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ABSTRACT 

Metdothioneins (MT'S) are d proteins that can bind heavy metal 

ions - such as zinc, cadmium, and copper through interactions with their 

multipie cysieine residues. hKïs probably pIay a role in metal ion 

homeostasis and detoxification of poisonous metal ions as wd as providing 

protection from the effects of oxïdative stress. MT gene expression can be 

induced by the same metais that the protein binds as weil as some oxidants. 

The activation of transcription from MT genes is mediated by multiple cis- 

acting elements cailed Metal Responsive EIements ,@IRES) found in the 5' 

regulatory regions. This study has focused on the cloning of the trout 

metallothionein A gene, tMT-A, foIlowed by a functional analysis of its 5' 

regulatory region as well as investigations of the functional and physical 

interactions of the mouse (nt) and hurnan (h) metid responsive transcription 

fadors (MTFs) with trout promoter dements- 

The MT-A gene was structurdy analyzed and found to be highly 

homologous to the M T - B  gene. The 5' regulatory regions of MT-A and MT- 

B were compared and found to show over 70% homology even up to 1000 b.p. 

from the transcription s€art sites. The 5' regdatory region of M'T'-A contains 

6 consensus MREs as well as a single consensus Anti-oxidant Responsive 

Element (ARE) and multiple ARE half-sites. 

The contributions of various MT-A promoter elements were 

examined by a series of deletion mutants ligated to reporter gens and 

transiently transfected into trout ce&- The resuits indicate that ai least two 
iii 



MREs are required for high Ievels of metal inducible expression but a single 

MRE can support low basai levels of transcription. When ai l  MREs are 

removed from the MT-A promoter alI transcriptional activity is abolished. 

For oxidants to induce transcription from the tMT-A promoter both an ARE 

h&-site and a single MRE are minimally required. 

The function of mMTF and hMTF in trout cells was assayed by co- 

transfecting their respective cDNAs with a tMT-A promoter deletion, Both 

mammalian factors were active in trout cells and hcreased the transcription 

from the W - A  promoter without the addition of exogenous zinc. 

Recombinant, in vitro transIated MTFs would bind bout MREs in rnobility 

shift assays in a zinc dependent manner. Treatment of the in vitro translated 

MTFs with cadmium, however, abolished the DNA biriding activïty- Tt was 

also found that cadmium can displace zinc and zinc c m  displace cadmium 

from the zinc finger moieties of MTF. This suggests that MIT transiently and 

reversibly binds metal ions but DNA binding activity is oniy seen when the 

fingers are ocnipied by zinc. These results support a mode1 of mekd directed 

transcription whereby MTF is activated directly by association with zinc and 

as such becomes competent to bind MREs and activate transcription from MT 

promoters. 
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CHAPTER 1. Background and Objectives 



1. Introduction. 

Trace bioiogically important metals such as zinc and copper are known 

to have integral roles in many biocheinical fundiors wïthïn celis induding 

cefadors for metabolic enzymes and indusion in structural motifs for 

trançaiption Mors and other proteinç. Other metals, such as cadmium and 

mer- are hi@y toxic to biological systems and it is necessary for an 

organism to protect itself from the effects of these agents. One protein, 

metallothion& (MT), has been shown to be able to bind both the mentioned 

biologicdy important met& as well as the toxic met&. MTs are ubiquitous 

in nature and have been found in aU taxonomie kingdoms. As wd, the MT 

protein is distributed widely in many body tissues induding gonads, bain, 

gui, Iung and many others but it has been most widely studied in b e r  and 

kidney. The MT gemes are unigue in that they are induced by the same me& 

to which they bind as well as a multitude of other agents which has led many 

to ask the question "what doesn't induce MT expression?" The MT genes are 

regulated in both a developmentally and cd-type speafic maMer suggestir~g 

that their presence is tightly controlled at the &anscriptional level and this 

has led many researchers to study the transcriptional regulation mechanisms 

of MT genes. Despite the large amount of knowledge we have about the 

regdation of MT transcription a definitive answer has not been determined 

about the exact biologicd role of the MT protein. 



11. The Metallothionein Protein. 

1- Protein structure- 

The AKï protein was fist Ïsoiated as a cadmium binding protein from 

equine rend cortex (Margoshes and Vallee, 1957; Kagi and Vake, 1960). The 

onginal intention was to discover a biologicd role for cadmium by finding 

cadmium specific proteins but since then it has been leamed that MT is 

usudy found complexed with eiiher zinc or copper ui tissues and as yet no 

biological role for cadmium has been found. MT'S can also be diaracterized by 

their s m d  size 6 - 7 kDa, the high cysteine content, about 33%, and the la& of 

aromatic amino aads. It is these unique structural characteristics that d o w  

MT to have the biophysical characteristics of binding metal ions with a high 

density (7 divdent metal ions per MT molecule 60 amino au& in size) and 

s t a  d o w   the^ redis&icbution by reversfile binding of the metal ions. 

The structure of MT has been studied and the three dimensional 

conformation has been determined by both 2D-NMR (Schultze et al., 1988; 

Arseniev et aL, 1988; Messerle et aL, 1990) and X-ray crystallography (Furey et 

al., 1986; Robbinç et al., 1991). MT has two distinct domains when completely 

occupied by metal ions, the or domain which is comprised of amino a ~ d s  31 to 

61 and the domain which is comprised of amino aads 1 to 30. Of these two 

globular domains the a domain contains 11 cysteine residues and binds 4 

divalent metal ions while the B domain contains 9 cysteine residues and 

binds 3 divalent metal ions (Otvos et al., 1993). There is however relatively 
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lMe known about the binding of MT to copper(I) ions except that the 

stoichiometry is different such that ùistead of 7 ions bound as with divalent 

metal ions, 12 monovdent metal ions may bind MT (Nielson et al,, 1985; 

Harner, 1986). In all cases, whether MT is buiding monovalent or divalent 

ions, the metal iori are c o o r h t e d  by thiolate bonds to the sulfur containing 

side chains of the cysteine residues. 

The affinity for metal ions in mammaLian MTs is as follows: Cu(I) > 

Cd(II) >Zn@) (Li et ai., 1980). The apparent association constant for Zn@) at 

pH 7 is in the range of 10" to IO" M-' while Cd@) and C u 0  bind several 

orders of magnitude more tightly (Vasak and Kagi, 1983; Otvos et d-, 1989). 

The higher affinity of MT for Cd as  compared to Zn is thought to be the 

reason why the biologically unimportant and environmentally Iess abundant 

Cd is found bound to MT in heaithy tissues- The hi@ affinity for Cu is not 

readily comparable to the dative affinities for Cd and Zn because the 

different vaiencies of the ions means that they are complexed differently by 

Mï.  NMR spectroscopy has reveaied that the two domains of MT have a 

high abundance of cysteinemetal-cysteine cross-links that are 

therrnodynamically stable but kineticdy labile allowing for the movement of 

metal ions both between domains of the same molecuie and to other MT 

molecules (Otvos et al., 1987). The MT protein can also form mixed metal 

dusters in some instances. 

Due to the fact that both 2110 and C d 0  prefer to be tetrahedraily 

coordinated, when Zn,-MT is mixed in solution with Cd,-MT mixed metal 
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clusters are formed in both the a and $ domains (Nettesheim et al-, 19û5). 

The monovalent Cu0 ion however prefers a tngonal coordination with 6 

ions per domain which makes it less Lïkely that a Cu-Cd or Cu-Zn mixed 

metal cluster will form within one domain (Winge, 1991). Otvos et ai. (1993) 

tested this using NMR spectroscopy and found that the C u 0  analog, Aga, 

was preferentially found in the domain and Zn@) was found in the a 

domain of MT when Ag# and Zn,-MT were mixed in solution. The final 

product of this mDSng experirnent was ~gziZn:-MT (-0s et al, 1993). As 

stated before MT has different affinïties for different metal ions but in 

addition to that each domain seems to preferentiaily bind certain ions- The a 

domain binds more strongly to &(II) and Cd@) than the domain while 

C u 0  and its analogs show the opposite preference (Briggs and Armitage, 1982; 

Nielson and Winge, 1983; 1984). 

2. Protein funetion. 

The precise cellular role(s) of MT has not y& been fumly established 

but due to their ability to bind some transition metal ions a part in metai ion 

homeostasis for the biologicaliy important ions such as zinc and copper, as 

wd as a role in the detoxification of poisonous met& such as cadmium and 

mercury seems plausible (Thiele, 1992). In general the MT genes appear as 

multi-gene familiees in most species and they are differmtidy regulated in 

terms of development (Olsson et al., 1990; Andrews et al., 1993) and cd-type 
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specifiaty (Price-Haughey et al., 1987; Jahroudi et al., 1990). This suggests that 

because the presence of the MT genes are regulated both tempordy and 

spatially the protein must have a definite role to play during development 

and in certain c d  types and it is thought that this biological role wiU most 

Iïkely be the homeostasis and rediçtribution of the biological trace metals, zinc 

and copper (Cherïan and Chan, 1993). This role requires MT to play a 

relatively active part as a meta1 transfer agent either donating a metal ion to 

or p d h g  a metal ion from zinc or copper dependent proteins (Li et aL, 1980; 

Udom and Brady, 1980; Zeng et al., 1991a; 1991b). Consistent with this role is 

the s m d  size of MT which ensures that the potential metal ion recipients or  

donors interacting with MT have relatively easy access to the metal ions. The 

f a d e  metal-thiolate exchange reaction is also consistent with the role of MT 

being a metal ion transfer agent (Otvos et aL, 1993). 

A more passive role has also been proposed and that is a s  a biological 

chelaior of toxic metaI ions. One possible way to keep cadmium and mer- 

from having their deleterious effecfs is to mnove them £rom solution and 

sepester them for storage until permanent removal can be completed. This 

role is possible because cadmium has been shown to bind very tenaciously to 

MT which would help in keeping fiom returning to the cytosol where its 

toxic ic&s are manifest- In an attempt to determine the biological action(s) 

of MT Masters et al. (1994) inactivated the MT4 and MT41 genes of mice and 

found that developmentally the knock-out mice appeared normal and the 

only observable effect was that the mice were more sensitive to cadmium 
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poisoning. However, for a common and widespread protein such as MT that 

is present even when the levels of toxic metai ions is very low, detoxification 

of poisons is rinlikely to be the only role of MT. Tt is more Iikely that, in the 

MT knock-out mice, redundant systems compensated for the lack of MT 

during development and resuited in a normal appearing organism- 

An additional role for MT, that dc+esnft even involve metals, has been 

proposed and that is the protection from oxidative stress and the scavenging 

of hydroxyl radicals. Although zinc-MT can scavenge hydroxyl and other 

oxygen radicals and provide some protection againsi lipid peroxidation and 

DNA damage, the reiative importance of MT in relation to the other 

antioxidant defense mechanisms such as SOD and GSH: is not weU 

understood (Cherian and Chan, 1993). It has been demonstrated in nitro that 

Cd-MT and Zn-MT from rabbit iiver can scavenge hydroxyl radicals 

(Thomally and Vasak, 1985). in addition to hydroxyl radicals, it has been 

shown that both yeast and mammalian MTs can provide protection against 

the superoxide anion by ailowing yeast cells lacking superoxide dismutase to 

grow normaUy even when chdenged with oxidants (Tamai et al., 1993)- 

Further, the coexpression of MT and Cu, Zn-superoxide dismutase has been 

reporteci in yeast cells where MT may act as both a metai ion donor to the 

superoxide enzyme and an antioxidant (Charri et al., 1991). It has also been 

shown that in GSH depleted cells MT can provide protection from hydrogen 

peroxide (Ochi, 1988) and the cytotoxic effeds of quinone (Chan et aI., 1992). 

Pre-treatment with MT inducing agents in vivo can provide protection to 
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subsequent treatments with agents that cause oxidative stress (Sato et al., 

1995). As well, celis cul- in vitro frorn MT-I/MT-II ndl mutant mice 

show an enhanceci sensitivity to oxidative stress (Lazo et ai., 1995). These data 

suggest that MT plays a protective role against many different oxygen 

containing radicals but there is still some doubt as to the relevance of this to 

MTs actual physiological function(s)- 

However, it has aiso been shown that agents which can cause oxidative 

stress can in some instances also induce the expression of MT genes (Dalton et 

al., 1994). This transcriptional induction cm be traced to both metal 

responsive transcription factors @alton et ai., 1996; Dalton et ai-, 1997) as well 

as a putative oxidant responsive transcription factor (Dalton et al., 1994). The 

exact nature of the induction of MT by oxidants is not weil understood and it 

has also been shown that treatment with oxidants can release zinc from MT 

(miss and Menard, 1992). This suggests that the induction of MT transcription 

due to treatment with oxidants may be in part due to an inaease in free zinc 

concentration within the c d  and not a direct induction by the oxidant itself. 



The MI'S are divided up on the basis of structural  similarities into 

three basic dasses (Fowler et al., 1987). aass  I M T s  indude the mammalian 

proteins and those from other animals that have relateci primary structures, 

dass II MTs are those that show o d y  a distant relationship to the mammalian 

MTs, and dass III represents a group of peptides formed £rom repetitive 

gamma-glutamyl cysteinyl isopeptides that are uiduded here only on the 

basis that they will bind meta1 ions in much the same way as tnie MTs 

(Rauser, 1993). In addition to the marnmalian MTs, dass 1 also indudes birds, 

fish, and some Uivertebrates such as crab, Iobster, oyster and mussel (Kagi, 

1993). Some important species have dass II type M T s  and they indude sea 

urchin, Drosophila, C. elegans, S. cereoisiae, and many plants (Kagi, 1993). 

There is no obvious relationship behveen the dass I and class II MI'S except 

that they wiU contain multiple cysteine residues in either a Cys-Cys or Cys-X- 

Cys arrangement- The dass III group members are often made up of 2 or 

more peptide chains of the general structure (yGu-Cys)nX, where n can 

range from 2 to 8 and X is most often glycine (Kagi and Sdiaffer, 1986). The 

pytochelatins of higher plants are an example of members of this family (Grill 

et al., 1986). 

Class 1 MTs can be further broken d o m  and dwi£ied by different 

isoforms. Most mammals (induding human, monkey, cow, sheep, rabbit, 

mouse, hamster, and rat) contain at ieast two distinct MT isoforms, MT4 and 
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MT-II (Ka@ et al., 1993). There is also sorne evidence for additional MT 

isofom in some mamrnalian speaes. In human and mouse there is a brain 

specific MT isoform termed MT-III (UChida et al., 1991; Palmiter et al., 1992). 

