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ABSTRACT

Cadmium chloride (Cd;!') administration induces the

production of metallothionein (MT) mRNA in the liver of

winter flounder. Analysis of polyadenylated mRNA directed

cell free translation products by polyacrylamide gel

electrophoresis showed that hepatic mRNA from Cd2
>- injected

flounder translated to yield MT. Polyadenylated RNA

purified from liver samples of winter flounder after Cd2,­

injections \oIas then used to construct a cDNA library,

Several recombinant clones made complementary to MT mRNA

were selected from this cDNA library by an oligonucleotide

derived from the amino-terminal amino acid sequence of

winter flounder MT. Sequence analysis of two of the cDNA

inserts gave the structure of the ent.ire J' -untranslated

region, a coding region corresponding to the flounder MT and

49 nllcleotides of the 5' -untranslated region.

One of the flounder MT cDNAs, pWFMTC4, was subcloned

into an RNA probe plasmid and transcribed to produce

antisense MT RNA (MT cRNA) which was then used to detect the

MT mRNA levels in tissues of the winter flounder after

various treatments. The hepatic MT mRNA levels were found

to be induced in the winter flounder following multiple

injections of metal ions (cu2>, Zn2>, Cd2>, Pb2>, and Hg2').

The time required for the induction of hepatic MT mRNA by a

single injection of Cd2> was approximately 96 hours.
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Dexamethasone did not induce any accumulation of MT mRNA in

any of the tissues examined (liver, kidney, heart, brain,

intestinal scrape, and gill filament), whereas CdH induced

MT mRNA in all of those tissues except brain, where the

endogenous level of expression was high.

Southern blot analyses of winter flounder genomic DNA

showed that there is a single MT gene in the winter

flounder. These results together with the protein and eDNA

sequence analysis establish that there is a single species

of MT protein in the winter flounder. The complete amino

acid sequence of flounder NT was derived from the cDNAs. It

has 20 cysteine residues in a 60 amino acid polypeptide with

a characteristic of Class I NT protein structure. It shows

50% to 57% amino acid sequence identity with chicken and

pigeon MTs respectively, approximately 60t sequence identity

with mammalian MTs and 85"' sequence identity with rainbow

trout MTs.
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INTRODUCTION

STRUCTURE OP METALLOTHIONEIN (MT)

AND ITS POSSIBLE FUNCTIONS

1.1.1. Discovery of MTs

A cadmium (CdH ) and zinc (znH ) binding protein was

first discovered and isolated from normal kidney by

Margoshes and Vallee in 1957. Characterization of this

protein revealed its two unique and unusual properties: it

is cysteine rich and has a high metal-binding capacity.

This protein was subsequently named "metallothionein" (Ragi

and Vallee, 1960; Vallee, 1979). It was unexpected that

CdH could be enfolded inside a protein in vivo, and it was

believed that this protein caused the accumulation of CdH

in the kidney (Kagi and Vallee, 1960; Kagi et a1., 1974;

Nordberg and Kojima, 1979).

1.1.2. General properties of MTs

since NT was first isolated from equine kidney more

than 30 years ago (Margoshes and Vallee, 1957), it has been

established that it is ubiquitous among animalS, with

related proteins occurring in lower eUkaryotes, some plants,

and prokaryotes (Nordberg and Kojima, 1979; Hamer, 1986;



Rag! and Kojima, 1987). The properties and characteristics

of MTs were reviewed by Nordberg and Kojima (1979), and used

as criteria for the identification of folTs. The following

are the general properties of MTs: (1) MTs are cytosolic

metal-binding proteins that have a high cysteine content

(30%) and do not normally contain aromatic amino acids or

histidine. Thus, they do not absorb at 280 nm. (2) Their

relative molecular mass (M,) is in the range of 6,000 to

la, 000 and they usually consist of about 60 amino acid

residues. (3) They have a very high affinity and capacity

to bind heavy metal ions such as copper (cu+-) , ZnH , and

Cd2+-. A total of seven atoms of divalent metal ions can be

bound in a single MT molecule through mercaptide bonds

provided by the cysteine residues. (4) They show

spectroscopic features characteristic of metal-thiolate

clusters, with a maximum absorbance 254 nm (Al~) for Cdll ­

bound MT. (5) The cysteine residues are usually distributed

along the polypeptide chain. (6) They show heat stability

(65°C to 70°C, for 5 to 10 minutes (min) and (7) metal

inducibility in mo;:t. biological tissues.

