. wt. cDNA obtained from primer extension
reactions was subjected to chemical DNA sequence analysis

Gly Asp Cys Gly Cys Ser Gly Ala Ser Ser Cys Asn Cys Gly . . . a
8' GGU GAU UGU GGU UGU UCU GGU 6CU UCU UCU UGU AAU UGU 66U 3°. .
¢c ¢ ¢c ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ c¢c ¢ ¢
A A A A A A A A
G G 6 6 6 6 6 G
AGU AGU AGU
[ [
3'ACG TTG ACG CC 8 b
8' ATG GGT GAC TGC 66C TGC TCC G6C 6CT TC 3' c

Met Gly Asp Cys Gly Cys Ser Gly Ala Ser

3'TAC CCA CTG AC6 CCG ACG AGG 8’ d

Fig. 1. Cloning strategy of the N. crassa copper MT gene. Based on the
known amino acid sequence (Lerch, 1980) and the possible mRNA
sequences (a), a DNA primer was synthesized (b) and used for specific
cDNA synthesis with enriched Neurospora MT mRNA (Miinger e al.,
1983). High mol. wt. primer extension products were subjected to sequence
analysis (Maxam and Gilbert, 1980) (c). The amino acid sequence derived
was in complete agreement with the amino terminus of Neurospora copper
MT. This allowed the synthesis of a unique 21-mer (d) which was used to
screen a genomic Neurospora DNA library (Schechtman and Yanofsky,
1983).
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Fig. 2. Restriction map of the Neurospora copper MT gene. Only the sites used to determine the sequence are shown. B, Exons of the MT gene, arrows
indicate the direction and extent of sequencing. For chemical sequencing (Maxam and Gilbert, 1980) (—), restriction fragments were labelled at their 5’ ends
and either subjected to strand separation (Maxam and Gilbert, 1980) or cut with another restriction enzyme. Chain termination sequencing (Sanger ef al.,

1979) ( =) was performed using the wild-type phages mp18 and mp19 (Norrander et al., 1983).

-450 . -400
CTGCAGGTTCTGAGACATCACATGAACATTGCAACCATTCACGCTTTYGGACATCAACCATCTCTATCGTCATCGCCTTACATACTGTACATCCTATGTA
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GCAGCCACCACGGCAGCGAACACCCGCCTCCACTCTTGATGCAGCCGCTACGGCACAAATATCGCAAACCGTGCGGGCGGACGTCCCCGATAGGCTCGGA
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CAACCGACGAACTAAATCATCACTGCATTGAAACACTCACACIAAGACAACATCAGTCTTTCGTCAACCTACACAACCACAACAACAACTCAATTCCTCT

+150
CAAAAGAACAACCAGTTCTATCAAA ITG GGT GAC T6C GGC T6C TCC 66C GCT TCT TCC TGC AAC T6C GGC TCT 6GC T GT

Met Gly Asp Cys Gly Cys Ser Gly Ala Ser Ser Cys Asn Cys Gly Ser Gly C

+300

. +250

ys Ser

+350 .

TGC TCC AAC TGC GGC AGC AAG TAA ATTTACCYCTCCGCICTGCTCAATGCATCCACGTACCCGAGCBACCATGAGCTTTCTTTGAATCACT

Cys Ser Asn Cys Gly Ser Lys ***

+400 .

. +450 .

AGTCGCAGCGACAGCGCGTAAGGTTGGGAGACCTTTGGCTGCCTGACATACCGCCGGGGGGIT?TGTTCCTAYTTCGCCATGACGCCCATTGGCACTTTC

+500

+550

CCCCTTTGGAGAGATATGGATTAGATGAAAACAAAACAAGTCTTTTCCCTCCTTCACAGATAATATTACTCTTGAGATTATGTTTTGATTTGACTGTGAT

+600
GACAACGCCCGAACTCAATGCTTATGATCCTCTACGCC

Fig. 3. Primary structure of the N. crassa copper MT gene. The promoter sequence (Breathnach and Chambon, 1981) is boxed, transcription initiation sites

are indicated by V. The sequence in the intron, possibly involved in splicing (Langford ez al.,

termination sequence (Benoist et al., 1980) is underlined (see text).