A fourth MT isoform has been identified from the mouse genome and it is 

termed MT-IV (Palniiter et d., 1993). It seems likdy that these additional 

isoforms, MT-III and M T - ,  will &O be present in other s p d  but they 

have not yet been identifïed. In mice 33 amino aads are identical in ail four 

MT isoforms and another 12 are found in three of the four isoforms. M'T'-ID 

c m  be characterized by a single amino aud inserted after the place where the 

fourth amino aad in MT4 and MT-II is located as well as a six amino acid 

insertion after the location of amino aad 51 in the MT4 and MT-II isoforms. 

This results in a 68 amino auci protein for MT-III compared to 61 amino aads 

for MT4 and MT-II. The MT-IV isoform of mouse is a 62 amino acid protein 

with a single amino aad insertion in the same location as the single amino 

acid insertion of MT-III (Palmiter et d, 1993). There are two known MTs in 

rainbow trout, MT-A which is 61 amîrto aads in length and MT-B which is 60 

amino aàds in length (Bonham et al., 1987). Both of the trout MT proteins 

are MT4 type isoforms belonging to clas 1 as their primary amino acid 

sequmces (especially the location of the cysteine residues) are highly 

conserved with their mammalian counterparts. 



III. The Metallothionein Genes. 

Gene structure e 1. and r d a t i o n  of exmession. 

The class 1 MT genes are aU arranged similarly with t h e  exons 

interrupted by two introns of varying Iength (figure 1.1)- This structure is 

particularly interesthg in that the first two exons code for the k t  30 or 31 

amino aads and the third exon codes for the remaining 30 amino aads. This 

corresponds to the B domain of the protein being coded for by exons one and 

two and the cx domain being coded for by exon tbree supporting the theory 

that exons code for distinct protein domains. The MT gene (CUPI) from S. 

cerevisiae is a MT-Ii type isoform and it is aiso schematicdy represented in 

figure 1-1. The CUPl transaipt is not interrupied by intxons but the first 8 

amino auds are removed by post-transcriptionai modification. 

The structure of the 5' regulatory regions of many MT gaies have been 

extensively studied and since MT gens are mainly regulated at the levd of 

transcription (Karin et al., 1980) the transcription factors and their binding 

sites are of the upmost importance for understanding the regdation of MT 

gene expression. The most commonly found elexnent within the 5' 

regulatory regions of MT gens are metal responsive e1ements (MREs) (figure 

12). These eiemmts are found repeated in both orientations in al l  dass 1 MT 

isoforms and are generaily thought of as mediating the induability of the M T  

genes by metal ions. The MRE consensus was origrnally identified by 

cornparisons of various MT promoters and subseqyent fundional analysis of 



Figure 1.1. Schematic representation of MT gene structure. Hatched boxes 

represent untranslated sequences, open boxes represent exons, and lines 

represent introns. 7'he numbers denote the length in b.p. of introns and 

unttanslated sequences. The darkened box in the S. cerevisiae gene 

represents the 8 amino aads removed by post-translationai modification- 
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h4T promoter deletions (Searle et al., 1985; Searle et aL, 2987). The MRE 

consensus was fine mapped using synthetic MRE and MRE-like sequences 

until a conserved seven base pair core sequence was identified dong with 

some semi-conserved flanking sequences (figure 12) (Culotta and Hamer, 

1989). The MRE has been generally considered to be a n  inducible elernent 

because much of the work done in eluadating its structure and function was 

performed using the complicated mammalian MT promoters (see figure 3.2)). 

The mammalian MT promoters comrnonly have multiple &-acting sites 

overlapping the MREs including many SPI sites which are known to act 

constitutively suggesting that the promoters do not require other elements to 

act basally. The study of the trout promoters has, however, allowed some 

unique insights into MRE functions. Because the &out promoters have 

MREs that are not interdigîtateci with other cis-acting sequences it is easier to 

study MRE funaion without interference from other elements (see figure 

32). In both mammdian and trout c& it has been s h o w  that MREa h m  

the MT-B gene acts as a basal dement which contradicts the previous theory 

that MREs are exdusivdy induable elernents (Samson and Gedamu, 1995; 

Samson, 1996). 

Another common elernent found in mammalian M i  promoters is the 

GC rich SPI binding site. The mammaiian MT promoters have multiple SPI 

sites (which are generally considered to be acting on basai Ievel expression) 

overlapping with other promoter sites such as MREs. The trout promoters 

are much more AT rich than the mammalian promoters and as a result do 



Figure 12. MRE and ARE consensus sequences. A. The MRE consensus 

sequence dong wÏth the proximal MRE sequences found in the trout MT-A 

and MT-B genes. The seven base pair core sequence is underlined. B. The 

ARE consensus is shom dong with the putative ARE half-site that may be 

active in the &out MT genes. The ARE consensus sequence found in both 

W - A  and W - B  is also shown. 
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MT-A MREb GCITGCACACGGTIT 
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not have any SPI sites within the known promoter sequence. Recently it has 

&O been noted that MT genes contain antioxidant responsive elements 

(ARES) (figure 1.2) within th& 5' regdatory regions almost as commonly a s  

MREs (Dalton et aL, 1994). These elements have been shown to confer 

inducibility to oxidants on promoters (Rushmore et al., 1991). Some other cis- 

acting dements found within hdT genes are @ucocorticoid responsive 

elements, intdeukin 6 responsive elements, API binding sites, and various 

enhancer dements. These elements can ail contribute the ability of MT genes 

to be induced by many different agents and from this a structure function 

relationship may be hm. The MT genes cm be induced by the same metds 

to which they bind as well as proteding the c d  against the effecf~ of reactive 

oxygen species which c m  &O induce the genes through the ARES. 

MT gens exist as multi-gene families in many speaes and can exhibit 

varying degrees of coordinate and différentia1 regdation The mouse MT4 

and MT-II genes have been shown to be coordinately regdated in that both 

isoforms can be induced to approximately the same level by both heavy 

met& as w d  as dewmethasone (Yagle and Palsiiter, 1985). The human MT- 

1 gene famity (which is composed of at least seven members) as well as the 

human MT-IIA gene are differentidy regdated in response to heavy met& 

and decamethasone (Richards et al ,  1984; Heguy et aL, 1986; Varshney et al., 

1986; Foster et al., 1988; Sadhu and Gedamu, 1988; Jahroudi et al., 1990). The 

human MT-IG gene is 4% more transdptionally active than MT-IF (Foster 

et al., 1988) and this differential activation has been shown to be mostly due to 
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the presence of the rare TATAA box variance TATCA in MT-IF (Shworak et 

aL, 1993). The coordinate regdation of mouse MT genes has been proposed to 

be due to a Iocus contro1 region (Palmiter et al., 1993). On mouse 

chromosome 8 alI of the known MT isoforms are Iocated within a 45 kb. 

region and it is thought that this region may become transaiptionally active 

due to alterations in the local chromaiin structure (PaLmiter et al., 1993). 

Further, it has also been shown that the human MT-IF and MT-IG genes are 

linked in a head-to-head fashion 7.0 kb. apart from each other (Varshney et 

al., 1986) which may conhibute to their regdation- The h o  MT genes from 

rainbow trout, MT-A and MT-B, have also been shown to respond 

differentially to heavy metais but both genes are induced by the same stimuIï 

(Price-Haughey et ai., 1986; 1987; Zafarullah et al., 1989a; 1989b; 1990; Gedamu 

et al., 1993). The two trout MT genes are also regulated differentially during 

development (Olsson et al., 1990) and in a cd-type specific marner 

(2afanilla.h et al., 1989a; Gedamu et al., 1990; Olsson et al-, 1990). Of the two 

genes, MT-A and MT-BI the regdation of the latter has been more 

extensively studied due to the gene sequence being cloned earlier ( Z a f d a h  

et al., 1988) than MT-A (Murphy et al., 1990; Hong and Scharti, 1992). The 

MT-B gene is highly indualle by rnetals in both fish and rnammalian cell 

lines ( Z W a h  et al., 1988; Gedamu et al., 1990) and the two proximal MREs 

of tMT-B have been extensively mutagenized with the Einding thaï although 

a single MRE will support transcriptionai activation at a low Ievel, both MREs 

are required for the highly metal induüble acüvity to be observed (Samson 
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and Gedamu, 1995; Sarnson, 1996). The regdation of MT-A expression on 

the other hand is poorly understood compared to tMT-B with only a 

superficial study showing that a MT-A promoter with its two proximal MREs 

is responsive to metal ions (houe et aI., 1992). 

2. Metallothionein gene ression in peast- 

The MT protein found in yeast cells is mainly assoaated with copper 

unlïke its vertebrate counterparts which are mainly thought of as king 

associated with zinc and cadmium- Additiondy, the yeast metallothioneh 

genes are not induced by the many heavy metal ions that can induce the 

vertebrate genes, instead they are only responsive to copper (I) and its andog 

silver (Durnarn and Palmiter, 1984; Furst et al., 1988; Zhou and Thiele, 

1991; Thiele, 1992). The MT gene of the budding yeast S. cereoisiae is calied 

CUF'1 and its transcription is activated by copper through its interaction with 

four moledes of the transcription hctor ACEl (CUP2) which then bind to 

palindromic sequences within the upstream activating sequence (UAS) of the 

promoter (Buchman et al., 1989; Thide, 1992; Winge and Dameron, 1993). In 

the fission yeast Candida glabrafa there is a MT multigene family with three 

members that are d regdateci by the transcription factor AMTI binding to 

sequences within the promoters following copper exposure (Zhou and Thide, 

1991; Zhou et al., 1992). 

Both the ACEl and AMTI fadors bind to similar consensus sequences 

with the 8 b.p. core sequence TNNNGCTG (Zhou et al., 1992)- However 

mutagenesis and methylation experiments have extended the sequence for 
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the yeast metal regulatory dement to indude the flanking bases for a total 

sÏze of 16 b.p. (Fust et aL, 1988; Thorvaldsen et a l ,  1993). The yeast 

transcription factors themsdves also share a certain amount of priniary 

amino acid sequence homology. Withîn the £Ïrst 100 amino adds of both 

ACEl and AEim there are 11 cysteine residues which are required for 

coordinating the copper ions that when bound form a metal sulfur duster 

structuraUy much like MT itself (Hu et aL, 1990; Zhou and Thiele, 1991; 

Winge and Dameron, 1993). The copper containhg domain that is formed in 

ACEl and AMTI is competent now for seqyence recognition and specific 

buiding to the yeast metal regulatory dement by Wtue of a copper induced 

conformational change (ïhorvaldsen et al., 1994). It is hypothesized that the 

metal induced conformational change of ACEl and AMTI causes the protein 

to fold the basic amino aad residues found in this 100 amino acid region into 

a domain that wiU contact DNA in a sequence sp&c m m e r  (Furst et al., 

1988). The yeast transcription factors contain no obvious regions that 

conform to other known DNA binding domains and as such the high density 

of basic amino aads were proposed as fomiing the requiçite DNA bkding 

domain and in support of this hypothesis basic amino auds have been 

implicated in other transcription factors as being able to form DNA binding 

domains (Mitchell and Tjian, 1989). The carboxy terminal domains of ACEl 

and AMTI are rich in acidic amino a d s  which are thought to be involved in 

the activation of transcription. This acidic region has been shown to be 



required both in vivo and in vitro for ACEl to activate transcription hom the 

CUPI promoter (Fmt  et al., 1988; Culotta et aL, 1989). 

In contast to the similar structures of ACEl and AMTI the regdation 

of the two factors is quite divergent- The amount of ACEl transcfipts is 

relatively constant in S. cerevisiae and both the transcription and translation 

efficiencies are unaffected by metal exposure (Szczypka and Thiele, 1989). 

This implies that ACE1 protein is present at all mes in S. cereoisiae in a 

conformation that is unable to bind DNA and activate transcription of CUPl 

but upon copper exposure the faaor assumes a conformation that will bind 

DNA and activate hanscription. Candida glabrata on the other hand has only 

a Iow level of AMTI message at low metal ion concentrations but when 

exposed to copper the amount of message increases significantly (Zhou and 

ThieIe, 1992). The activation of AMTI transaiption is positively 

autoregulated. That is, when AMTI pi& up copper and assumes the DNA 

binding conformation it will bind to sites upstream of its own gene and 

activate transcription from it creating more copies of itself (Zhou and Thiele, 

1993). Mutation of the AMTI binding site within the AMTL gene promoter 

resulted in inaeased sensitivity to enviconmental copper ùidicating that the 

activation of transcription of the AMTI gene is required for increased M T  

expression and protection from copper toxiaty in C. glabratn (Zhou and 

Thiele, 1993). 



3. Metal revulatom transai~tion factors of the hioher eucaryotes- 

The search for the transaiption factor(s) responsible for the metal 

induaïle activity of MT genes has generated many manuscripts reporting 

putative MRE binding factors with various sizes and activities- It has been 

w d  established that MT gens are regulated mainly at the levd of 

transcription and even in the presence of cydohexamide the rapid induction 

of MT by met& is evident, indicatïng that the mediating factors are aiready 

present in the cell (Kann et al., 1980; Zafanillah et al., 1990; Palmiter, 1994). 

FoIlowing induction with metal ions MREs within both the rat MT4 

(Anderson et al., 1987) and mouse MT4 (Mueller et al., 1988) promoters 

become ocmpied by factor where these dements were previously unoccupied 

in a Iow metal ion background. Further, MRE binding activity c m  be 

competed out and a direct correlation to transcriptional activation can be 

made by the addition of MRE sequences to transient transfection assays 

demomtrating that metal induced transcription from MT genes is dependent 

on a positively acting factor that is titratable (Seguin et al., 1984; Foster and 

Gedamu, 1991). A review of MRE binding factors has been published by 

Koizumi and Otsuka (1993) and what follows is a brief review of the 

characteristics of the major MRE binding activities. 

Some of the reported MRE binding factors require cadmium to bind 

while others require zinc and still othars appear to bind without the addition 

of exogenouç metal ions. Using mobility shift assays with the powerful 

moue MRE, mMREd, as a probe and mouse L c d  nudear extracts Seguin 



and Hamer (1987) were able to identifsr a MRE bmding factor. In a gel shift 

assay it was shown that extracts from mouse L cells that were not treated with 

heavy metals complex formation could be induced m a dose dependent 

marner by the addition of cadmium but not by zinc or copper (Seguin and 

Hamer, 1987). Maximal shifted complex was obtained h m  the addition of 

between 2.5 to 80 pM cadmitxm and the complex was sensitive to EDTA- 

Further, this mouse nudear factor was s h m  to be MRE spedic by 

cornpetition experiments with mutated MRE oiigonudeotides (Seguin and 

Hamer, 1987). There has been one other MRE binding factor that appears to 

be responsive to cadmium. In the extract of rat Fao c& Anderson et al. 