Isoforms of MTs are also well dOCumented in mammalian

cells (Hamer, 1986). Based on ion-exchange chromatography,

two major NT isoforms (MT-I and MT-II) have been identified

in most mammalian cells (Hamer, 1986). Each major form also

contains isoproteins which are separable by reverse phase

High Pressure Liquid Chromatography (HPLC) (Hunziker and



Ragi, 1985; Richards and Steele, 1987). Human MTs exhibit

the most complex polymorphism, with at least six isoforms of

MT-I and a single major form of MT-II being expressed and

further resolved by reverse phase HPLC analyses (Hunziker

and I<agi, 1985).

1.1.3. Primary structure of MTs

since the cysteine residues in MT are essential for the

binding of heavy metal ions, they can be aligned to

facilitate comparisons bet....een the different molecules from

diverse organisms. Such an alignment was reported by Fowler

et al. (19878) who divided MTs into three classes.

Class I comprises vertebrate MTa, some invertebrate

MTa, and other NT-like sequences which have highly conserved

cysteine residues at specific positions (Fig. 1). The

highly conserved central sequence, RKSCCSCCP, found in all

mammalian MTs (I<agi at al., 1984) is underlined in the human

MT-II sequence in Fig. 1. Invertebrate MTs do not have the

highly conserved central sequences of the mammalian MTs.

However, Nemer et al. (1985) proposed a so called It central

sequence", CXCXXXCXC (where X represents any non-cysteine

amino a<..id) , as the evolutionary conserved sequence found in

most MTs.

class II consists of MTs from sea urchin, wheat, yeast,

and others which show less sequence homology than found in



Figure 1. Amino acid sequences of representative MTs.

Gaps in the Class I MT sequences are introduced to

JIIaximize structural alignlllents. The highly conserved

central sequence (KKSCCSCCP) found in all maJllmalilln MTs is

underlined in the human MT-II sequence. The numbers on top

of human HT-II refer to the sequences of major mammalian

MTs. Mould MT sequence is the Neurospora MT and mushroom MT

sequence is from Agaricus bisporus. For yeast MT, the

amino-terminal (leading) sequence (MFSELINF) is not included

in this figure. These sequences were adapted from Kag! and

Schaffer. 1988. Nematode MT sequence is the Caenorhabdi tis

ologans MT (Slice et al •• 1990).



human MT-II
horse MT-I
rat HT-:r
chicken
crab MT-I
mould
mushroom

CLASS X XB'l'ALLO'l'BXOIfBIM.

1 10 20 30 40 50 60
MOP NCSCAAGDSCTCAGS CKCKE CKCTSC~GCAKCAQGCICKGASDKCSCCA
HOP NCSCPTGGSCTCAGS CKCKE CRCTSCKKSCCSCCPGGCARCAQGCVCKG ASDKCSCCA
HOP NCSCSTGGSCTCSSS CGCl(N CkCTSCKKSCCSCCPVGCSKCAQGCVCKG ASOKCTCCA
MDPQOC'l'CAAGOSCSCAGS CKCKN CRCRSCRKSCCSCCPAGCNNCKQGCVCKEPASSKCTCCH

PGPC C NDKCVCKEG GCKEGCQCTSCRCSPCEl(CSSGC KCANKEECSKTCSKACsCCPT
H GDCGCSGASSC'l'CGSG CSCSN CGSK
M GDCGCSGASSCTCASGQCTCSG CGK

CLASS IX KBTALLO'l'BIOIfBIM.

sea urchin MPDVKCVCCTEGKECACFGQOCCVTGECCKDGTCCGICTNAACKCANGCKCGSGCSCTEGNCAC
nematode MVCKCDCDCKNQNCSCNTGTKDCDCSDAKCCEQYCCPTASEKKCCKSGCAGGCKCANCECAQAAH
yeast QNEGHECQCQCGSCKNNEQCQKSC5CP'rGCNSDDKCPCGNKSEETKKSCCSGK
cyanobacterium TS'rl'LVll:CACEPCLCNVDPSKAIDRNGLYYCCEACADGHTGGSKGCGHTGCNC