(Figure 1c). The amino acid sequence deduced is in complete
agreement with the published primary structure of Neurospora
copper MT (Figure 1c). This allowed the synthesis of a unique
21-mer (Figure 1d) which was used as a hybridization probe to
screen a genomic Neurospora DNA library.

Structure and organization of the gene

The strategy of DNA sequencing, together with a restriction map
of the 1105 nucleotides-long PstI-Hpall fragment are presented
in Figure 2. The sequence of the Kpnl-Hpall fragment was
elucidated by means of chemical sequencing (Maxam and Gilbert,
1980) of the three Hpall sub-fragments as outlined in Figure 2.
The sequence of the PsfI-Kpnl fragment was determined by chain
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1984) is indicated by a dashed box, the putative transcription

termination sequencing (Sanger et al., 1979) of both strands, us-
ing the M13 wild-type phages mp18 and mp19, respectively.
Every sequence was determined at least twice. The complete
nucleotide sequence of the PstI-Hpall fragment containing the
structural gene as well as 5’- and 3'-flanking regions is presented
in Figure 3. Nuclease S1 mapping to determine the start of trans-
cription of the Neurospora MT gene yielded two nuclease-
resistant bands, beginning at the Hpall site at position + 147 and
ending at C —1 and A +1 (data not shown). At positions C +20
and A +21 two weak S1-resistant bands were also detected. Con-
trol experiments, omitting either MT mRNA or enzyme, yield-
ed no detectable signals in this region.
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Fig. 4. Comparison of the human MT-2 (Karin and Richards, 1982), mouse MT-1 (Glanville et al.,
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1981) and Neurospora copper MT genes. Amino acid

residues are abbreviated using the one-letter code: A, Ala; C, Cys; D, Asp; E, Glu; G, Gly; K, Lys; M, Met; N, Asn; P, Pro; S, Ser; T, Thr; V, Val.

Identical amino acid residues are boxed, exons are indicated by hatched bars.

Table I. Comparison of codon usage in the N. crassa copper MT gene with
trp-1 (Schechtman and Yanofsky, 1983) and histone H-3 and H-4 (Woudt ez
al., 1983) genes

MT trp-1 H-3/H4
Cys TGT - - -
TGC 7 10 1
Ser TCT 3 14 4
TCC 3 20 7
TCA - 1 —
TCG - 8 1
AGT - 4 -
AGC 1 12 2
Gly GGT 1 18 13
GGC 5 34 9
GGA — 7 2
GGG - 3 -
Discussion

Computer analysis of the nucleotide sequence obtained, demon-
strated that the reading frame for Neurospora copper MT spans
a total of 172 nucleotides. The coding region is interrupted by
a short, 94-bp intron (Figure 3). A polypeptide of 26 amino acids
is encoded, the sequence of which is, with the exception of the
amino-terminal methionine, in complete agreement with the
published amino acid sequence (Lerch, 1980). Recent h.p.l.c.
analysis of Neurospora copper MT revealed the existence of
isoforms with the N-terminal methionine still present (K. Lerch,
unpublished data). The gene exhibits 53% homology to the 5’
part of the mouse MT-I gene when the nucleotide sequences are
aligned as shown in Figure 4.