(1990) found a -or that would interact with the upstream region of the rat 

M F 1  gene in a mobility shift assay. It was found that the MRE binding 

ativity of Fao ceII extract from untieated ceils could be enhanced by the 

indusion of 5 p M  cadmium in the binding reaction (Anderson et al., 1990). 

The protein ske was estimated at 39 kDa by W - a o s s h k i n g  to an 

oligonudeotide containing both MREc and MREd of the rat MT-1 promoter 

(Anderson et aL, 1990). 

There have also been reports of MRE binding fadors from mouse and 

human cells that will bind to their target sequences coxtstitutively. Using 

conventional duomatographic techniques as well as affinity chromatography 

with the trout MT-B MREa core Sequence (TGCACAC) Inibert et al. (1989) 

were able to isolate a purified fraction fiom untreated mouse L cells that 
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contained a 74 kDa protein that had MRE bhding activity cded MBF-1 (for 

MRE binding factor-1). This factor, MBF-1, seemed to only bind a limited 

number of MREs under the conditions of the DNaseI protection açsays used 

by the authors; only the bout  tMT-B MREs and MREe of mouse MT4 were 

protected (Imbert et al., 1989). Using a different t e c h n i ~ e ,  UV aoss-linking, 

Imbert et al. (1989) were also able to detect the interaction of MBF-1 with 

moue  MREd that could be competed for by tMREa and mMREd. The 

addition of exogenous zinc did not improve the MRE binding ability of MBF- 

1 but this faaion was purified usîng buffm that contained zinc so it may be 

the case that this haction was already saturated with Pnc and therefore the 

MRE binding capacity could not be improved by the addition of more. 

Atkmpts have been made to done the MBF-1 cDNA using tryptic peptides 

from the affinity punfied material but this approach resulted in the 

reisolation of RPA-1 cDNA (J. Imbert, personal communication). RPA-1 is a 

single stranded DNA binding protein involved in replication (ErdiIe et ai., 

1991) and its relationship to MBF-1 is not known. 

There is another MRE binding fador that appears to bind MREs in the 

absence of exogenousIy added metal ions and that is MRE-BP (Koizumi et al., 

1992a). This factor was 

diromatography using the 

(TGCACTC) and was found 

affinity pulified from HeLa cells by affinity 

MREa sequence from the human MT-IFA gene 

to be about 103 kDa in size (Koizumi et al., 1992a). 

MRE-BP is somewhat unique in that it shows a constant constitutive level of 

binding activity thaï may be b e a s e d  sIightly by the addition of zinc up to 50 
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pM and cadmium up to 20 p M  but if the metal ion concentration exceeds 

these amounts the buiding activity is abolished (Koizumi et al, 1992a). In 

addition, MRE-BP was found to ody buid a f a v  MREs of human MT-IfA by 

DNaseI protection as wd as 'MREg' whÎch is not a consensus MRE but is 

quite GC ridi. The significance of a metal inhriited factor iç not known as the 

MT gens are well known to be adiMted by metal ion treatment, not 

repressed. 

Another report suggests that there are MRE binding factors in HeLa 

cells that do not require exogenous metal ions to obtain there DNA binding 

conformations. Using nudear extmcts from control and cadmium induced 

HeLa cells as well as a super-induced cadmium resistant HeLa c d  Iine 

MuiichieUo et al. (1994) were able to obtain shifted complexes. UV cross- 

linking revealed that the shifted complexes contained proteins 118 kDa, 93.5 

D a ,  85 kDa, 67 D a f  and 505 kDa in size. The shifted complexes in all cases 

could be abolished with the addition of EDTA and codd only be reconstituted 

with zinc. Only very slight changes could be seen with the cadmium 

treatment of the HeLa cells and even then only in the 67 and 50.5 kDa protein 

components of the shifted complexes. These changes were not seen in 

extra- from cadmium resistant HeLa cells that were maintained in either 45 

pM cadmium or 80 pM zinc and super-induced by growing in media without 

metal for 24 hours and then exposing the cells to 100 ph4 cadmium for 10 

hours (Minichido et al., 1994). 
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In addition to the constitutive MRE binding factors of HeLa c& a 

mouse L c d  protein cded MEP-1 also seems to be able to bind MREs in the 

absence of exogenous metal ions (Labbe et al-, 1991; Seguin, 1991; Labbe et al., 

1993). Nudear mets from mouse L cells were prepared in the absence of 

EDTA and MEP-1 was competent to bind rnMREd and this binding was not 

enhanced by the in uiuo addition of cadmium. It was fuxther seen that EDTA 

addition could abohh MEP-1 binding and that it codd be rescued by zinc but 

not cadmium, copper, calaum, or manganese (Seguin, 1991). 

There is ako one other report that is suggestive of a constitutive MRE 

binding activity in human cells but it is at odds with most of the m e n t  

litesature on MRE binding factors. Czupryn et al- (1992) reported that there 

were two human MRE binding factors, the 86 kDa MRE-BF1 and two subunits 

of 28 kDa to make MRE-BF2 MRE-BFI is present in nudear extracts from 

untreated cells and will form a shifted complex with a human MT-1 MREa 

probe in rnobility shift assays however this complex is rapidly lost upon 

inclusion of zinc, cadmium, or copper in oioo (Czupryn et al., 1992). 

Following the in vivo metal ion treatments, the MRE-BF1 complex is 

replaced by a complex containing MRE-BF2 and the MREa probe. However 

there are some inconsistenaes with these two human MRE binding activities. 

First, MRE-BF2 binduig activity cannot be activated by the addition of metal 

ions in vitro and also MRE-BFl binding activity cannot be inactivated by i n  

oitro treatrnent with metal ions (Gupryn et al., 1992)- The binding of both 

MRE-BF1 and MRE-BF2 can be abolished by the addition of either EDTA or 
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1, 10-phenanthrolùie suggesüng that both factors require zinc for sequence 

speafic DNA binding activity. The complexes were &O reported to be 

competed out by an excess of cold hMREa oligo but not by an oligo containing 

the rnMREd sequence (Czupryn et aL, 1992). The authors hypothesized that 

basal M T  gene expression is mediated by MRE-BFI and fouowing metal ion 

treatment MRE-BF1 is displacecl from the promoter and replaced by MRE-BF2 

which is then responsible for the high level of expression £rom the MT gene 

after metal induction (Czupryn et al., 1992). The in o ioo mechanisrns bv 

which these two factors are reguiated was not resolved and the fact that MRE- 

BF1 is not inactivated and MRE-BF2 iç not activated by metal ions in vitro 

are serious inconsistenues. 

Finally, in addition to the MRE binding factors that have been reported 

to require either cadmium or no metal ion treatment to bind MREs there is a 

group of f'actors that require exogenous zinc to be added in order to bind 

MREs. Westin and Schafher (1988) found that in nudear extracts hom HeLa 

celIs an MRE binding activity absolutdy required zinc addition in vitro. 

Maximal binding activity from the HeLa nudear extracts to mMREd oligo was 

observed with 100 pM zinc added and the cornplex could not be formed by the 

addition of cadmium up to a concentration of 400 p M  (Westin and Schaffner, 

1988). In retrospect it is possible that this binding activity (cded MTF-1 for 

metd responsive transcription factor) was active in HeLa nudei that were not 

treated with zinc and that the factor would not absolutely require zinc 
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addition in vitro to bind mMREd but because EDTA was used in the nuclear 

extract preparation zinc may have to simply be replaced because of its 

previous removal In any case it is dear that ME-1 binding activity requires 

zinc (Westin and Schaffner, 1988). A second group found a similar MRE 

binding activity in HeLa c d  nudei that they called ZRF whkh stands for zinc 

regdatory factor (Koizumi et al., 1992b). ZRF binding activity also required 

zinc addition in vitro and the binding abivity could not be detected when 

cadmium, mercury, or copper were used instead of zinc. ZRF binding was not 

increased with the in oioo addition of either zinc or cadmium nor did the 

addition of zinc in vivo increase the amount of ZRF that couid be activated by 

the in oitro addition of Pnc (Koinimi et al., 1992b). 

There is a rat Lver nudear factor that has MRE binding activity 

dependent on the in vitro addition of zinc but not cadmium or copper 

(Searle, 1990). This rat liver nudear MRE binding factor was termed ZAP 

whidi stands for zinc activateci protein. ZAP had maximal MRE binding 

activity when between 60 and 100 pM MC was added to the binding reactions 

in mobility shift assays. Binding and cornpetition experiments were 

performed with MRE mutants that contained a l l  possible nucleotides (A, C, G, 

and T) substituted at every position of the heptanucleotide core as well as 

several 5' and 3' fladâng positions of the MRE. The study confirmed that the 

in vitro binding of ZAP preferred the MRE consensus TGC(A/G)CNCG 

(Searle, 1990) which had previously been determined by fundional açsays 
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(Stuart et al., 1985; Searle et al., 1987; Culotta and Hamer, 1989). It is again 

difficult to Ïnterpret the in vitro requiiement of zinc by ZAP because it may be 

that the factor lost the metd ion during the nudear extract preparation and 

the apparent requirement for exogenous zinc is merely the replacement of 

what was previoudy there in vivo. 

The greatest contribution to our understanding of MRE binding factors 

was the doning of a mouse factor cDNA by Schaffner's group (Radtke et al., 

1993). The doning of the mouse cDNA was quickly fouowed by the donuig of 

its human homolog bythe same group (Brugnera et al., 1994). The mouse 

factor is cded mMTF-1 and the human factor is cded  h m - 1  f i e r  the HeLa 

ceII nudear extract derived MRE binding activity reported enlier (Westin and 

Schafher, 1988). Both mMTF and hMTF contain six zinc finger moieties as 

well as an aadic region, a proline rich region, and a serine/threonine rich 

region. OveraIl the two doned transcription factors share about 93% amino 

aad identity and the only obvious structural ciifference between them is a 78 

amino aud extension present only in the human factor at the carboxy 

terminal a d  (Bni-a et d., 1994). 

Despite the sirnilar primary structural characteristics of mMTr and 

hMTF these factors appear to be regulated quite differently in mammalian 

ceils. When CO-transfected into ce& dong with both mouse MT promoter 

deletions and synthetic MRE containhg promoters mMTF cm activate 

transcription without the addition of zinc to the growth medium (Radtke et 

aI., 1993). In simüar CO-transfection experiments, however, IMiF seemed to 
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be dependent on zinc addition to activate MRE mediated transcription 

(Brugnera et ai,, 1994). The ability of the mamrnalian MTFs to activate 

transcription from MT promoters has also been studied in our lab by Dr- 

Susan Samson (1996). The findings of Dr- Samson diverge from those of 

Brugnera et al. (1994), it was seen that hMTF did not ciiffer greatiy from 

mMTF in its abiiïty to activate transcription at low Pnc ion concentrations. 

That is, both mMTF and hMTI: activate MT promoters constitutively when 

CO-transfected (Samson, 1996). In vitro binding assays using nudear extracts 

from either mouse 3T6 c& (Radtke et al., 1993) or HeLa ceils (Brugnera et al., 

1994) showed that MTF binding activity is seen without zinc induction but 

the in v i ~ o  addition of zinc does increase the amount of shifted complex in 

mobility shift assays (Radtke et al., 1993; 1995)- Treatment of cells with zinc, 

cadmium, copper, nickel, or iead does not lead to an  increase in MTF 

transcript accumulation (Heuchel et al., 1994) but the effects of these metals 

on MRE binding activity (either in vivo or in uifro) was not testeci. 

Another variable that can affect MTF binding to its iarget sequsice is 

methylation. MREs that contain CpG islands are susceptible to methylation at 

the cytosine residue which has been correlated to a blockage of transcription 

in many promoters (Hergersberg, 1991). Results have shown that MTF can 

bind to methylated MREs and transcription can be induced by zinc from a 

synthetic promoter containing 4 methyIated MREs (Radtke et al., 19%). The 

importance of MTF to the regdation of MT gene transcription was 

demonstrated by Heuchel et al. (1994) who showed that by alleiic disruption of 
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the MTF gene in mouse embryo~c stem (ES) c& both basal level and metal 

induced transcription of the endogenous MT gaies was abolished. As weU, 

transcription fiom a transfected mouse MT4 promoter in these MTF nul1 

mutant ES ce& was dependent on the co-transfebion of the cDNA in 

an expression vector (Heuchd et al., 1994). MRE directed transcription by a 

variety of met& was &O able 

anti-sense MTF (Palnuter, 1994). 

Due to the findings that 

to be abohshed by the stable transfection 

increased by in o ioo zinc treatment while over-expressed mMTF in CO- 

transfections activates MT transcription in a zinc independent maMer it waç 

hypothesized that was not the metal sensor (as m yeast cells) but that an 

inhibitor molecule may be present that releases MTF in the presence of 

met& (Palmiter, 1994). The reasoning behind this idea was supported by the 

hding that a mutant c d  type with a high level of MRE mediated expression 

could be returned to a normal level of MRE mediated expression when h e d  

with a 'normalf c d .  The explmation was that the putative MTF inhibitor 

molecule, Ml?, was present in excess in the normal c& but either not 

present or non-Eunctional in the mutant cells and when the mutant c d  was 

fused with the normal c d  the excess MTi from the nomal cell will bind with 

MTF from the mutant and cause a &op in MRE mediated expression 

(Palmiter, 1994). However the search for the MIT molecule using a genetic 

screen for mouse cDNAs that will rescue the phenotype of high MRE 

mediated expression has not resulted in a negative regdator of MTF activity 
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but rather in the doning of a trammembrane zuic transporter, ZnT-1, that 

appears to regulate zinc efflux kom the c d  (Palnuter and Findley, 1995). 

Recently it has also been noted that MTF binding in n ioo may alço be 

activated by oxidative stress. Treatment of ce& with oxidative stress inducing 

agents such as hydrogen peroxide and tert-bu* hydroquinone has been 

shown to cause MREs to become occupied in vivo as wd as inaease the 

amount of MRE binding abivity in mobility shift açsays (Dalton et al., 1996; 

1997). These r d t s  support the finding that tsansfected MT promoters can be 

induced by oxidants and the response is ai Ieast partidy mediated by the 

MREs present (Dalton et al., 1994). 

Taking these results regarding the zinc recpirhg MRE binding factors 

as a whoIe it is aely  that ZAP is the rat MTF homolog, MEP-1 is the same as 

mMTF-1, and from amino aad secpencing it is known that ZRF is the same 

as hMTF-1 (Otsuka et al., 1994). Further, due to the findings of Heuchel et al. 