CLASS III KE'l'ALLOTBIONBIMS

phytochelatins (1'" Glu-Cys).-Gly n-2-8



Class 1. Two unique features or the yeast HT (CUP1)

sequence should be noted. (I) There is an amino-terminal

sequence of eight residues in CUPl (not shown in Fig. 1)

that is not found in any of the other MTs described. (2)

There is a sequence of KKSCCS close to the carboxy 1 cnd

Which is homologous to the conserved central sequence found

in mammalian HTs (KKSCCSCCPl (Fig. 1) (Butt et al., 1984a;

Karin et al., 1984c). This CUP1 protein contains only 12

cysteine residues (22 man) in the 53 residue mature

(cleaved) protein, and is capable of binding only four Cd!'

ions or eight Cu1+ (Butt at al., 1984b; Winge at al., 1985;

Byrd at al., 1988).

Class III MT is a group of polypeptides containing

glutamylcysteinyl units which can bind metals (Cirill at al.,

1985). These MTs are known as plant phytochelatins which

are converted from glutathione by phytochelatin synthase

(Grill et a1. 1987, 1989) and the prokaryotic oligopeptides

(e.g. ('I" Glu-cys].-x, where n'" 2-8 and X is a glycine or

alanine). Their sequences are much shorter than Class I and

Class II MTs (FOWler et a1., 1987a; Kagi and Schaffer,

1988) .

1.1.4. Tertiary structure of MTs

HTs (Class I) are non-globular proteins which behave

like prolate ellipsoids on gel-filtration (Kagi at al.,



1974). Their Stokes' radius has been estiJrl.ated to be 16 "­

and does not change upon the removal of the metal ions (Kagi

et al., 1974). Secondary structure predictions based on the

method. of Chou and FasllIan (1978) and spectroscopic analysis

have shown that the MT 1Q0lecule consists ot 55' random coil,

nearly 40\ reverse turn and ,8-turn conformation, and very

little a-helical structure (Vasak and Kagi, 1983; Vasak,

1986; McCormick et 0111., 1988). To date, no apo-thionein has

been isolated from any organism. The molecule contains no

diaulfide bridges or trel;) SUlfhydryl groups as deternained by

spectroscopic analysis (Kagl et .Ill., 1974; Vasak et al.,

1981; Hunt at al., 1984).

The tertiary structures of three Class I MTs from

rabbit, rat and crab, have been well characterized by

nuclear magnetic resonance (n.m.r.) spectrometry and X-ray

crystallographic studies (Winge and Kiklossy, 1982; Hunt et

al., 1984; Nielson and Winge, 1985; Furey at al., 1986,

1987; Schultze et al., 1988). The .olecule consists of two

independent globular domains (a and IJ) with clusters of Cys­

Cys and Cys-X-Cys sequences which together chelate six or

seven atoms of 2n1 " or Cdh (Hunt et al., 1984; Braun et al.,

1986; Furey at al " 1986, 1987). Cadmium 113 n.m.r. and

'H-IH n.m.r. stuc'ies using crab or rabbit MTs showed that

three or tour metal ions are organized into each of t.'le two

independent domains (0: and ,8) (otvos and Armitage, 1979;

otvos et al., 1982; Boulanger et al., 1983; Wagner et al.,



1986). Domain a is at the carboxyl end and comprises amino

acid residues 31 to 61 in rabbit NT-II; domain fJ is at the

amino terminus and comprises amino acid residues 1 to 29

(Braun et a1., 1986; Wagner at 81., 1986).

Furey et a1. (1986) studied a rat NT-II crystal

structure that showed domain {3 enfolding a three metal

cluster of one Cd1+ and two ZnH coordinated by six tenJinal

cysteine thlolate ligands and three bridging cysteine

thiolates. The a domain enfolded a four-CdH cluster

coordinated by six terminal and five bridging cysteine

thiolates. All seven metal sites had tetrahedral geometry.

Schultze et a1. (1988) reported similar results from the

three dimensional structure of rat liver Cd1-MT-II in

aqueous solution using n.m.r. spectrometry and distance

geometry calculations. Kagi at a1. (1984) compared the

spectroscopic analyses of MTs bound with a single metal

species, Le. Zn'·, Cd'·, NiH, coH
, Hg1+, PbH or Bih ,

prepared in vitro. They found that all cysteine residues

participated in metal binding; each metal ion was bound to

thiolate ligands, and that the symmetry of each complex in

the domain was close to a tetrahedron (Kagi at a1., 1984).

