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ABSTRACT

From a cDNA clone bank prepared from cadmium~treated HeLa
cells, we isolated clones representing mRNAs whose concentration
is increased after cadmium induction. Several metallothionein
CcDNA clones were isolated by cross-hybridization to mouse metallo-
thionein-I cDNA. The nucleotide sequence of one of these clones,
containing a nearly full-length cDNA copy of human metallothionein-
II mRNA, was determined. The homology between the human and mouse
metallothionein sequences is strictly limited to the coding region
of the mRNA. Codon usage in metallothionein mRNA is not random.
Seventy-nine percent of the codons have G or C residues at the
third position, resulting in a GC-rich sequence.

INTRODUCTION

Metallothioneins (MT) are a family of low-molecular-weight,
heavy metal binding proteins, characterized by a high cysteine
content and the lack of aromatic amino acids. Metallothioneins
bind 6 to 7 moles of heavy metals, such as Zn, Cd, Cu and Hg, per
mole of protein. They are ubiquitously distributed in the animal
and plant kingdoms and are also found in prokaryotes (1). Human
MTs have been isolated from the liver, where they are present as
two major forms known as MT-I and MT-II (2). The regulation of
human MT synthesis has been studied in several human cell lines,
including the well characterized HeLa cells. In HeLa cells, MT
synthesis can be induced by either zntt or ca‘t (3) and by gluco-
corticoid hormones (4). In the past we have shown that either
heavy metals or glucocorticoids are "primary" inducers (5) of the
genes and lead to a rapid increase in the amount of translatable
MT mRNA (6). In order to investigate the molecular mechanisms
regulating MT genes' expression, it is necessary to have specific
hybridization probes for the genes and the mRNAs. 1In this commun-
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ication we describe the molecular cloning and primary structure of
the mRNA for human MT-II.

MATERIALS AND METHODS

Total RNA was extracted by the method of Chirgwin et al. (7)
from HeLa cells maximally induced to synthesize MT by incubation
in 10-5M CdCl2 and lO_uM cycloheximide for 8 hr before harvest
(5.,6). Poly(A)-containing RNA was selected by hybridization to

oligo(dT)-cellulose (8) and used as template for the synthesis of
double-stranded cDNA by sequential reverse transcriptase reactions.
After removal of hair-pin loops by SI nuclease digestion, homo-
polymeric tracts (tails) with an average of 12 dCMP residues were
added to the 3' termini of the cDNA by incubation with terminal
transferase (Ratcliffe) and dCTP (9). The double-stranded, dCMP-
tailed cDNA sequences were annealed to plasmid pBR322 DNA, pre-
viously linearized with restriction endonuclease Pst I (BRL) and
3'-tailed with an average of 10 dAGMP residues. The resultant chi-
meric plasmid DNA was used to transform E. coli RRI. The yield of
recombinant colonies was 4 x 103/ug CcDNA, greater than 90% being
of Amps, ret® phenotype. Bacterial colonies containing recombi-
nant plasmids were grown and fixed on 0.45-p nitrocellulose fil-
ters, essentially as described by Grunstein and Hogness (10).
Duplicate filters were hybridized with 32P-labelled cDNA synthe-
sized from poly(A)-containing RNA from either induced or uninduced
HeLa cells, as described above. Twenty-four colonies were judged
by radioautography to give a stronger hybridization signal with
induced cDNA. Plasmid DNA was prepared from each of these colo-
nies and digested with Bam HI and Ava II. Four colonies were
found to contain a Bam HI site within the cloned insert sequence
and also to hybridize relatively strongly with a restriction frag-
ment of a cloned mouse MT-I cDNA (11) containing only coding se-
guences. The identity of these sequences as coding for human MT
was verified by nucleic acid sequence analysis.

RESULTS AND DISCUSSION
Construction and isolation of the cDNA clone

Maximal levels of MT-mRNA are achieved 8 hr after addition of
10°M cd*t to HeLa cells (6). The level of translatable MT-mRNA
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can be further increased by inclusion of 10 'M cycloheximide

during the induction period (5). Under these conditions, MT-mRNA
is estimated to constitute about 2% of the mRNA. The starting
material for the cloning experiment was total RNA isolated from
HeLa cells, induced with Cd++ and cycloheximide as described above.
Messenger RNA was selected by oligo(dT)-cellulose chromatography
(8) and served as template for the synthesis of double-stranded
cDNA, which was subsequently cloned into the Pst I site of the
cloning vehicle pBR322, as described in Methods.