(1994) it is probable that MTF is the only MRE bindïng factor in ce& and all of 

the other reported MRE binding acüvities of various sizes fiom both whole 

c d  and nuclear extracts are either MTF homologs or proteolytic fragments of 

MTF that still contain the DNA binding domain. One unexpIained question 

is if a l l  of the different met& that adivate transcription of MT genes act 

directly through MTF or are there metal specific factors that then înteract with 

MTF to cause an activation of transcription? The most widely accepted mode1 

for the metal regdatory mechanism of MRE binding factors is that factors are 

sub-saturated with metd ions in the c d  under normal conditions and thaï it 
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is the factor ifself that senses an increase in metai ion concentration and as  

the metal ions become associated with the factor (probably through the zinc 

fingers) a conformation is adopted that is competent to bind DNA in a 

sequence speafic manner. This proposed mechanism iç somewhat 

reminiscent of the yeast factor ACEI, where the factor itseif takes up copper 

and assumes a conformation that will bind upstream of the CUPl gene and 

activate its transuiption. The other possïbilities are that the MRE binding 

factor(s) are negativdy regulated by an inhibitory moiede (MTI) that is 

sensitive to metal ion concentrations and MRE binding factors are f d y  

saturated with metal ions at dl times in the cell and other factors are 

sensitive to rising metai ion concentrations and they then act on metal 

induced expression by interactions with the factor or altering chromath 

structure. These Iast two possibilitis are not Iikely as the evidence 

accumdated thus far does not indude an MTF inhiiitor and methylation has 

been shown to not affect MTF binding activity- 



N. Rationale and Hypothesis- 

As IittIe was known about the MT-A gene compared to the tMT-B 

gene it was necessary to isolate and clone this gene to gain insights into both 

structural charrtcteristics and the mechanisrns involved in the regdation of 

tramaiption- Following the doning of the MT-A gene the nucleotide 

sequence was obtained and a detailed cornparison to the MT-B gene was 

generated- From previous experiments it was known that the tMT-A and 

MT-B genes were differentidy expressed in response to treatment with 

different metal ions and 1 hypothesized that this observation is due to the 

subtle clifferences between the two genes in their respective 5' regdatory 

regions- Further, the differential response of these two genes to oxidant 

induction is hypothesized to &O be due to ciifferences in their 5' regulatory 

regions. 

The sllniIar structures of the rnammalian MT genes compared to the 

bout MT gens has led to the hypothesis that the gens may also be regulated 

in a s idar  manner. It had been shown previously that the trout MT genes 

are active in mammalian tek and the mammaiian genes are active in trout 

cells suggesting that the factors required for the activation of transcription of 

MT genes are at least partidy conserved between h h  and rnammais. W i th 

the cDNAs of the mamrnaiian transcription factors responsible for MT gene 

expression availabIe we were able to investigate their activity in trout cells 

d i r d y  with the hypothesis that the factors will activate trout MT gene 

transcription in bout c& in the same manner as was previously observed 
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for the mammalian MT genes in mammaiian c&. The activity of the 

mammalian transcription factors in the bout cells will be mediated by the 

metal responsive dements present in the 5' regdatory regions of the trout 

MT genes because these elements are highly conserved between fish and 

rnammals. Due to the observation that MT genes may be aaivated try 

cadmium in addition to zinc 1 hypothesized that the transaiption factors 

responsible for the activation of MT gene transcription would be responsive 

to both zinc and cadmium treatrnents- 

IV. Objectives. 

The main goals of this project were to clone the metallothionein A 

gene (MT-A) from rainbow trout, investigate the regdation of its expression 

using the endogenous gene as w d  as transient transfection analysis, and 

investigate both the function of the mamxnaiian metal regulated 

transcription factors (MTFs) in a trout c d  backgound and the physicai 

interactions of the factors with trout metd responsive eiements in vifm. The 

structure and regulation of the tMT-A gene couid then be compared to the 

well studied tMT-B gene with a n  aim to explaining the observed differentid 

regulation through structural differences between the two genes. The metal 

handling mechanisms of the MTFs was aiso studied with an aim of 

understanding how the factor reacted to different metal ions at various 

concentrations. 



CHAPTER 2. Methods and Materials 
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1. Solutions and Buffers. 

The following are the working concentrations of buffers, solutions, and 

mixtures used in this study: 

1 . 1 0 ~  Aearose badine Dve. 

50% glycerol, 0.25% bromophenol blue (w/v), and 0.25% xylene cyan01 

FF (w/v)- 

2. an ne al in^ Buffer. 

100 mM Tris43 (pH 7.6), 10 mM MgCl, 16 rnM Dm. 

3. Colonv Lvsis Buffer. 

10 mM Tris-Q (pH 7.51, 1m.M EDTA, 10% Triton X-100. 

4. DNA Elution Buffer- 

0.5M ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA- 

5. Formamide Dve. 

0.5% bromophenol blue, 0.5% xylene cyan01 FF, 1 mM EDTA in 95% 

formamide- 

6 . 2 ~  HEPES Buffered Saline IHBS). 

50 mM HEPES, 2.8 mM N W O ,  280 mM NaCl, pH 7.12. 

7. LB Broth. 

10 g Tryptone, 10 g NaCl, 5 g yeast extract for 1 iiter. 

8 . 1 0 ~  MOPS B e  

200 mM MOPS, 5 mM sodium acetate (pH 7.0), 1.0 mM EDTA. 



* * 9. 5x MRE Burdln~ Buffer. 

35 mM HEPES (pH 7.9), 60% glycerol, 25 mM M G *  

10. 10x One-Phor-Al1 Buffer. 

100 mM Tris-acetate (pH 7.5), 10 mM magnesium acetate, 50 rnM 

potassium acetate. 

11. Phenok ChIoroforrn: Isoarnyl Alcahol (25241) P a .  

500 g phenol (saturated with Tris-Cl pH $.O), 480 ml chlorofom, 20 ml 

isoamyl aicohol- 

12. Phostihate Buffered SaIine IPBS), 

8.18 g NaCi, -101 g Ka, -463 g N+HPO, and .102 g ICE3J'04 per fit-. pH 

to 72- 

1 3 . 1 0 ~  PCR Buffer. 

100 mM T&U (pH 9.0), 50 m M  KCl, and 1.5 mM M G .  

14. l x  P M  Reaction Buffer. 

50 mM Tris-Cl (pH 7.6), 10 mM MgC4,S mM DTT, 0.1 mM spermidine, 

0.1 mM EDTA. 

1 5 . 5 ~  SDS-gel Loadiry Buffer. 

250 mM Trisa (pH 6.8), 500 mM Dm, 10% SE, 0.5% bromophenol 

blue, and 5Ooh glycerol. 



16. Solution D. 

4 M guanidinïum isothiocyanate, 25 mM sodium citrate (pH 7.0), 0.5% 

sarkosyi, and 0-1 M $-mercaptoethanol. 

17 .20~  SSC. 

3 M NaQ and 300 mM sodium atrate, pH to 7.4. 

18. STET. 

10 mM Tris43 (pH 8.0), 100 mM NaU, 1 mM EDTA, 5% Triton X-100. 

19. T4 Ligase Buffer- 

66 rnM TrisCi (pH 7.6), 6.6 rnM M G ,  66 mM ATP, 1 m M  DIT, and 50 

p g / d  BSA. 

20. TAE 

40 mM Tris-acetate, 1 mM EDTA. 

21. Tf3E. 

89 rnM Tris-borate (pH 8-3), 89 mM boric acid, 2 mM EDTA. 

2 2  TE. 

10 mM Tris-Cl (pH &O), 1 mM EDTA. 

II. Agarose Gel Electrophoresis. 

Agarose dectrophoresis was used for observïng plasmid quality, or the 

products of restriction digestions and PCR reactions. Agarose gels contained 

lx TAE and 0.5 pg/rnl ethidium bromide and were g e n d y  electrophoresed 



m. DNA Manipulations. 

1. Restriction enzvme dieestions. 

AU restriction enzymes were pwchased from Pharmaaa Biotech. The 

digestions were performed according to the manufadurers protocok with 

respect to the supplied One-Phor-AIl brrffer concentration. Digestions were 

performed at 370C except for SmaI which was digested at 300C. 

W e n t  raementurification. 

To remove unwanted contaminants from DNA preparations (such as 

primas, nudeotides, and extra restriction fragments) samples were purified 

through low melting point agarose (LM?). The band of interest was 

visualized under UV illumination and excked from the gel. The voiume of 

the gel piece was estimated and a 1/10 volume of 3M sodium acetate (pH 5.2) 

was added. The mixture was heated ai 670C until the gel was completely 

melted then one volume of Tris42 (pH 8.0) saturateci phenol (-CO BRL) 

waç added to the liquefied agarose and mixed vigorously. The tube was 

placed on ice for at least 15 minutes before a 10 minute centrifugation. The 

aqueous phase waç then removed and placed in a new miaofuge tube and 

the DNA was ethanol precipitated. 

3. Derihomhowlation of linearized vectors 

Vectors uçed in subdoning of fagments with the same restriction sites 

at both ends were first dephosphoqdated with calf intesthal alkaline 

phosphatase (Boehringer Mannheim) to avoid recircularization. The 

phosphatase was added diredy to the restriction digestion reaction at 370C 
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and allowed to react for at Ieast one hou. The plasmids that were 

dephosphorylated were phenol extracteci and ethanol precipitated following 

the reacüon to ensure complete removal of the phosphatase. 

4. Lieation of DNA f r a ~ e n t s .  

Ligation reactions were generaUy carried out at 120C for 16 hours. The 

reactions contained about 200 ng of linearized plaçmid and an equimolar 

amount of insert in a total volume of 20 pi with a Ix concentration of T4 

ligase buffer and 8 Weiss uni& of T4 DNA ligase (Phannacia Biotech). 

5. Bacterial Transformation. 

Most plasmids used in this study were propogated in the E. coli strain, 

DH5a (Sarnbrook et al., 1989). The constructs that inhibited growth of DH5a 

were grown in HBlOl inçtead (Sambrook et al., 1989). Bacteria were made 

competent to take up plasmid DNA by treatment with CaU2- Bacteria were 

grown in LB broth and harvested before the culture became saturated in the 

log phase of growth. ïhe bacteria were coiiected by centifugation and 

resuspended in 10 m M  CaC12 before a 30 minute incubation on ice- The cells 

were then colleded again by centrifugation and the pellet was suspended in 30 

mM C a Q  and stored on ice for at Ieast 30 minutes before behg  considered 

competent. Fresh competent cells were used in ail cases for the 

transformation of ligation reactions. Half of a ligation reaction (10 pi) was 

added to 200 pl of cornpetent cells and innibated on ice for 45 minutes with 
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periodic mixing. This mixture was then heat shocked for 2 minutes at 420C 

and 500 pl of fkesh 370C LB was added. The transformation mixture was then 

incubated at 370C for 40 minutes without shaking. The bacteria were then 

phted on LB/agar (1.5'') plates contaùiing 100 p g / d  ampiallin. 

6. PZasmid isolation. 

a) srnail scale 

A modified '%oiling method" was employed to isolate and punfy 

plasnid constructs for use in restriction digests, dideoxy-sequencing, and 

other procedures that did not require more than 5 pg of DNA. A 5 ml 

bacterial culture was grown overnight with shaking at 37C The ceils were 

then collected by centrifugation and the pellet was suspended in 600 pl  of 

STET buffer to which 60 pl of a 10 m g / d  lysozyme solution (pH 8.0) was 

added. The suspended bacteria were immediately placed in a boiling water 

bath for 1 minute. The bacterid lysate was then placed in a microcentrifuge 

and spun at maximum speed for 6 minutes. The gelatinous pellet was 

removed with a toothpick and discardeci- An equal volume of PCI was added 

to the supernatant immediately following the removal of the peiiet and the 

mixture was shaken vigorously. The two phases were separated by another 6 

minute centrifugation and the aqueous phase was coilected and precipitated 

with an equal volume of isopropanol. The nudeic a a d  pellet resulting from 

the isopropanol precîpitation was air dried and resuspended in 200 pl of TE 
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buffer. After the pdet  was completdy in solution 10 of RNase A was 

added and allowed to react for 1 hour at room temperature or 30 minutes at 

37oC The nudeic acid mixture was ectmcted with an equal volume of PCI 

and preâpitated with 2.5 volumes of 95% ethanol. The quality and quantity 

of pIasrnid DNA was assessed by agarose gel dectrophoresis. 

b) large s d e  

AU plasmid constructs used in transient hansfectÏons and in aitro 

transaiption/translation reactions were purified ushg the Qiagen Tip-500 

(Qiagen). From 150 ml dtures of bacteria we consistently got about 500 pg of 

high quality supercoiled plasmid DNA. The manufacturers protocok were 

followed and the plasmid DNA was dways assessed by agarose gel 

electrophoresis to ensure that the preparations were RNA kee, had no visible 

chromosomal DNA, and that the majority of plasmid was supercoiled. 

7. DNA seauencing, 

The Sanger dideoxynucleotide diain termination method was used for 

seqencing of PCR generated tMT-A fagments sub-doned into the pGEM2 

vector (Promega). The sequences were also cfiecked for correct orientation 

and seauence fidelitv on all ~romoter deletion constructs and exmession 

mutations. 

J A & 

The tMT-A promoter deletion constructs were always sequenced 

the fragments were generated by PCR and therefore prone to 

If a mutation was discovered another clone was selected and 
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sequenced. The M'IF expression consbru& were not sequenced entirely but 

the orientation was analvzed from both ends of the insert. 

Ln most cases 

suff iaent quality for 

plasmid DNA was 

J 

DNA hom s m d  scale plasmid preparations was of 

sevencing but in on a few occasions Qiagen purified 

used- Approximately 15 pg of plasmid DNA was 

denatured by adding a 1/5 volume of 2 M NaOH and incubating for 10 

minutes at room temperature. The denatured DNA was neutrdized by 

adding a 1/10 volume of 3 M sodium acetate (pH 5.2)- The mixture was then 

brought up to a volume of 50 pl and precipitated with ethanol. The 

precipitated DNA was spun down and washed with 70% ethanol before air 

dryhg and re-suspending in water. The T7 Sequencing Kit from Pharmacia 

Biotech was used and the manufacturers protocok were fdowed. 

Radioactive nudeotides, [a-]dCTP or [a-%]dATP, were obtained from 

either NEN Dupont or Amersfiam Canada. 

8. Polvmerase Chain Readion PCR). 

DNA fragments were arnplified in reactions containing 20 pmol of 

both the sense and antkense prixners, 200 pM of each nudeotide triphosphate, 

lx PCR buffer, an appropriate amount of template DNA such as 10 ng, and 2 

uni& of Taq DNA polymerase. The temperature w d  for annealing was 

seleded based on the formula T, = 4(G+C) + 2(A+T) (Sambrook et aL, 1989). 