Copper binds to all MTs as a monovalent ion (zinc and

cadmium bind as divalent ions) so that 11 to 12 cuprous ions

can be bound within a single polypeptide in a trigonal

geometry (Nielson and Winge, 1985; Nielson at a1., 1985).



1.1. 5. Possible function of MTs

MTs are cytosolic cysteine-rich metal-binding proteins

that can be induced by, and can bind to heavy metal ions

(Hamer, 1986; Kaqi and Schaffer, 1988). However, there is a

pauci ty of information on the interactions among metal ions,

MT and other mota1 binding proteins. Therefore, the precise

in vivo mechanism of action of MT is not yet known (Karin,

1985; Hamer, 1986; Dunn Qt al., 1987; Kagi and Schaffer,

1988). It is possible that they may serve in a variety of

phYsiological and biochemical roles. The two major functions

which have been suggested for MT are intracellular CuH and

znl+ homeostasis, and heavy metal (mainly CdH )

detoxification (Brady, 1982; Webb and Cain, 1982; Cherian

and Nordberg, 1983; Karin, 1985; Hamer, 1986; Bremner, 1987;

Dunn at al., 19B7; Kagi and Schaffer, 1988).

The presence of MT in normal tissues suggests that it

is involved in metal homeostasis during normal cell

proliferation and growth, possibly by supplying znH and cuH

to metal- dependent enzymes and providing ZnH to RNA

polymerases and their associated protein factors (cousins,

1979; Cherfan et al., 1987; Webb, 1987). This suggestion is

consistent with the results of other studies which

demonstrate ontogenetic changes in NT gene expression during

the early development of sea urchins, chickens and mammals

(Ouellette, 1982; Andersen at al., 1983a; Andrews at al.,
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1984; Nemer et al., 1984; Cherian et al., 1987; Wei and

Andrews, 1988). For example, Andersen et al. (1983a) found

that fetal and neonatal rat livers had higher MT levels than

did those of adults. Similar observations have been made in

chickens where hepatic MT mRNA levels increased

significantly following hatching and returned to basal

levels by the time they were adults (Wei and Andrews, 1988).

The precise reasons for these developmental changes in MT

gene expression are unknown.

Although the above studies favour the hypothesis that

HT is important for normal cellular growth and development,

the existence of cell lines which have lost their ability to

synthesize MT has been used as evidence against this

involvement (Hamer, 1986; Dunn et al., 1987). However, this

argument is a weak one since cell lines are unlikely to be

representative of an intact organism.

There is a considerable body of literature concerning

the homeostatic control of Cu2+ and ZnH absorption by the

mammalian gastrointestinal tract and the role of MT in the

regulatory process. since CuH and ZnH are essential trace

elements, the impetus behind these studies is their

nutri tional importance and the fact that dietary levels in

humans may be marginaL This literature has been reviewed

extensively by Cousins (1985) and summarized more recently

by Bremner (1987). Although there appears to be some

agreement that MT is involved in the homeostatic regUlation
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of the gastrointestinal uptake of these metals, its precise

role is far from clear.

Richards and Cousins (197Sa,b, 1976, 1977) were the

first to demonstrate that injections of stable Zn'" and the

feeding of high Zn'" diets resulted in the synthesis of MT

by the intestinal mucosa of rats. They concluded that the

efflux of ZnH from the mucosal cells into the blood was

inversely related to the level of MT in the mucosal cytosol.

cousins (1979) proposed that the control of Zn'" absorption,

in response to the body's needs, was mediated through

changes in the production of MT. According to their model,

when the ZnH status of an animal is elevated, MT synthesis

is induced in the intestinal mucosa. The MT then competes

for newly absorbed ZnH with the normal "carrier" protein in

the cell, thereby reducing the amount of Zn'" that is

available for transfer into the body. Zinc ions bound to MT

is then eliminated during desquamation of the mucosal cells

(Menard at a1., 1981). However, as Cousins (1985) and

Bremner (1987) point out in more recent reviews, the inverse

relationship between MT synthesis and Zn'" absorption has

only been observed after the administration of fairly large

doses of ZnH or a sudden increase in the dietary supply of

ZnH to animals previously fed a ZnH deficient diet. The

role that MT plays at normal intake levels of ZnH is not

clear. No major changes in mucosal MT content have been

found in rats or sheep when their dietary ZnH intake is

12



increased over a wide range, even though the efficiency of

ZnH absorption is greatly reduced (reviewed by Bremner,

1987) .