Seven hundred of the resultant recombinants were initially
screened by colony hybridization (10), using a nick-translated
(12) mouse MT-I cDNA probe (kindly provided by Dr. Richard
Palmiter). We failed to detect signals significantly higher than
background--a result that was not too surprising since the mouse
MT-I cDNA hybridizes to a large number of sequences in the mouse
genome (11) and weakly cross-hybridizes to a large number of human
sequences as well (R. Palmiter, personal communication). There-
fore, we have used a less direct approach for the detection of
human MT-mRNA clones. Single~stranded 32P-cDNA probes were tran-
scribed from poly(A)+-RNA from induced and uninduced HeLa cells.
The mRNA from the induced cells should have an approximately 50-
fold higher content of MT-mRNA than control cells (6). A clone
containing MT-cDNA sequences should therefore preferentially hy-
bridize with the "induced" 32? cDNA probe. After hybridization of
duplicate nitrocellulose filters with "induced" and "uninduced"
32P-cDNA probes, 24 positive colonies were selected by virtue of
stronger hybridization signals with induced over uninduced probe
(Fig. 1).

The amino terminal of all mammalian MTs sequenced has the
structure N-Acetyl-Met-Asp-Pro. The corresponding nucleotide se-
quence is therefore either ATG GAC CCN or ATG GAT CCN, containing,
respectively, either an Ava II or a Bam HI restriction endonuclease
recognition site. Restriction endonuclease mapping of the selected
plasmids revealed that none of the insert sequences contained an
Ava II site, whereas a Bam HI site was found within the inserted
sequence of four recombinants. For nucleic acid sequencing, re-
striction fragments were end-labelled by either polynucleotide
kinase (13) or reverse transcriptase (14) and subjected to chemi-
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cal degradation by the method of Maxam and Gilbert (13). These
four plasmids also gave relatively strong hybridization signals
with mouse MT-cDNA probe (11) on a Southern blot (15) (data not
shown). Of these plasmids, the one with the longest insert was
chosen for further analysis.

The nucleotide sequence of MT-II mRNA

Plasmid DNA was prepared from the clone described above; it
was labelled at its Bam HI site with a-32p-dGTP and reverse tran-
scriptase (14), and the nucleotide sequence around this site was
determined by the method of Maxam and Gilbert (13). The sequence
in one direction encoded almost the complete peptide sequence
(amino acids 3 - 61) of human MT-II. This insert sequence was
subsequently completely derived (Fig. 2) and the plasmid desig-
nated phMTII-3. The coding region in phMTII-3 is flanked by 57-
and 128-nucleotide-long 5' and 3' untranslated regions, respec-
tively.

The coding region predicts a peptide sequence clearly identi-
cal to human MT-II, as previously reported (16), with the excep-
tion of residues 58 and 59, which are actually conserved with
respect to the rodent MT sequences (1,18) and have recently been
reassigned in the human (K#4gi, J.H.R., personal communication).
Both the location of the Pvu II site and repeated nucleotide se-
quence analysis across this region verified the sequence shown
(Fig. 2). The 5' untranslated region, although apparently almost
full-length (73 nucleotides in mouse MT-I; ref. 19), may contain
ambiguities introduced during the cloning procedure (20,21) and
will therefore require verification by sequence analysis of the
chromosomal gene. The 3' untranslated region may also be incom-
plete since it lacks a poly(A) tract. Nevertheless, it does con-
tain two AAUAA sequences commonly found near the 3' end of eukary-
otic mRNA sequences (17).