This formula estimates the annealing temperature for short segments of 

DNA based on the length and the nucleotide content Only nudeotides 
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participating in base pairing were induded in the annealing temperature 

caldation. Normaily the temperature chosen was the Iower value of Td - 

10°C of the two primers. If non-specific or multiple products were detected 

the annealing temperature was raised by 2°C in a step wise manner until only 

the single product was detected by agarose gel electrophoresis. In ody rue  

cases was it necessary for the anneaIing temperature to drop from the 

calculated value. The PCR ampiifications were started with a ten minute 

denaturation step at 94OC, foUowed by 30 cycles of: 94°C 1 minute/anneahg 

temperature I minute/72"C 1 minute per k.b. to be synthesized. The reactions 

were compIeted with a ten minute incubation at 72T to ensure full length 

product, 

When designing primers to ampIïfy promoter deletions that were to be 

subdoned into reporter phnids  a restriction site was normdy designed into 

the sequence at the 5' end with a few random nucieotides extra to increase the 

effiaency of cutting. ï h i s  ailowed for the inclusion of desirable restriction 

sites and diretionai cloning. 

9. Colonv Ivsis for PCR meenhg 

In order to rapidly screen a number of transformants for the insert of 

interest this approach was ernployed whenever primers for PCR were 

available. Single colonies were picked from the original transformation plate 

and patched onto a fiesh plate to obtain a larger amount of baderial cells. 

Mer ovemight growth at 37°C some ce& were removed from the patch and 



suspended in 50 pl of Colony Lysis Buffer in 

placed in a boiIing water bath for 10 minutes 
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a microfuge tube. The tube was 

and then immediately placed on 

ice for a m e r  10 minutes. An aliqyot, usualIy 10 pI, was then used as 

template in a PCR reaction. 

TV. Oligonudeotide Synthesis. 

Oligonudeotides were used for nudeotide sequencing, PCR 

amplifications, primer extensions, DNA binding assays, and as probes in 

Southem and Northern hybridizations. Most oligonudeotides used in this 

study were synthesized VI our lab using a Pharmaaa LKB Gene Assembler 

Plus on 0 2  p o l  scaie supports. To remove the primer from the suppoa 

matrix the columns were incubated ovemight ai 55OC immersed in 

concentrated ammonium hydroxÏde (14.8 M). The ammonium hydroxide 

was coUeded from the column by centrifugation and vacuum dried until au 

of the l i e d  was 

exbacted with an 

removed. The residue waç suspended in 400 pl of TE and 

equal volume of phenol: chioroform: isoamyl alcohol (E 

24: 1). The aqueouç phase was removed and placed in fksh tube with 40 ml 

of 3 M sodium acetate (pH 51) and precipitated ovemight with 2.5 volumes of 

95% ethanoI. The purified p h e r s  were quantitated spectrophotometrically 

ai 260 nm and used directly in sequenQng reactions, PCR amplifications, and 

as probes in Northems and Southems or alternatively they were gel purÎfied 

before use in primer extensions and DNA binding assays. 
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Some oligonucleotide prÎmers were also obtained from the Regional 

DNA Synthesis Laboratory at the UnJversi€y of Calgary- These priniers were 

prepurified when received and therefore required only quantitation before 

they could be used in any application 

V. Plasniid Constructions. 

1- Transient transfection vectors- 

The vectors used to test promoter strength in this study were pMEVlR 

and pMEV35R (figure 21). These vectors contain the genes coding for 

bacterial chloramphenicol acetyl tramferase (CAT) and fitefly luciferase (LUC) 

respectivdy and were synthesized by Dr. N.W. Shworak (Shworak, 1990). The 

promoteiless vectors display very low background and are suitable for use in 

deteding a wide ange of promoter adivity levels (Shworak, 1990). The 

reporter gene assays are simple and well established and because of the wide 

range of activities they can measure they are ideal for the study of metal 

induction of MT genes. 

2. Trout MT vromoter constmcts for m i e n t  transfection. 

The proximal promoter region of MT-A was studied initially with 

four deletions PCR amplified from the doned and sequenced MT-A gene. 

These deletions are dexribed by the approximate nudeotide site at its 5' 

terminus: -425 with a Sad site, -140 with a BamHI site, -85 with a Sad site, 

and -50 with an %aI site. All of these deletions were constructed with a 3' 

terminus from the same PCR primer (MTA-PRH) that ended at the +1 

nudeotide and incorporated a HindIII site- These four PCR fragments were 



Figure 21. Schematic diagr;ims of tnnsient transfection vectors. The pMEV 

vectors were derived from pGEM-2 (Promega Biotech) by Dr. N. Shworak 

(1990). A. The pMEVlR mutation-expression vector contains the coding 

region for the bacterd chloramphenicol acetyItransferase (CAT) gene which 

acts as a reporter gene for promoters inserted in the multiple doning site. 

The CAT gene is foLlowed by a polyadenylation signal from W40. B. The 

pMEV35R vector was derived from pMEVlR by the excision of the CAT gene 

and the insertion of the firefly luciferase (LUC) gene in its place. 
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directionally subdoned into the pMEVLR and pMEV35R vectors and 

sequenced. The primers used to generate the above promoter deletions are 

shown in table 2-1. 

The distal region of the MT-A promoter was later published (Olsson et 

al., 1995) and available for mtdy. Two sense prirners and two anti-sense 

priniers were synthesized to study the distd promoter region of MT-A. One 

of the sense prirners hybridized to the MT-A promoter with the nudeotide - 

1052 at itç 5' termuius while the 0th- sense primer had nudeotide -753 at its 

5' terniinus (see table 2-1 for primer sequences). The -1052 primer was used to 

ampl* a 1052 bop. fragment with the MA-PRH primer that encompassed 

the entire known sepence of the MT-A promoter. Similarly the -753 primer 

was used with the MTA-PRH primer to amplify a 753 b.p. fiagrnent of the 

MI'-A promoter. These two PCR produds were subdoned into the pMEVlR 

and pMEV35R vectors as the other MT-A promoter deletions had been. 

From the construck containing the -1052 deletion and the -753 deletion 

further PCR products were generated. Uçing the -1052 construct dong with 

the1052 and -75ûrev priniers (table 2.1) a 300 bp. fragment was amplified and 

subcloned upstream of the -425, -85, and -50 conçtructs in both the CAT and 

LUC containing vectors. This 300 b.p. frôpent contains the consensus ARE 

as well as some ARE half-sites but has no MREs. A 198 b.p. PCR product was 

generated from the -753 deletion using the -753 and -546rev prirners (table 

21). This 198 bop. fragment contains the four distal MREs from the MT-A 

promoter and was subcloned upstream of the -425, -85, and -50 consîructs in 
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both CAT and LUC containing vectors- The above constructs were ail 

sequenced to determine insert orientation and correct nudeotide sequence. 

3. Emression constructs. 

In order to express the MTF cDNAs both in oioo and in oitro the 

mouse and human SeQuences were doned into the pcDNA3 vector 

(Invitrogen) (figure 22). Both the mouse and human MTF cDNAs were 

generously provided by Dr. W. Schaffner, University of Zurich, Switzerland 

(Radtke et al., 1993 and Brugnera et al., 1994). The pcDNA3 vechx contains 

654 b.p. of the human cytomegalovirus ( C m  promoter that directs high 

level expression of the cDNA inserted downstream in the rnultipIe cloning 

site (figure 22). FoUowing the multiple doning site is a polyadenylation 

signal (poly A) that is derived from the bovine growth hormone gene. Before 

use in transient co-tramfections this vector was tested in &out ceils with the 

CAT gene inserted in the multiple cloning site to ensure that the CMV 

promoter was active in trout ceils (data not shown). 

The mMTF and hMTF cDNA sequences were PCR amplified from the 

sequences suppIied by Dr. Schaffner with the MTF prirners summarized in 

table 22. The moue cDNA was amplified using the mMTF-ATG and 

mMTF-STOP primers. The PCR product was digested with Sma 1 and ligated 

to EcoRV digested pcDNA3. The ligated expression construct containing 

mMTF was partially sequenced from both ends of to determine insert 

orientation. The human MTF cDNA was amplified from the cDNA supplied 

by Dr. Scha£her with the hMTF-ATG and hMTF-STOP primers (table 2-2). 



Figure 22. Schematic diagram of pcDNA3. The pcDNA3 vector (Invitmgen) 

contains the human cytomegalovirus (0 promoter to direct high level 

transcription of cDNAs însertd in the mdtiple cloning site in transfected 

cells. Following the multiple cloning site is a polyadenylation signal from the 

bovine growth hormone gene to polyadenylate transmptç. The MTF cDNAs 

were inserted into pcDNA3 for CO-transfections and in vitro 

transcription/translation reactions- 
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ml0 

pcDNA3 E H  poiy A Notl 
Xhol 
xbgr 



Primer 1 Nsme 

mMTF- ATG 

Table 2.2. Primers for MTF PCR amplifications. 

Primer Sequence Function 

PCR amplification 
of mouse MTF 
cDNA 

PCR amplification 
of human MTF 
cDNA 

Same as above 

generates a stop codon 
16 amino acids after the r 
zinc fiiiger domains of 
mouse and human MTF, 
Used to generate the 
mZP and hZF delet ions 

Anneals at.. 

start codon of 
the mouse 
MTP cDNA 

stop codon of 
the mouse 
MTP cDNA 

stari codon of 
the human 
MTF cDNA 

stop codon of 
the human 
MTP cDNA 

downstream 01 
the zinc fingert 
in both MTF 
cDNAs 
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The resuiting PCR product was digesteci with Xba 1 and hgated to Xba 1 

digested pcDNA3 vector. The hMTF expression construct was also p-y 

sequenced ftom both directions to determine - orientation. The PCR 

amplification and doning of the human factor cDNA was performed in our 

Iab by Susan L.-A. Samson. 

A number of MTF mutants were &O created to investigaie the 

contributions of various protein domains to DNA binding and transcription 

activation, Both the mouse and human cDNA clones were ampIified with 

the mMTF-ATG and m/hMTF-ZF primers (table 22). These primers were 

able to ampiify both mouse and human MTF Seqllences due to the hornology 

found between the two cDNAs. There were no amino aad changes 

introduced into either the mouse or the hurnan MTF mutants as a resdt of 

using common primers. The m/hMTF-ZF primer mates an attificial stop 

codon 16 amùio acids after the end of the zinc finger region. Frorn ml- 
methionine labeled in vitro translation reactions that were subjected to 

denaturing SDS-PAGE (chapter 5) it is seen that both the mouse (mZF) and 

human (hZF) MTF deletions give peptides of the same size but each has its 

own distinct band pattern suggesting that different sequences were in fad 

amplified (figure 52). 

Two chimeric MTF constructs were created by Susan L-A. Samson in 

our lab to study the effect of swapping the carboxy-terminal dom* of the 

mouse and human factors. Both mouse and human MTF cDNAs have a 

conserved EcoR 1 site in the coding sequence at the site correspondhg to 
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amino acid 377- The mMTF and hMTF cDNAs were cut with EcoR 1 thus 

releasing a 1140 b-p. fragment that contains the amino-terminal domain of 

each factor because of the intemal EcoR 1 site and the site in the multiple 

doning site- Each EcoR 1 fragment was ligated to the opposite mouse or 

human carboxy-terminal fragment that remained wiih the pcDNA3 vector 

following the EcoR 1 digestions- The chimeras were partially sequenced from 

boih ends such that the sequences were confirmed to be either human or 

mouse in origin and that the domains were swapped between the two 

cDNAs. 

These MTF construcis are schematically represented in chapter 5 (figure 

5.1). AU of these constructs were translateci in zlifro with [35S]-methionine 

and the apparent moledar masses were determined by denatunng SDS- 

PAGE (figure 52)). The mMTF and h/mMTF constructs migrated as 100 kDa 

proteins, the hMTF and m/hM.TF constructs migrated as 120 kDa proteins, 

and the mZF and hZF construds both migrated as 45 kDa proteins. 

VI. CeU Culture. 

1. fish ce11 culture. 

Rainbow trout hepatoma cells, RTH-149 (Fryer et al., 1980), were grown 

at 18°C with 5% CO,. The cell culture medium was Eagle's Minimal Essential 

Medium with 0.15% sodium bicarbonate (w/v), 2 rnM L-glutamine, ix 

penicitlin/streptomycin (50 units/mI peniciilin G and 50 m g / d  

streptomycin sulfate), and 5% fetd bovine sem.  To subculture RTH-149, 

the c& were incubated under ix trypsin-EDTA in PBS for 3 to 5 minutes at 
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room temperature. The loosened c& were washed off the surface of the 

flask by repeatedly passuig 10 ml of fresh room temperature medium over 

them. The ce& were regularly subdtured at a 1 into 4 dilution every 14 to 

21 days or a l into 2 dilution every 7 days. All tissue culture media 

components and reagents were purchased from GIBCO BRL. 

VII. Transient Transfetion. 

1. Calcium ~ h o ~ h a t e  ~reunitation method. 

The calcium phosphate method was w d  for ail transient transfections 

performed during this projed because of the ease of use and the established 

protocols for fish c d  transfection, 

RTH-149 cells were seeded at a density of lx104 c & / d  and allowed to 

recover from subculturing for 16 hours before the transfection procedure was 

begun. Three harm before the DNA was added to the cells they were fed with 

fresh temperature equilbrated medium (10 d/10 cm pIate). One hour before 

the three hour incubation was completed the appropriate DNA mixture was 

made in water to a volume of 500 p l  that contained 250 mM calcium diloride. 

This DNA mixture was added drop wise to an equal volume of 2x HBS (pH 

7.12) and dowed to sit for ten minutes while the DNA CO-precipitated with 

calcium phosphate. The precipiiated, but still suspended, DNA was then 

added equally in a drop-wise fashion ont0 the surface of the RTH-149 cells 

and the dish was gently shaken to distribute the DNA. The plate was then 

replaced into the incubaior and the CO2 concentration was lowered to 3% for a 
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four hour incubation at 18°C. After this the c& were shodced by ciovering 

the surface with room temperature 15% glycerol in ix HBS for 1 minute, The 

glycerol shock solution was washed off with about 5 ml of room temperature 

s e n i m  free medium and then fed with 20 ml of fresh room temperature 

complete medium per 10 an plate. The plates were then returned to the 18°C 

incubator and the CO, concentration was increased to 5%. 

2- Transfection of trout MT-A vromoter constructs (Chanter 4). 