Evidence that MT plays a role in metal detoxification

com\s from the fact that MT production can be induced in

mjd. organisms and cultured cell lines by the administration

o~ heavy metal ions (Harner, 1986; Grady et al., 1987). This

~vidence is further strengthened by the fact that MT

(production cannot be induced in cultured mouse lymphoid

cells, a cell line which is very sensitive to the toxic

effects of Cd2+ (compere and Palmiter, 1981). The

sensitivity of lymphoid cell to CdH appears to be due to an

inability to produce MT. Further evidence for a role for MT

in metal detoxification stems from experiments using tissue

CUlture, where cell lines selected for increased metal

resistance, amplified their MT genes (Beach and Palmiter,

1981; Crawford et a1., 19B5; Hamer, 19B6).

hlthough the cultured cell line studies present

persuasive evidence for a metal detoxification role for M'l',

experiments using intact vertebrates are less convincing.

since an understanding of the physiological role of MT is of

importance to human health, most of the research on intact

vertebrates has been confined to mammals. cdH causes renal

proximal tubule cell damage, tubule proteinuria and

ultimately renal failure in vertebrates. Therefore, when

CdH-MT was discovered in horse kidney, the question arose
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concerning the role of MT, if any, in preventing renal

failure. Experiments designed to answer this question

illustrate the complexity of the mammalian heavy metal

detoxification system and serve to demonstrate why it is

difficult to come to firm conclusions about the role of MT

in the process.

The current hypothesis is that CdH is taken up through

the lungs (inhalation) or from the gastrointestinal tract

(ingestion) and transported to the liver where the

production of MT is induced (J<agi and Nordberg, 1979;

Piscator, 1986). For reasons that are not yet known CdH-MT

is released or lost from the liver (possibly by damaged

cells) and transported to the kidney via the circulatory

system (Squibb et a1., 1982, 1984; Squibb and Fowler, 1984;

suzuki, 1984; Nordberg and Nordberg, 1987). The CdH-MT

then passes through the glomerulus to be reabsorbed by the

renal proximal tubules (Cherian et a1., 1976; Sato and

Nagai, 1982; squibb at a1., 1982, 1984; Nordberg, 1984;

Dudley at a1., 19B5; Abel at a1., 19B7). It has been shown

that, in tubular cells, MT can accumulate inside the

lysosomes where it is degraded to produce free Cd2+

(reviewed by Goering at a1., 1987). This free CdH causes

nephrotoxicity, and also induces the production of renal MT,

thus promoting the accumulation of Cd1+-MT in the kidney

(Cherian et a1., 1976; Cain and Holt, 1983; SUZUki, 19B4;

Fowler at al., 19B7b; Nordberg and Nordberg, 1987).
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One of the key questions concerning MT as a mechanism

of detoxification is what happens to the bound metal. The

NT turnover rate in mammals is quite rapid, in the order of

10 to 20 hours (Bremner, 1987). since there is no good

evidence for the excretion of NT or its bound heavy metal

from the body, this relatively high NT turnover rate

indicates that the animal must continue to synthesize MT in

order to detoxify the accumulated metal ions. This suggests

that MT is functioning as a storage protein and serves no

role in the excretory process.

MOLECULAR BIOLOGY OF MT GENES

Knowledge concerning the regUlation of MT gene

structure and expression far surpasses our poor

understanding of the precise function of NT itself. This is

because the MT genes constitute one of the best known models

for the study of eUkaryotic gene expression. In addition,

the recent advent of genetic engineering and the production

of transgenic organisms for basic and applied research has

relied heavily on the promoter region of several MT genes to

construct a large array of fusion genes.