The coding block is significantly G +C rich (64 %) compared
with the flanking regions and the intron (49%). The codon usage
for the most abundant amino acids cysteine, glycine and serine
is presented in Table I. All seven cysteines are encoded by TGC.
This strong preference is in agreement with other Neurospora
genes sequenced so far (Schechtman and Yanofsky, 1983; Woudt
et al., 1983). The same finding has also been reported for the
mouse MT-I (Glanville ez al., 1981) and the human MT-II (Karin
and Richards, 1982) gene. Similarly, the codon usage for glycine
and serine are in agreement with other Neurospora genes
(Schechtman and Yanofsky, 1983; Woudt er al., 1983; Alton
et al., 1982). All the data taken together show that the Neurospora
MT gene exhibits a strong preference for codons ending in G
or C (81%).

The position of the transcription initiation site at A +1
established by nuclease S1 mapping, is in agreement with the
consensus sequence PyCAPy (where A denotes position +1 and
Py a pyrimidine nucleoside) derived from a comparison of dif-
ferent mRNA start sites (Corden et al., 1980). The sequence
around A +21 also agrees with the consensus sequence men-
tioned above. At this position, two weak nuclease S1-resistant

bands were also detected. Therefore we suggest, that a major
transcription initiation site is located at A +1 and a minor one
at A +21.

A typical TATA box (Breathnach and Chambon, 1981) is
centered at position —45. A second element which is present
in many eukaryotic promoters in the —100 region (the CAAT
box) (Breathnach and Chambon, 1981) is absent in the
Neurospora MT gene.

The metal regulation sequences of the mouse MT-I and human
MT-II genes were identified by an extensive series of mutation
studies (Karin et al., 1984b; Carter et al., 1984). A 12-bp DNA
motif, repeated several times in these promoter regions, confer-
red metal regulation to thymidine kinase when inserted into the
promoter of this gene (Stuart ez al., 1984). A computer search
in the 5’ region of the TATA box in the Neurospora MT gene
did not reveal sequences with extensive homology to the metal
regulation elements of mammalian MT genes. The absence of
homologous elements, however, may reflect the different mode
of induction reported for Neurospora copper MT. No sequence
homology in the 5’ regions could be detected when Neurospora
and yeast copper MT genes were compared. This result is not
too surprising since the primary structures of the gene products
also show no significant correspondence. Taken together, these
data suggest that Neurospora and yeast copper MTs did not evolve
from a common ancestor.

As in many yeast mRNAs (Zaret and Sherman, 1982), the
typical poly(A) addition signal AATAAA (Proudfoot and
Brownlee, 1976) is absent in the Neurospora MT gene. A se-
quence centered at position +515 (TTTTCCCTCC), however,
has eight out of 10 bases in common with the model sequence
TTTTCACTGC for the 3’-terminal region of eukaryotic genes
(Benoist et al., 1980).

The coding region of the Neurospora MT gene is interrupted
by an intron. In agreement with the rule proposed by Breathnach
et al. (1978) it begins with the dinucleotide GT and ends with
AG. Fifteen bases upstream the 3’ intron exon junction, the se-
quence TACTAACC was detected. It is identical in seven of eight
bases with the TACTAACA box, a common feature (Langford
and Gallwitz, 1983; Pikielny ez al., 1983), and essential splic-
ing signal sequence in yeast introns (Langford et al., 1984). The
sequence found is complementary in five positions to the 5’ in-
tron exon junction T:GTAAGTT. Similar sequences were
reported in a number of other split Neurospora (Woudt et al.,
1983; Arends and Sebald, 1984) and fungal (Dons et al., 1984)
genes. The splicing mechanism of yeast pre-mRNA, involving
lariat structures (Domdey et al., 1984; Rodriguez et al., 1984)
may therefore also be functional in splicing of certain Neurospora
and other fungal pre-mRNAs.