The tMT-A promoter deletions (figure 4.1) were transfected into RTH- 

149 cells. 10 pg of the test plasmid (promoter-reporter gene fusion) was added 

dong with an equal mass of carrier plasmid (usudy pGEM2) for a total mass 

of 20 pg per 10 cm plate- Following the glycerol shock the celIs were fed 20 ml  

of fresh complete medium and dowed to recover for 48 hours. The celLs 

were then again fed 20 ml of hesh complete mediuni and the appropriate 

inducer was added to the medium. Zinc was chose. for the meta1 induction 

studies as it is the strongest inducer of MT genes in RTH-149 c&, with the 

fastest, Iongest iived, and greatest transcriptional response compareci with 

cadmium and copper (RiceHaughey et al., 29û6 and 1987; Zafarullah et al., 

1988 and this study). The transfected cells were treated with 100 pM zinc 

doride for 48 hours before harvesting with ix C d  Lysis Buffer (Promega). 

Although an interna1 control was not routinely useci in these assays they 

were repeated at Ieast three times and found to be consistent with both 

reporter genes. The values reported for both CAT and LUC experiments are 
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the average of the three or more trials repeated for the sarne constmct and the 

standard deviations for both basai and metal induced tceatments never 

exceeded 12% of the average. 

The tMT-A promoters were also tested for heir response to exposure to 

oxidative stress causing agents, In these oxidative stress experïments it was 

found that the LUC reporter systern gave inconsistent results. The reason 

behind this observation is not known but it was also seen by Susan L--A. 

Samson in our iab so these assays were only perfonned using the CAT 

reporter system. The promoters were transfected into RTH-149 cells as 

descriied before for metal inductions. The transfected c& were induced 

with three oxidant inducing agents; hydrogen peroxide (HpJ, tert-butyl 

hydroperoxïde (tBHP), and terf-butyl hydroquinone ftBHQ) aIl obtained from 

Sigma Chemicais. K 0 , a . d  tBHP were purchased as aqueous solutions of 8.8 

M and 7.8 M concentrations respectively while tBHQ was purchased as a dry 

powder that was prepared fresh each time as a 50 mM solution in DMSO. The 

oxidarit solutions were diluted irnniediately before use in fresh medium and 

then added to the plates diredy in appropriate amounts. ControI plates for 

the tBHQ trials were prepared by adding the same amount of DMSO as was 

added with the test plates. The tBHP and tBHQ inductions were left for 48 

hours in general as  this was determined to give the optimal balance between 

cell death and maximal induction. The &O,inductions were treated with 750 

pM for 44 hours and then given a boost of 750 p M  for an additional 4 hours. 
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This regimen was shown to give a good balance between toxiciq and MT 

induction- 

3, Co-transfections of MTF exDression constructs with MT-A Dromoter 

lCha~ter - 51. 

nie CO-hançfection conditions were much the same as fhose for single 

transfedions but wese refined by optimizatiort experxnients performed by 

Susan L.-A. Samson and myself- The c& were again dowed to recover in 

20 ml of medium for 16 hours following subcuImg. The amount of MTF 

expression co11struc-t added to each trial was kept to a minimum to reduce 

cornpetition for the basal transcription apparatus with the MT promoter. In 

general a 1/10 molar amount of CMV containing MTF expression vector was 

added to CO-transfectxons with the MT-A promoter. This ratio was 

determined by using varying amounts of expression constmct with a fixed 

amount of promoter-reporter construct (Samson, 1996). A typical CO- 

transfection consisted of 1 pg of expression vector with 10 pg of MT-A 

promoter-reporter gene construd transfected into RTH-149 cells with 9 pg of 

carrier plasmid DNA. The amount of CMV promoter added had to be kept 

constant between the control sampIes and the test samples so pcDNA.3 

without an insert was added to the controls in equal arnounts as the MTF 

expression constructs. Following transfection the cells were allowed to 

recover for 48 hours following glycerol shodc The plates of transfected ceIIs 

were then given 20 ml of fresh medium and, if appropriate, induced with 100 
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cells were allowed to incubate for a M e r  48 

in ix Cd Lysis Buffer. 

The results of the reporter gene assays from the CO-transfections were 

found to be quite consistent here and the numbers shown in chapter 5 are the 

average of at Ieast 3 trials. UnIike Samson (1996) the fdd inaeases in 

promoter activitg did not vary £rom trial to tr ial and the standard deviations 

were comparable to those reported for single plasmid transfectons (chapter 4). 

m. Reporter Gene Assays. 

1. Chloramphenicol acetyltransferase (CAT). 

The CAT assays folIowed the general protocol of Gorman et al. (1982). 

C& were lysed in lx Cell Lysis Buffer, c d  debris was removed by 

centïhgation and the deareci lysate was quantitated using the Coomassie Blue 

Protein Assay Reagent (Pierce). For most CAT assays 100 ~rg of c d  lysate 

protein was brought up to 73 @ with Ix C d  Lysis Buffer and added to 107 pI 

of the rendion master mix. The master mix for each reaction consisted of 100 

p.l of 250 mM Tris-Cl, 5 mM EDTA (pH 7.8), 4.5 pl  of 20 mM acetyl-CoA, and 

2.5 pl of [14C]chlorarnphe~col (200 pG/d, 35 to 53 mCi/mrnol, Dupont 

NEN). The reactions were startd with the addition of the c d  lysate protein 

to the master mix and were allowed io incubate for 3 hours at 37T. 

The reactions were stopped by placing the tubes on ice and adding 200 

pl of ethyl acetate. The tubes were left on ice for about 10 minutes and mixed 
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periodically. The phases were then separated by a qui& centrifugation step 

and the upper organic layer was removed and placed in a fresh tube. The 

ethyl acetate was removed in a vacuum dryer- The residue was resuspended 

in u fl of ethyl acetate and m e d  by vort-g- Foilowing another qui& 

centrifugation the enüre 12 @ was spotted ont0 a silica gel matruc (sika gel 

182, J.T. Baker) for thin layer chromatography. The acetyIated and non- 

acetylated forms of [14C]chloramphenicol were allowed to separaie for 15 

minutes using a ninning solvent of chloroform: methanol (19: 1). Following 

the resolution the silica gels were dried completely in air and then exposed to 

X-ray film at room temperature for an appropriate length of time, usually 24 

to 48 hours. The developed X-ray films were then used to quantitate 

promoter activity by measuring percent acetylation on a laser densitometer 

(LKB Ultrascan XL). Films that showed total percent acetylation exceeding 

30% were generdy not used and the assay was repeated with a shorter 

incubation time so that the reaction remained in the hear range (Shworak, 

1990; Ausubel et al., 1989). The background CAT adMty was determined and 

corrected for by transfecting prornoterless pMEVlR and subtracting the 

percent acetylation values from the test consLructs. Some of the CAT assays 

were also quantitated using phospho-imager analysis (Fujix, BAS 1000). In 

these cases the silica gel was exposed directly to the phospho-imager plate for 

4 to 6 hours and then quantitated using the manufacturers supplied software 

(Fujix, BAS 1000). The background was corrected for by selecting an 
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unexposed sedion of the phospho-imager plate and Iabeling it as background. 

The software package then automaticaily subaackd its value from the other 

highlighted areas and reported the intensity of the acetylated and 

nonacetyIated bands. The reported intensities codd then be directly related to 

percent acetylation values for each reaction. It was found that the percent 

acetyIation values determined by autoradiogram scans and phospho-imager 

analysis agreed well if the auto radiograrns used were in the linear range of 

the reaction. 

2. Fireflv luderase CLUCl. 

LUC assays were performed by adding an appropriate amount of c d  

lysate protein (usually 50. or 100  CL^) to a master mix and pIaàng the reaction 

into the luminometer (Monolight 2010, Andytical Luminescence 

Laboratories) where 100 pl of D-luciferin in 25 rnM gIycy1-glycine buffer with 

0.01% BSA (pH 7.8) was automaticaiiy injected (beetle luciferin, Promega). 

The c d  lysate was adjusted to 50 p l  before addition to 350 pl of the LUC 

master mix which consisted of 25 mM gIycyI-glycine buffer (pH 7.8), 15 mM 

MgçO, and 2 rnM ATP. The reaction was started when the protein-master 

niix solution was placed in the luminometer and the luciferin was injected. 

The light generated by the cleavage of luciferin by lucihase was measured for 

10 seconds and reported as relative Light units (RLUs). The background 

amount of RLUs was correctd for by meas* the light @en off from a 
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sample of Iysate where promoterless pMEV35R was transfècted and 

subtraaing that value from the test values. 

The r d - t  values reported in chapters 4 and 5 are the result of 

averaging over at least 3 trials of each construct. In many cases the LUC assay 

proved to be superior to the CAT assay as it is more accurate over a range of 

promoter activities but in general the trends seen in one reporter gene system 

were corroborated by the other reporter gene and therefore w e  believe that 

despite the fact that interna1 controls could not be used in all cases the results 

are valid because two independent assay systems arrive at the same basic 

conclusions. 

Dd Analysis of RNA. 

1. RWA isolation. 

RNA was isolated according to the method of Chomczynski and Sacchi 

(1987). 600 pl of solution D (4 M guanidlluum isothiocyanate, 25 mM sodium 

atrate (pH 7.0), 0.5% sarkosyl, and 0.1 M &mercaptoethanol) was added 

directly to 10 an plates. The lysate was then scraped with the aid of a niliber 

policeman and transfened to a 1 5  ml microfuge tube where 60 pl of 2 M 

sodium acetate (pH 4.0) was added. To this mixture an equal volume of water 

saturated phenol was added and the entire mixture was shaken vigorously. 

120 @ of chloroform: iso-amyl alcohol(49: 1) was then added to the microfuge 

tube and the contents were shaken vigorously again for about 20 seconds. 

The microfuge tube was then incubated on ice for 10 minutes followed by a 10 
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minute centrifugation at 14,000 rpm in an eppendorf miaofuge. The aqueous 

layer was removed and placed into a k h  tube and an equal volume of 

isopropanol was added to precipitate the total nucleic a&. The nudeic aad 

pellet was air dried and resuspended in 200 p.l of solution D by heating ai 6 X  

until the pdet was completely dissolved. The nudeic aads were again 

precipitated with 200 of isopropanol and washed with 70% ethanol. The 

nudeic aads were then reçuspended in diethyl pyrocarbonate (DEPC) treated 

water and digested with DNase 1 (Pharniaaa Biotech) to remove any traces of 

DNA. The RNA was phenol extracted and ethanol preapitated again and the 

pellet was resuspended in 50 pl of DEPC treated water. The RNA sarnples 

were run on agarose gels to monitor the quaüty of the RNA and Iook for 

visible s i p  of degradation as well as DNA contamination. The RNA was 

quantitateci by measuring the absorbence at 260 nm. 

2. Northern blot analvsi.. 

An appropriate amount of RNA was v a a m  dried and resuspended 

in 20 pl of Lx MOPS buffer supplernented with 50% formamide and 2.15 M 

formaldehyde. The RNA was heated at 67T  for at least ten minutes or until 

the pellet was completely dissolved. The mixture was then cooled for a 

further ten mulutes by incubation on ice and 2 pi of 10x agarose loading dye 

was added. 
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Agarose gels for RNA blots were prepared by mdting the appropriate 

amount of agarose in water to make a 12% geL After the agarose had been 

completeiy dissolved it was cooled briefly and the mixture was brought up to 

a concentration of Ix MOPS. Forrnddehyde was added to linal concentration 

of 0.66 M and 0.5 rng/rnl etlüdium bromide was included before the gel was 

cast. The enüre denatured RNA sarnple d d e d  above was then loaded on 

the gel and it was run in lx MOPS buffe~ for about 1.5 hours at 10 volts/an, 

To prepare the gel for blotting it was washed several tirnes in sterile 

water, photographed, and the positions of the 28s and 18s RNA bands were 

marked. The gel was then equilibrated in 10x SSC for 45 minutes with 

shaking. The gel was then capillary blotted ont0 a Hybond-N+ nylon 

membrane (Amersham) for 48 hours using IOx SSC as the transfer buffer. 

After blotting the membrane was washed in twice in 2x SSC and UV cross- 

linked on a light box for five minutes. The 28s and 18s bands were usuaily 

visible on the blot under UV illumination and indicated an efficient transfer 

of RNA. Goss-iinked blots were either used immediately or stored at -20°C 

until use. 

The RNA blots to be tiybridized with random primed probes were 

prehybridized at 60°C in 0.125 ml/cm2 of Rapid-Hyb Buffer (Amersham) for at 

least 30 minutes. Then 2x106 cpm/mi of the denahired random primed probe 

was added to the prehybridization mix for at les t  a two hour hybridization at 

60°C. The blots were washed according to the individual resdts of each blot 

as monitored by a Geiger counter but a normal washing scheme consisted of 
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the following steps: wash at room temperature in 200 ml of 2x SSC/O,I% SDS 

for 10 minutes, wash at hybridization temperature in 200 ml of lx çSC/O-Ioh 

SDS for 10 minutes, and f indy a wash at the hybridization temperature in 

200 mi of 05x SSC/O.l% SDS for 10 minutes. These washes were generally 

sufficier~t to remove the background hybnds from RNA blots while Ieaving 

the trout MT and a-tubulin probes relatively untouched- 

The hybridization procedure for RNA blots hybridized with end- 

labelled oligonudeotide probes was generaiiy the same as for random primed 

probes except that the prehybndization and hybridization temperatures were 

generally between 42°C and 45°C and the waçhing steps were carried out with 

higher concentrations of SSC to avoid washing the oligonudeotide hybrids 

off. The MT-A and MT-B specific oligonucleotides used in Northern 

hybridizations are shown in table 2.3. 

3. Primer extensions. 

Another method used to monitor the response of the endogenous 

trout MT genes to metal ion induction was primer extension. A 17-mer 

primer sp&c to MT-A (table 2.3) mRNA and an lû-mer primer specific to 

MT-B (table 2.3) mRNA were end-labelled with [yq]ATf (Amersham) 

usuig T4 poly-nucieotide kinase (Pharmaaa) to a specinc activity of lx 10' 

cpm/pg. ô< 10' cpm of each primer was precipitated with 10 pg of total RNA 

and resuspended in 10 fl of l x  Primer Extension Buffer. The mixture were 

then denatured at 80°C for five minutes and slowly cooled to room 



Table 2.3. Primers used for trout MT specific Northerns and primer extensions. 