MT gene organization

The first MT gene to be isolated was from mouse DNA
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libraries (Durnalll et al., 1980). Since then, a number of

functional vertebrate MT genes have bRan cloned and

characterized. These include mouse MT-I (Ournam et al.,

1980) and MT-II (Searle et al., 1984), up to ten human MT

genes inclUding MT-IIA (Karin and Richards, 1982a) and MT-IA

(Richards et al., 1984), a rat MT-I gene (Andersen, R.D. et

al., 1986), a sheep MT-IA gene (Peterson and Mercer, 1986),

and a chicken MT gene (Fernando and Andrews, 1989). These

genes all show a similar three exon structure separated by

two introns, with exon I encoding the first nine amino acids

at the amino-terminal end, exon II encoding the remainder of

the ,a-domain, and exon III encoding the a-domain. Processed

MT pseudogenes have also been well docutru;tnted (Karin and

Richards, 19S2a; varshney and Gedalllu, 1984; Schmidt et al.,

1985) •

In Drosophila, there is a sing-Ie copy MT gene which has

only two exons (Maroni et al., 1986). This Drosophi.la MT is

regarded as a Class I MT, although it has only 40 amino acid

residues (Maroni et al., 1986; Kagi and Kojima, 1987).

1.2.2. Regulation of MT gene expression

In mammals, the MT mRNA levels are increased by the

administratIon of various metal ions (I.e. cuH , Zn2+, and

Cdh
), dexamethasone, lipo-polysaccharides, interferon, and

interleukin-I (Durnllm llnd palmiter, 1981; Hager and
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palmiter, 1981; Mayo at al., 1982; Ournam et al., 1984;

Karin et al., 1985; Morris and Huang, 1987). Evidence

suggests that thase increases in MT mRNAs levels are the

result of increased transcription of the NT genes (Ournam

and Palmiter, 1981; Hamer, 1986).

Other inducers of MT synthesis and/or accumulation of

NT mRNA in mammals include ultra-violet (UV) irradiation,

mitomycin-c (a growth inhibitor), surgical wounds (skin

excision in mice), a tumor promoter, 12-0­

tetradecanoylphorbol- 13 acetate (TPA), lymphokines,

glucagon, estrogen, progesterone, vitamin 03 and

inflammatory agents (Lieberman at a1., 1983; Angel et al.,

1986; Karasawa at aI, 1987; Fornace et al., 1988). At

present, it is not known whether these inducers act at the

level of gene transcription.

There is very little known about the functional

significance of individual NT genes within the cell,

although it has been suggested that each NT gene has a

specific function (Richards et al., 1984; Searle et a1.,

1984; winge et a1., 1984; 'iagle and Palmiter, 1985; Karin,

1988). These genes show tissue specific gene expression in

mammals and sea urchins (Schmidt and Hamer, 1986; Wilkinson

and Nemer, 1987). Human NT genes also show significant

differential regUlation. For example, in human skin

fibroblasts (GM 969) and HeLa cells, the hMT-IIA gene is

highly responsive to zn2+, Cdh or dexamethasone;
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whereas hMT-IA gene is mainly responsive to CdH
, but not to

ZnH (except at higher concentrations) or dexamethasone

(Richards at a1., 1984). In the human hepatoma cell line

(HepG2) the hMT-IIA gene responds equally well to cu1+, znH ,

and CdH • However, the hMT-IF gene is induced poorly by CuH

(relative to ZnH and CdH
) and the hMT-IG gene is induced

poorly by Cd2+ (relative to Cu2+ and zn2+) (Sadhu and Gedamu,

1988). The picture in mice differs from that of human where

similar levels of MT-I and MT-II mRNAs were observed

following induction by the same heavy metal (1agle and

Palmiter, 1985).

Mammalian MT genes can also be regUlated by the level

of DNA methylation (Compere and Palmiter, 1981; Hildebrand

et al., 1982). In cultured mouse thymoma (N7) cells and

chinese hamster ovary cells, expression of HT-I gene becomes

CdH
_ inducible following administration of azacytidine (a

compound that causes hypomethylation), resulting in these

cell types switching from a Cd2+_ sensitive phenotype to a

CdH
- resistant one. In human cell lines, Heguy et al.

(1986) demonstrated that the hMT-IB gene in HeLa cells is

highly methylated and does not respond to metals, whereas in

a hepatoma cell line, HepG2, the same gene which is not

methylated, can be induced by metals. For dexamethasone,

JahroUd! et: al. (1987) reported that the expression of MT

genes by this inducer can be altered by changing the degree

of methylation. They took a human lymphoblastoid cell line,.