The Neurospora MT gene is, to our knowledge, the smallest
gene interspersed by an intron isolated so far. Whether or not
the intron-exon structure reflects functional domains in copper
binding is being investigated by n.m.r. spectroscopy. In contrast
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to the Neurospora MT gene, those from mammals are made up
of three exons (Glanville ez al., 1981; Karin and Richards, 1982)
(Figure 4). For mammalian MTs, it has been shown by 3Cd
n.m.r. spectroscopy (Otvos and Armitage, 1980), that the seven
metals are bound in two distinct domains. The four-metal do-
main A involves 11 cysteines of the C-terminal part (correspon-
ding to exon 3); the three-metal domain B comprises nine
cysteines of the amino-terminal part (corresponding to exon 1
+ 2) of the molecule (Boulanger et al., 1983). In view of the
striking amino acid sequence homology between Neurospora cop-
per MT and the amino-terminal part of mammalian MTs, it is
of interest to compare the structures of corresponding parts of
the genes. As shown in Figure 4, the DNA sequences are inter-
rupted by an intron in both cases. However, the intron-exon boun-
daries are located at different sequence positions. In Neurospora
copper MT, the intron splits the sequence at amino acid residues
17/18; in human and mouse MTs at amino acid residues 9/10.
Following the idea that fungal, invertebrate and vertebrate MTs
evolved from a common ancestor (divergent evolution) (Kéigi et
al., 1984; Lerch, 1980) the course of evolution may be more
complex than proposed by Glanville et al. (1981) based on
primary and secondary structures of the mouse MT-I gene and
its mRNA, respectively. The possibility of convergent evolution
of fungal, invertebrate and vertebrate MTs may, however, not
be ruled out, until more structures of MT genes become available.

Materials and methods

Synthesis of oligodeoxynucleotides

Oligodeoxynucleotides were synthesized on a manual solid-phase DNA synthesizer
(BACHEMGENTEC) according to the phosphotriester method (Miyoshi ez al.,
1980a, 1980b). The fully deprotected oligomers were purifed by gel-filtration
on Sephadex G-25 (Pharmacia), followed by electrophoresis on 8 M urea/20%
polyacrylamide gels and chromatography on NACS-52 (BRL).

Isolation of RNA and oligonucleotide-primed cDNA synthesis

mRNA was isolated from copper-exposed mycelium of N. crassa wild-type strain
(Fungal Genetic Stock Center #321, Arcata CA) by the method of Chirgwin
et al. (1979), followed by poly(A) selection on oligo(dT)-cellulose (Aviv and
Leder, 1972). After size fractionation on isokinetic sucrose density gradients (Noll,
1967) and in vitro translation of individual fractions, the size of N. crassa MT
mRNA was estimated to be 7.6S (Miinger ef al., 1983). Taking this mRNA as
a template, cDNA was synthesized essentially as described by Nathans and Hogness
(1983). After size fractionation on Sephacryl S-300 (Pharmacia), high mol. wt.
primer extension products were subjected to chemical sequence analysis (Max-
am and Gilbert, 1980).

Screening of a genomic library

A library of genomic Neurospora DNA was generously provided by M.
Schechtman, Syracuse University (Schechtman and Yanofsky, 1983). The library
was screened according to Hanahan and Meselson (1980) using a synthetic oligo-
deoxynucleotide, 32P-labelled at its 5’ end, as a hybridization probe.
Restriction mapping

Restriction enzymes obtained from Boehringer Mannheim, Amersham, or Anglian
Biotechnology were used according to the protocols supplied. Digests were analyz-
ed on 6% polyacrylamide or 1% agarose gels. DNA in agarose gels was denatured
and blotted to nitrocellulose sheets (Schleicher and Schuell) (Southern, 1975).
Nuclease S1 mapping

Nuclease S1 mapping was performed according to Berk and Sharp (1977) as
modified by Weaver and Weissmann (1979).

DNA sequencing

The sequence of the 1.1-kb PstI-Hpall fragment was determined by a combina-
tion of chemical (Maxam and Gilbert, 1980) and chain termination (Sanger et
al., 1979) methods using the M 13 wild-type phages mp18 and mp19 (Norrander
et al., 1983). DNA sequences were analyzed with a computer program (Queen
and Korn, 1980).
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