Primer Name Primer Sequence 

tMT-A specific 

Source 

5'-dGATCGTAGTAGTTTGTC-3' 

tMT-B specific 

5' untranslated 
region of 1 MT-A 

5'-dAAGTATlTCAGCTTAATT-3' 
5' untranslated 
region of tMT-B 
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temperature- The total volume was brought up to 20 fl by adding reverse 

transcription buffer containing dNTPs and 6 uni& of M N  reverse 

transcriptase (Pharrnacia). The primer extension reacüons were carzied out at 

47°C (T,-5°C) for MT-A and 41°C for MT-B for one heur- The products were 

ethanol precipitated and resuspended in steriie water with lx sequencing dye 

(Pharmacia) and andyzed on a 6% seqyencing gel. The gel was f k d  and 

dried and exposed to X-ray Hm for 24 hours. 

4. Semi-auantitative reverse transcri~tase coudeci PCR (RT-PCRI - 

The semi-quantitative RT-PCR was performed in the following 

manner. 5 pg of total RNA was subjected to first strand cDNA synthesis usmg 

either a tMT-A (TMT-AR) or MT-B (TMT-BR) specific anti-sense primer 

(table 2-4) (20 pmol per reaction), AMV reverse transcriptase, and cWTPs. 

Fractions of the reverse transcription reactions were taken from the 20 pl total 

and added to PCR reactions containing a known amount of the genomic 

sequence of tMT-A or tMT-B in a plasnid vector. Both cDNA and genomic 

DNA were PCR amplified in the same hibe by using primers that will anneal 

to both sequences but give products of different moledar weight (see table 

2.4 for the primer sequences used). The quantitation reactions were c d e d  

out by adding an aliquot of the original RT reaction (either 5 fl or 0.5 @) to 

three tubes each containing a different but known amount of either the tMT- 

A or tMT-B gene. The MT-A specific PCR reactiom were pdormed wiih the 

primers MT-AF and MT-AR and the tMT-€3 specinc PCR reactions were 
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performed with the primers MT-BF and MT-BR (table 24). The amount of 

tMFA mRNA was high enough in the zinc induced samples that only 0.5 pI 

of the original RT readion was added to the tubes containing 0.5 ng, 1.0 ng, or 

1.5 ng of interna1 standard plasmid containùig the tMT-A gene. For the 

cadmium induced samples 5.0 @ of the MT-A RT reaction was added to tubes 

containing 0.5 ng, 1.0 ng, and 15 ng of phsrnid containing the MT-A gene. 

For both the control and copper induced samples the amount of original MT- 

A RNA was low enough that 0.5 @ of the RT readion was added to tubes 

containing 5 pg, 10 pg, and 15 pg of the internai standard plasmid containing 

the MT-A gene. The proportions of RI reaction to i n t d  standard plasmid 

used in the tMT-B tri& were identical to those used in the MT-A trials. 

Both MT-A and MT-B cDNAs amphfy to give products of about 300 b.p. 

while the genomic MT-A clone amplifies to about 600 b.p. and MT-B 

genomic to about 1000 b-p. The cDNA and genomic PCR products were 

separated by agarose gel electrophoresis and stained with ethidium bromide. 

By deterrnining when the intensity of the cDNA and genomic bands are 

approximately equd we can get an estimate of the original amount of MT 

mRNA present before reverse transcription and PCR This procedure is not 

completely quantitative because the difference in size between the cDNA and 

genomic PCR products means that the effiaency of amplification will be 

different. As well, the source of tempiate is different for cDNA and genomic 
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PCR products, the cDNA template is a hear fragment whüe the genomic 

template is a supercoiled cirdar plasmid. 

X Soathern Blot Analysis. 

It was known that both a 4 kb. and a 7 kb. fraction of HindIII digested 

trout genomic DNA conained an MT hybridizing sequences (Bonham et A, 

1987 and Zafarullah et aL, 1988). Using either these firadions directly or using 

two MT-A and two MT-B specific primers (table 25) these two HindIII 

digested genomic fractions were subjeded to PCR amplification reactions. A 

portion of either the HindTn fractions or the PCR reaction was run on an 

agarose gel containing ethidium bromide to visualize the DNA. The DNA 

was then transferred to a nylon membrane by the Southem Blotting 

technique. The gels were depuruiated in 0.25 M HU for about 30 minutes 

(until the bromophenol blue in the ninning dye turned ydow), then the gels 

were rinsed in water and transferred to the denaturing solution (0.5 M NaOH, 

1.5 M NaU) until the bromophenol blue returned to its blue color (about 30 

minutes). The geIs were again rinsed in water and neutralized in 20x SSC for 

30 minutes. The DNA was capillary transferred for 48 hours to Hybond-N or 

Hybond-N+ nylon membranes (Amersham) with 10x SSC as the ninning 

solvent. The DNA was fixed to the membrane by W aoss-linking and either 

used immediatdy or stored at -20°C wrapped in Saran-wap. The blots were 

hybridYed with MT-A and tMT-B întron specific oligos (table 2.5). The 

conditions necessary for specific binding of these oligos to Southem blots had 

to be determined empiricdy. It was found that because these oLigos bind to 



Table 2.5. Trout MT intron specific primers used in Southern Hybridizations. 

Primer Name I 
tMT-A specific 

tMT-0 specific 

IJ rimer Sequence Source 

Y -dGGTGCCAmAAAGCCC-3' 
second intron 
of tMT-A 

- 

5'-d AGCAATATGGTTGACACTG-3' 
second intron 
of tMT-0 
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intronic regions bearing Iittie simiIarity to each other the conditions for 

specific binding were easily modulated. Hybridizations were performed at 

45°C and washes were performed as follows: ten minutes at room 

temperature in 4X SSC/O.l% SDS, ten minutes at 650C in 2x SSC/O.1% SDS, 

and five minutes at 45°C in IxSSC/O.l% SDS. These conditions were reiiable 

when 1x106 cprn/rnl of oligo probe was added to the hybridization reactions. 

M. Polyaaylamide Gel Electrophoresis (PAGE). 

1. Sequencino gels. 

DNA fragments generated by the Sanger dideoxy sequencing rnethod 

were resolved using denaturing urea-polyacrylarnide gels. The gels were 

either 6% or 8% polyacrylamide (29 acrylamide: 1 bisacryhmide) with 8 M 

urea and lx  TBE buffer. Polymerization was initiated by the addition of 600 pl 

of 10% ammonium persulfate and 50 @ of EMED (Sigma) per 75 ml of gel 

mix. The gels were prepared as describeci by Sarnbrook et al. (1989) using 0.4 

mm thick spacers and were run at a constant 70 Watts in lx TBE using a BRL 

mode1 S2 sequencing apparatus. 

2. SDS-denaturine PAGE of uroteins. 

The mouse (m) and human (h) metd responsive transcription factors 

mMTF and hMTF were synthesized by in vitro translation in order to study 

their regdation by metals. The translated proteins were analyzed by SDS- 

PAGE to ensure that lull le.@ products were obtained before use in other 

experiments. The proteins were resolved on 8% polyaaylarnide gels (29 
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supplemented with 0.1% SDS using a MINI- 

apparatus (Bio-Rad Laboratones) according to 

the protocols of Sambrook et al (1989). More Ioading of the protein samples 

to the gel they were diluteci at Ieast 1: 4 in Ioadmg buffkr (625 M Tnç-CI, p H  

6.8, 10% glycerol, 2% SDS, 5% B-mercaptoethanol, and 0.05% (w/v) 

bromophenol blue) and placed in a boiling water bath for 5 minutes. 

Following dectrophoreçis the çtadang gel was removed and the resolving gel 

was fixed and stained for 45 minutes in a solution of 10°/0 acetic acid (v/v), 

10% methanol (v/v), and 025% (w/v) coomassie brilIiant Hue. The gel was 

destained in a solution of 40% methano1 (v/v), 10°h acetic acid (v/v) with two 

dianges of solution at 30 minute intervals. The destained gel was then 

soaked in water for at least one hou to s w d  it back up to its normal sue 

before vacuum drying. If the in nitro translated proteins were r"Ç] 

methionine IabeIled the dried gel was exposed to X-ray film for 24 hours to 

viçualize the newly synthesized peptides. 

3. PAGE ~urification of DNA fraements for DNA bindine assays. 

To ensure that only double stranded oligonudeotides were used in 

DNA binding assays it was necessary to puRfy them through non-denaturing 

PAGE. Equiaiolar amounts of comphentary oligonudeotides were mixed 

together in annealing buffkr and heated by boiling for 5 minutes followed by 

slow coohg to room temperature. The double stranded oligonudeotide was 

end-labelIed with [ ~ ~ I A T P  and T4 polynudeotide kinase. Annealed, 32P 
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labelfed, oligonudeotides were ptdied through 10% non-denaturing 

polyaaylamide gels. The required band was visuaLi;r:ed by a short exposure to 

X-ray film and then cut out of the gel by overlaying the film with the gel. 

Unlabelied double stranded oligonudeotides were isolated by cutting out 

from the gel using a comigrating Iabded oligonudeotide as a marker. 

The section of polyacrylamide cut out from the gel was placed on a 

glas plate and cubed with a scalpel. The gel fragments were phced in a 

miaofuge tube to extract the DNA using a modified "cmh and soak" 

method (Sambrook et al, 1989). The DNA containhg gel cubes were soaked 

overnight in 500 ml of DNA Elution Buffer with shaking at 3 X .  The buffer 

was removed from the gel pieces and the DNA was ethanol precipitated. The 

DNA pellet was washed at least three ümes to remove all traces of the DNA 

Elution Buffer which seemed to inhibit DNA-protein cornplex formation. 

W. Radioactive Labeling of DNA Probes. 

1. Random ~ r i m i n g ,  

To label both strands of large fragments of DNA with [a?l?]dATP or 

dCTP the random hexamer priming method was followed according to the T7 

QuickPrime Kit (Pharmaaa). DNA hagrnents to be labelled were purified 

through LMP agarose. The DNA fragment (50 ng) was then boiled for ten 

minutes to separate the strands and each DNA labeling reaction was started 

with 50 pCi of [a?P]dATP or dCTP. FolIowing the labeling reaction the free 
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nucleotides were removed by chromatography through a TE equiliirated 

Sephadex G50 column. The acid precipitable counts were then determined 

by scintillation counting. 

2.5' end labeliw- 

Both single and double stranded oligonucleotides were Iabelied at the 5' 

end with [*]ATP and T4 po1ynucleotide kinase for use in Northern and 

Southern hybridizations as w d  as electrophoretic mobiiity shifi assays 

(EMSAs) respectively. 

The double stranded oligonucleotides were labelled in a voiume of 20 

pl which contained 100 ng of DNA (10 to 12 pmols of ends), 10 uni& of T4 

polynucleotide kinase (Pharmacia), Ix PNK reacüon buffer, and 50 mCi of 

[fl]ATP (3000 Ci/mrnol, Amersham). The reactions were indated at 37T 

for one hour followed by kinase inactivation at 70°C for ten minutes. 

Unincorporated label was removed by non-denaturing PAGE as describeci 

previously. The spe&c activity was measured and only oligonucleotides 

labelled to 0.5x108 cpm/yg or higher were used in further procedures. 

The single stranded oligonucleotides were labded much as d e s a i  

above except that only 50 ng of primer was labelleci in each reaction. Also the 

single stranded probes wexe purified by passing the reaction through a TE 

equilibrated Sephadex G50 column while monitoring the eluted fractions 

with a Geiger counier. The eluted fraction containhg the labelled 

oligonucleotide was ethanol preapitated and washed several times with 70% 
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ethanol. The speafic activïty was deterrnined using the aad preâpitabIe 

counts measured by scintillation counting. 

XIIL In Vitro Translation of Mouse and Human MTF. 

The mMTF and hMTF cDNA conçtructs were in vitro translated in 

order to confirm the apparent moledar masses of the resulting Md-type 

and mutant proteins as  well as study their DNA binding characteristics under 

various conditions- The MTF translation products were produced using the 

TNT T7 coupled retidocyte lysate system (Promega Biotech.). The system 

allows for transcription and translation to occur in one tube without the 

purification of an RNA intermediate. The translations were carried out at 

30°C for 90 minutes with an initial charge of 1 pg of DNA template- The 

templates used were supercoiled MTF cDNAs in the pcDNA3 expression 

vector which allowed the use of T7 RNA polymerase. All  plasmid templates 

were punfied using Qiagen Tip-500 (Qiagen) chromatography columns. Al1 

of the MTF species were efficiently synthesized with the exception of wild- 

type hMTF. We were not able to inaease the efficiency of translation of this 

MTF variant through changes in initial plasmid amount, K U  concentration, 

or further purification by phenol extraction and as a result hMTF was used 

rarely in the subsequent DNA binding studies. 

XIV. Electrophoretic Mobility Shift Assays CEMSAs). 

The MRE oligonucleotide sequences used in these DNA binding 

studies are sununarized in table 2.6. The conditions referred to here are die 
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result of the optimization of many different paranieters and mosi of the 

optimization experiments were i ~ t i d y  done in our lab by Susan L.-A 

Samson and Wendy Paramchuk in th& investigations of MRE binding 

factors from m o w ,  rat, and human nudear extra&. 

FoUowing the in vitro translation reactions the total volume was 

divided up into 5 pl fractions and stored ai -8û°C. For all DNA binding 

reactions (except hMTF) 0.5 pI of the translation reaction from a total volume 

of 25 pI was used. In the case of hMTF it was necessary to use up to 2.5 pl of 

the trandation readion to adiieve a shifted cornplex. The translation 

reaction products were diluted in cold Nudear Extraction Buffer to a volume 

of 5 pI. The diluted translation reaction was added to a 13 pI voIume 

consisting of; 4 pl of 5x MRE Binding Buffer, 2 pl of either water or metal ion 

soiution, 2 pl of 100 rnM DTT and 5 pl of end-Iabelled doubIe stranded MRE 

probe (50,000 cpm/reaction). This mixture was incubated at room 

temperature for 10 minutes before 2 pl of a 0.5 pg/pI solution of poly(d1- 

dC)poly(dI-dC) was added. The reactions were allowed to proceed for another 

10 minutes and then the readions were immediately Ioaded on a 

poIyaayIamide gel and nui for 90 minutes in 0.255 TBE in the cold room. 

The gels were fixed in a 10% acetic aàd, 10% methanol solution for one hour 

and then vacuum dried and exposed to X-ray fikm for an appropriate length of 

tirne. 
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Whenever further additions to the binding reactions, such as further 

metaI ions, cheiator, or cornpetitor were inciuded the initial incubation time 

was shortened to 5 minutes before the addition foUowed by 5 minutes after 

the addition before the poly(dI-dC)~oly(dI-dC) was added. 