(WI-L2) containing a hMT-IIA gene promoter which was not

inducible by dexamethasone, treated it with azacytidine and

demonstrated the expression of the gene following

dexamethasone treatment.

1.2.3. Promoters of MT genes

It has been suggested that the mechanism of regulation

of differential MT gene expression can be attributed to the

cis-acting elements in the 5 I promoter region of the gene

and their related trans-acting protein factors

(transcription factors) (cynan and Tjian, 1985; Johnson and

McKnight, 1989). From sequence and functional analysis of

the cloned human, mouse and rat MT genes, multiple c1s­

regulatory elements have been identified in their 5 I

promoter-enhancer regions (Searle at al., 1984; Haslinger

and Karin, 1985; serfling at al., 1985; Karin et al.,

1984a,b, 1987; Andersen et al., 19871. These elements

inclUde the metal regulatory elements (MREs), the

glucocorticoid regulatory elements (GREs), and the basal

level expression elements (BLEs) (Hamer, 1986). Some HREs

also contain a "GC boX" sequence (GGCGGG), which is a

binding site for transcription factor Sp1 (Lee at al., 1987;

Harrington at a1., 1988). Not all HT genes contain all of

the regulatory elements (Karin et al., 1987). For example,

hMT-IA promoter does not contain any BLEs and also does not
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show any enhancer activity when fused to a heterologous

reporter gene (thymidine kinase gene of herpes simplex

virus) (Richards et a1., 1984).

A number of studies have characterized the HREs of the

human NT gen'!s. Karin at al. (1984a,b) using deletion

mutants of the hMT-IIA gene promoter found that a pair of

MRE sequences, distal and proximal to the TATA box, were

responsible for CdH
- inducibility. The consensus sequence

of these two MREs was suggested to be 5 'TGCGCCCGGCYCJ'

(Karin et al., 1984b; Karin et al., 1987).

Many HREs have been identified in the other MT gene

promoters. For instance, there are six MREs distributed

inside a region of 40-421 bp upstream from the transcription

start site or the sheep MT-I gene (Peterson and Mercer,

1986), and six MREs in the rat MT-I gene, 50-170 bp upstream

from the transcription start site (Andersen, R.D. et al.,

1986). Stuart at al. (1985) compared the MREs of several

mammalian MT genes and proposed a consensus sequence of

5' CTNTGCRCNCGGCCCJ' . The nucleotides essential for MRE

function were determined using a series of oligonucleotides

linked to a heterologous reporter gene (thymidine kinase

gene of herpes simplex virus). Comparison of the metal

inducibility of these nucleotides suggested that the core

MRE motif was 5 'TGCRCYC3 , (stuart at a1.. 1984, 1985; Searle

et al., 1985).

A number of studies have been carried out to determine
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how many MRE elements are required for the MT gene to be

fully inducible. Karin at al., (1984b) using deletion

mutants found that a single proximal MRE confers full metal

inducibility of the hMT-IIA gene. A similar result was also

obtained using the chicken MT promoter (Fernando and

Andrews, 1989). However, studies using MT genes other than

hMT-IIA indicate that a pair of MREs are required (Carter et

al., 1984; stuart at al., 1984, 1985).

The glucocorticoid responsive element (GRE) has also

been characterized in hMT-IIA by deletion assays and

receptor binding analysis (Karin et al., 1984a). This GRE

sequence, 5 'GGTACACTGTGTCCT3', located about 250 bp upstream

from the start site, shows homology to the glucocorticoid

responsive sequences of mouse mammary tumor virus- long

terminal repeat (MMTV-LTR) (Karin, 1988). The hMT-IA and

hMT-IB gene do not have GRE sequences and hence do not

respond to glucocorticoid (e.g. dexamethasone)

administration (Richards et al., 1984; Heguy at al., 1986).