Amino acid position 11 in the human MT-II sequence is an
aspartic acid residue (16) and its codon (GAY) forms part of a

Figure 1. Identification of cloned cDNA sequences coding for

human MT. Shown is one of seven triplicate sets of filters used
to screen the HelLa cell cDNA librarg with A. "induced" 32p-cDNA,
B. "uninduced" 32P-cDNA, and C. 32P-nick-translated Bam HI-

Pvu II fragment from phMTII—3.
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AGIECCAGCGAACCCGCI} GUMWCCGACWMCGCCUWUCMGQ
Tacl HinfI PnuéhI MboIT Nc

Met Asp Pi mcylsorcysuaunalyups-rcwmcw

AUGGASC’C‘C’W%CUCCISCGCCGCCGGUWUCCUGCACC@

oI BamHI .Hhal HpaI  HinfI ‘b Hh
20

s Ser Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala
LQAMAGCUGCWCUCCUGCLGCCCUMGGCWGCCMGUGUGCC
Alul . Bgll .
100 120
Gln Gly Cys Ile Cys Lys Gly Ala Ser Asp Lys Cys Ser Cys Cys
CAA 66C UGC AUC UGC AAA GGG GCG UCG GAC AAG UGC AGC UGC UGC
PrudHI AcyT Pvarr 3

140 160 180
Ter
GCC UGA UGCUGGBACAGCCCCGLUCCL AGAACGCGACUUCCACAAACCU
ar TacT Ecor
200 220
WUUUAUGUACMCCCLEACCGUGACCGUU[K;CUMIAUUCCUUUUUCUAUWMJ
I Rsar .
240 260 280
AAAUGUGAAUGAUAAUAAAA
300

Figure 2. Nucleotide sequence of human MT-II mRNA, as deduced
from the cloned cDNA insert in plasmid phMTyy-3. (Top) The se-
quencing strategy and physical map of the phMTyy-3 insert sequence
cloned into the Pst I site of pBR322, as described in Methods.
Both Pst I sites were lost during the cloning procedure, probably
due to exonuclease contamination of terminal transferase. (Bot-
tom) Nucleotide sequence of human MT-II mRNA showing coding po-
tential for the MT-II protein sequence (ref. 16; Kigi, J.H.R.,
personal communication). Nucleotides are numbered from the AUG
initiation codon. Restriction endonuclease recognition sites dis-
cussed in the text are underlined, as are the AAUAA sequences
commonly found in the 3' untranslated regions of eukaryote mRNA
sequences (17). The cloned sequence is flanked by 21 G residues
and 18 C residues at the 5' and 3' termini, respectively.
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Hinf I restriction endonuclease recognition site (Fig. 2). 1In the
human MT-I sequence this amino acid residue is a glycine (GGN)
(1), and therefore this Hinf I site should be absent. In each of
the cloned MT cDNA sequences analyzed, this Hinf I site is pres-
ent; we therefore conclude that they all encode the MT-II peptide
and not MT-I.

Table I shows the codon usage in human MT-II mRNA. Codon
usage is not random: 78.5% of the codons have G or C residues at
the third position; 90% of the cysteine codons, for example, end
with C. Similar observations have been made for the mouse MT-I
mRNA (11). The two MTs are 81% and 85% homologous in their
nucleotide coding regions and amino acid sequences, respectively.
The homology is strictly limited to the coding region of the
mRNAs; the 3' and 5' untranslated regions do not exhibit any
homology whatsoever.

Using phMTII-3 as a specific hybridization probe for the dif-
ferent human MT genes, we can now: a) isolate cDNA clones of the
other human MT mRNAs; b) isolate bacteriophage clones of human
genomic DNA, containing the MT genes; c) investigate the molecu-

TABLE I
Codon Utilization of Human MT-II mRNA
Nucleotide base of codon
2
L U C A G 3
Phe Ser Tyr Cys 2 U
U Phe Ser 4 Tyr Cys 18 ¢
Leu Ser Term Term 1 A
Leu Ser 2 Term Trp G
Leu Pro 1 His Arg U
c Leu Pro 1 His Arg Cc
Leu Pro GluN 1 Arg A
Leu Pro GluN Arg G
Ile Thr 1 AspN Ser U
a Ile 1 Thr 1 AspN 1 Ser 2 C
Ile Thr Lys 5 Arg A
Met 1 Thr Lys 3 Arg G
Val Ala Asp 1 Gly 2 U
G Val Ala 6 Asp 2 Gly 2 Cc
Val Ala Glu Gly A
Val 1 Ala 1 Glu 1 Gly 1 G
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lar mechanisms involved in regulation of MT mRNA synthesis by
heavy metals and glucocorticoid hormones; and d) determine whether
the inherited defects in human trace-metal metabolism, such as
Wilson's disease, acrodermatitis enteropathica and Menkes' kinky
hair syndrome, are due to mutations in the MT gene(s), as has

been proposed (22-214).
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