1.2.4. Trans-protein factors that

interact with MT gene promoters

One of the major sUbjects of MT gene regulation is

whether metal ions are the primary gene inducers, and if

they are, how do they activate the transcription of the MT

genes. Recent studies on a yeast MT gene transcription
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factor suggested that it had a cysteine rich region which

could bind with metal ions. This trans-acting regulatory

protein (ACEl) that activates yeast CUPI gene transcription

has been identified and sequenced (Thiele, 1988; Furst et

a1., 1988; szczypka and Thiele, 1989). The ACEI gene

encodes a protein of H, 24,000 which has a HT-like primary

structure in its amino-terminal domain. It is hypothesized

that cu ions (cuprous or cupric) bind to the amino-domain of

ACE1, change the conformation of ACEI and hence activate the

CUPI gene promoter by binding to the upstream activating

sequences (Furst et a1., 1988).

In higher eukaryotic cells, it is believed that the

HREs are binding sites for transcription factors which

mediate or activate transcription of Mi' genes by kNA

polymerase II. Current thoughts on the interactions between

human or mouse MT gene promoters and their transcription

factors are as follows. (1) The existence of mUltiple ois­

acting elements in the human hMT-IIA and the mouse 1lIMT-I 5'

flanking promoter regions suggest that the activation of a

MT gene requires a factor to bind to the MRE(S) and to

interact with other factors that bind to the adjacent C15­

elements (Imbra and Karin, 1987; Lee et al., 1987; Chiu et

al., 1988). (2) In mouse cells, it has been shown, by in

vivo and 1n vitro footprint analyses, that the MREs had no

protein bound with them whereas t'ne BLEs were bound with

other transcription factors in the absence of heavy metal
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ions (Andersen et a1., 1987; Mueller at a1., 1988). The

same experiments also showed that in the presence of heavy

metal ions, a new set of metal-dependent footprints were

observed on all of the MREs of the mouse MT-I promoter

(MUeller et a1., 1988).

Recently, three research groups reported the

identification of MRE binding proteins from mouse cell

lines. The first report was from seguin and Prevost (1988)

who showed that in heavy metal- resistant mouse L cells, a

nuclear protein pl08 (M," 108,000) was capable of binding

with the mouse MT-I MREd oligonucleotide. This MREd

oligonucleotide is a strong wild type Drill. sequence which

contains both the core MRE motif sequence- TGCRCYC, and the

binding site for transcription factor Spl (CCGCCC), as 5'­

CTCTGCACTCCGCCCG-3'. Another research group (westin and

schaffner, 1988) analyzed the in vitro binding of Spl and a

zinc-inducible factor (MTF-ll to a synthetic mMT-I HRE

(MREd) • They haVe not reported the size of the protein but

they did show that the Sp1 and MTF-l complexes had an

overlapping binding site in MREd. However. there is no

evidence to show that the MTF-1 is responsible for metal­

induced transcription of the mMT-I gene (Westin and

Gchaffner, 1988). The relationship of this MTF-l to the

pl08 protein is not known. Neither pl08 nor MTF-1 binds to

the Spl binding site, 5 'CCGCCCJ , , although the search for

the transcription factor(s) responsible for the binding and
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activb-tion of MT genes has been complicated by the presence

of the binding site for Spl. using MRE sequences which do

not contain the Spl binding sequence of 5 'CCCGCC3' has led

to the purification of another nuclE<ar protein eM, =74, 000)

from uninduced mousa cells (Imbert at al., 1989). However,

this protein does not show any metal inducibility, nor

metal-induced binding of wild-type MREs (Imbert at a1.,

1989) •

The basal level of human MT gene expression can be

regUlated by transcription factors AP-l, AP-2 and Spl (Lee

at al., 1987; Mitchell et al., 1987; Scholer et al., 1986;

Imbra and Karin, 1987). The AP-l is a well studied phorbol

ester-inducible, enhancer binding protein which is also the

gene product of proto-oncogana c-jun (Angel at al., 1987,

1988; Bohmann at a1., 1987; Imbra and Karin, 1987). Since

AP-1 and AP-2 interact with the promoters of a number of

genes that are stimulated by serum growth factors, hMT-IIA

might be involved in cellular growth and proliferation

(Imbra and Karin. 1987; Angel et a1., 1988; Piette et a1.,

1988) .

In the human hMT-IIA gene, the functional binding site

for Spl is located in a "Gen box between two proximal MREs

(Lee et al., 1987). Transcription factor AP-l (c-jun) has

been shown to activate the hMT-IIA gene by binding to the

BLEs (Angel at al., 1987, 1988; piette et al.. 1988). The

binding activity of this AP-l is independent of the "Ge"
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