CHAPTER 3. Uoning and Structural Characterization of the Rainbow Trout 

Metaiiothionein A Gme, Linkage of the MetaUothionein Genes Within the 

Rainbow Trout Genome. 
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1. Introduction 

Rainbow trout express at least two distinct MT gens (A and B) 

(Bonham et al., 1987). Of these two geneç ody MT-B had been doned 

(Zafantllah et aL, 1988) but it was known that these genes were differentially 

regdated in trout cells by metal ions (Price-Haughey et al., 1986; Bonham et 

al., 1986; PriceHaughey et al., 1987a; Price-Haughey et al., 2987%; Zafanrllah et 

al., 1989; Gedamu et al., 1990; Zafadah et aL, 1990) as weU as 

developmentally (Olsson et al., 1990). Therefore, to M e r  investigaie the 

molecular mechaniSm controlling trout MT gene expression I undertook the 

isolation of the tMT-A gene £rom bout genoniic DNA. This chapter descriles 

the steps taken in the isolation and doning of the tMT-A gene as well as the 

structural diaracterÏzation of the gene. 

II. Results. 

1. PCR amlification and clonine of W - A .  

From previous genomic Southem BIots it was known that two M T  

hybrïditing bands could be seen from HindTn digested bout genornic DNA 

(Bonham et al., 1987 and 2afanilla.h et al., 1988). One band was approximately 

4 kb. in size while the other one was about 7 kb* These two fractions of 

HindIII digested &out genomic DNA were isolateci and purified by NENsorb 

(Dupont) and used as templates in PCR reactions. A primer was designed 

from the publiçhed promoter seqyence (Murphy et al., 1990) that would 

amplify approximately 425 b.p. of the S regdatory region (-425 primer) and 

this primer was used in PCR reactions with another primer made 
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compkmentary to the 3' untranslateci region of MT-A (TMT-AR primer) 

(Bonham et al., 1987). These primers were able to amplify a single distinct 1-1 

kb. band from the p d e d  4 kb. fraction of bout genomic DNA, The PCR 

product waç punfied from an L+MP gel and directionally doned into the Sad 

and XbaI sites of the pGEM2 vector. To vexify the identity of the PCR product 

it was subjected to dideoxy sequencing. The complete sequence of the coding 

region was found to agree entirely with the published cDNA sequence 

(Bonham et al., 1987) and the 5' regdatory region also agreed with the 

published sequence (Murphy et al., 1990). Added to the known sequences was 

the sequence of the two introns (figure 3.1). The gene shows the characteristic 

MT tripartite structure common to ail vertebrate MT genês where three exons 

(coding for 61 amino au&) are internipted by two introns (figure 3-1). 

B g e n e -  

The tMT-A gene is structurally very similar to tMT--B and what follows 

is a summary of some of the similariües and differences that may be noted 

between the two genes. htron 1 interrupts the codon for amino acid number 

9 in both tMT-A and tMT-B whde intron 2 interrupts the codon for amino 

acid 31 in tMT-B and amino acid 32 in MT-A, There îs an alanine inserted in 

tMT-A at position 31 that is of rinknown importance and is quite unique 

among the piscine MTs (Kille et ai., 1991). Previously it had been thought 

that perhaps this insertion occurred at an exon-intron junction but it is now 

known that it is one base upstream of the junction (Hong and Schartl, 1992). 

Intron 1 is 119 b.p. long in MT-A and 108 b-p. long in tMT-B- Intron 2 



Figure 3.1. The nucleotide and amino aad sequences of the tMT-A gene. The 

entire nudeotide sequence of MT-A is shown from the transcription start site 

to the 3' untranslated region. The exons are shown in red and the 

transcription start site is green. The correspondhg amino acids are denoted 

by their three-letter codes in blue above the codons. 



TAAACGCTGA CAACACACCA CTGACACCCA GACAAACTAC TAGGATCCAT 

TCGGATAAAG AAGGTAGCTC AAAAACTGGA AA 

GTAAGTTATG TATATCGATC ATTTATCAAG ACTATGGGTC TAGGATACGC 

TTAAGCGTTA TTCTCTAAAA TCTTAACAGG CTAATTACCA ATTTACCTAA 

CTCAaCTGTT TATTTATAG 

GTAAGTGGTT CTATTCTAAA TCCAACTAGT GTTATTAGGC CAATAGTCTT 

TTTCTTATCG CTGGTGGCAC TTTAAAGCCC ATGGTTAGCC TAATTAACCT 

CAATTGCCTC ATTAGGTGGC ACGAATAGTC TTGGTCATCA CTAATCGATT 

ATTTTTCGGC CCATCAG 

.=.Y ,-. r y  r -  -- -- - 2 -  - y >  7_S? C-JS -S PZ0 SET 31y C y S  S1T - 
. - ... . . .  . . . . . .  . . . - - . -  -,-- --. _ _ . . . . . . _ .  
. . ., - -  .. - . -. . . - ,  . - - .  - .  - . -  . . -  - ~ 

.. .. 4 .- . 

GGCCTGGTGT ATGACATCAC AATGCAGTCC ATTCCCTATG ACTATGAAGT 

TGTACCATCT TGAGCATAGC TTTTGTCAAA TGTAAGGAAA TAAATTGCAT 

GTATCTAGA 
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however, shows a Iarge diffaence in size between the two genes at 168 bop. in 

MT-A and 635 b.p. in tMT-B. The introns, not surprizin@y, show the Iowest 

degree of sequence conservation between the A and B genes, 69% for intron 1 

and 55% for intron Z The protein coding regions show 91% sequeme 

homology at the nudeotide Ievd and over 95% at the amino aad level. The 

5' untranslated regions are 73% identical and the 3' untranslated regions are 

84% identical. 

Intron 1 in both tMrfr-A and W - B  is 69% A-T rich while intron 2 is 

60% A-T rich in MT-A and 61% A-T rich in MT-B. The 5' regulatory region 

(up to -425) of MT-A is 62% A-T rich which is identical to MT-€? but is highly 

divergent from mouse and human MT genes which are about 75% G C  rich 

in their 5' regulatory regions During the course of thiç projed the sequence 

of the MT-A gene was publiçhed and the results agreed welI with what was 

found here (Hong and Sd iaa l ,  1992). 

The 5' regulatory regions of the trout MT genes provide a particularly 

attractive mode1 with which to study the regulation of MT gene expression 

due to the absence of overlapping cis-acting elements with the MREs (figure 

32). The human and mouse genes have many MREs within the fist 300 b-p. 

of the transcription start site and as stated earlier th% region is very G-C rich 

and as reçult has interspersed Spl binding sites (figure 32). The overlapping 

of the Spl binding site, GGGCGG, with MREs presents a problem when 

studying the regulation of MT gene expression by met& because Spl has been 

shown to act as a basal level factor promoting transcription m a n  and Tjian, 



Figure 3.2. Schematic representation of M ï  5' regdatory regions. The cis- 

acting dements contained in various MT gene regdatory regions are 

represented from information in the folIowing publications: human MT-IIA 

(Hasiïnger and K a . ,  1985; Friedman and Stark, 1985), human MT-IG gene 

(Foster et al., 1988), mouse MT-1 gene (SearIe et al., 1984; Muder  et al-, 1988), 

rat MT-1 gene (Andersen et al-, 1987), rainbow bout MT-B gene (Zafadah et 

al., 1988; Gedamu et al., 1993), and the MT-A gene (Oisson et al., 1995; this 

study). 



h~man MT-ILA 
-780 

T 
+Z 

h m  MT-IG 
-611 

T 
+l 

rat MT-1 
-430 

T 
+1 

mouse MT-1 
-750 

T 
+l 

rainbow trout MT-A 
-1052 

T 
+I 

rainbow trout MT-B 
-1006 

T 
+l 

Legend: 
T = TATA box element 

= Apl binding 
+ = Metal Responsive Element site / Antioxidant 

(MRE) in fonvard orientation Responsive Elernent (ARE) 
= Interferon Responsive + = Metai Responsive Element Element (IRE) 

(MRE) in reverse orientation 
a = Glucocorticoid 

= GC box, putative Spl bmding site Res~OMve 



91 

1985) and it is not dear if overlapping MREs and Spl binding sites c m  both be 

occupied simultaneously but regardes it seems reasonable that Spl wodd 

interfere with getting a clear measure of promoter activity due to metal ion 

induction. F h e r ,  both MT-A and tMT-B have only two MREs within the 

first 300 b.p. of the 5' regdatory region making the analysis of metaf induction 

more simple. The hown sequence of MT-A was extended by Olsson et aI. 

(1995) up to nudeotide -1052 of the 5' regulatory region. The sequences of the 

5' regulatory regions of MT-A and tMT-B (Samson, 1996) show significant 

homology all the way up to -1050 and they are compared in figure 3.3. Even 

induding the very distal parts of the 5' regulatory re@om thiTI-A and MT-B 

have about 70% sequence conservation (figure 3.3). Comparing the regulatory 

elements found within the trout promoters we find that MREa occurs at the 

same location in both genes and they are identical at II of the 12 sites of the 

extended MRE consensus sequence. MREb is separated from MREa by an 

extra 16 b p  in MI'-A compared to tMT-B but again the MREs are highly 

similar with 10 of the 12 sites within the extended consensus beUig identical 

and only a single difference in the 7 b.p. core. The bout genes are sornewhat 

unique in that they have MREs Iocated very far (greater than 500 b.p.) 

upstream of the TATA box (figure 3.2). The mammalian genes seem to have 

their MREs densely dustered within the proximal 300 b-p. of the 5' regulatory 

region and the distal region contains other cis-acting elements such as GRES, 

ARES, IRES and API binding sites (figure 3.2). In figure 3.2 there is also 

represented a consensus ARE within the trout genes 5' regulatory regions but 



Figure 3.3. A detailed cornparison of the 5' regulatory regions of M'l'-A and 

MT-B. The nudeotides of approximately the e s t  1000 b.p of MT-A and 

MT-B 5' regulatory regions are aligned for optimal homology. Some cis- 

ading elements are highlighted wiih the following coiors: 1) MREs, red 2) 

consensus ARES, blue 3) ARE half-sites, cyan 4) TATAA box, magenta 5) 

transcription start sites, green. 



TACTATATGT TCGATTCGAC TATGATTCAT ATATAGGTAA 

CGTTCATGGA GTTTAGAATA 

AGTACATGCT TAACTT?PTAC AAAAGTTCAT ATATCTTCAT 
TATTTCTGTA TTGATTCATG ATTGTATAGG GTAATTGTTA 

- 9 7 0  W - A  
- 9 3 2  W - B  

TTTATATTGA TGAlVlTATTA TlTTfTTTAT GATAGACTAT 
TATATA TGA TGAAATATGA AAGTATTTAT GAAAGGC 

CCTTGTTGTA GGCCAATACA GTIlCTGGTAG CATCACTGTT 
ATGTA G AATA GTTCTGAZlTG CATCATTGTT 

TTCATTACGG TCGllTTGTAA TTAATTGTAG CTGGTACT 
TTC TTAAGT TCATTTGTAA TTAATTGTAG GTGGTGCGGG 

G - TAT TTGTATAACA TTGCACAATG TTTGTGGCTA 
CGG- 1 TAT TCTTATTACG TAGCACAATG TTTGTGG TA 

1%C?-C-?XT CAATTACTCA AGCAGGAGAT TCTGGAAAAA 
K A C X C X K T  CATllTACTCA GGCAAGATAT TCT AGAAA 

TACTAACACT CTGTCGA- 1 I- ' Z -1AAGTG ATTCATTCTC 
TACTAACACT CAGTCGACAT GCGCAAAGTG ATTCATTCAC 

ATTCGAATGT TTCTCACGAG TGCTGC S T  IT.L.LAAT.AA 
ATTCGACTGT TGCTCATAAG CACAGCY :7' IX.T.1.GATAA 

AGGGAGCAT -TG= GCTCTCUCA CAGCACCAG--' 
AGGAAGCACG GGAC TGGAA GCTCTCAACA CAGCACCAA' 

- AGCAAAT TCCCCCGGAA AA G AA A A m C A A T  
- fLACACCA CTCCC GA?i AATG- AA CTGAAAAGTT 

GT TGTC C A G T C U  CCA 'ACA ATGTAGTGAT 
GA- - TGTC C A A C C G m  CCA - ACA ATGTAGTGAT 

TTATAGCCTA AATCGTCGTT TAAATCTATT T AAA 
TT GTA AATCGTCGTT TTAATATATA TTTCCATAAA 

CACTA CAC ATIICAAATGA TLTCCGACAA GT'Fi'ACATCT 
CACTAGGCCT ATTCAAATTC TTCCCAACAA GTAA T 

AGAATT ACA TACATTCTCT CATTCTUTC TATA GCCTA 
ATAATTCTAT TAATTITTCG CATTCTAATC TATAGGCCTA 



-303  W - A  
-299 tMT-B 

CTAGTCCTAG ATTAGATATG TCTATAGGCT ATAACACTTT 
T GTCC AG ATTAGAT TATAGTAT ATAACAATTT 

&MLTCATCAT GAATTfGAAC AAGACATTTA GTGTGTCT 
AZL?LTC.M"~'T G2NL 'TTWC ATTACAATTA GATCATGCCT 

WAAAATAAC AATAXTGGT AACTAAACG TTAAîAAA G 
GTAAAATMLT A T U T  GGC TIIGATT GA TTA CAACAC 

TCCAGACTCC AGTGGGTTAT TTGAAGGCAT TCAT2GATm 
TCCAGAC CC TGGGGGTTAT T GAAGGCAT TCCTMULUC 

KTAAA TAC TAATAC AT GTTTGCATA TTZIACATAAT 
U T A T  CCCAATAAAT GTTTGTATAG TTAA AT- 

GGGT TA GCCATATTTG AATGPATCAA TT - - .ACAT 
TATAGGTGTA GCCTTAATT -4ATCG-9 TGATCAACGT 

GGTAATTAGG C T  ATGTAGG C T ATTT AAAC 
GGTAATCAGG TTTATGTAAC AGACTATGGA ATTIT-C 

AATAGGCTAC TATTCCCTTG ATGGGCATGT TTTCGCTCT 
mTAGGAAAC TCT'TCC TTG AT TAT TTTCGCGCAG 

GCTGTCTGCG TGAACGCGCG ACTCTGTTCT _: 1.: 1.:. : I JCA 
TC GTC TGAACGCGAG AC TGTTPT , > : .+. 1 , :CA 
CCTGTCTGCC CCGGACGAT.: T.=-ZATTCGAA GTCTCGCTAG 
CCCGTCTGTC CCTGELCGCT.; T-yIA9ACGGT GCTTCGCCAA 

TTAGAAATA AACGCTGACA ACACACCACT GACACCCAGA 
AGAGAAATT7 AIlAGCTTACA ACTCAACAGT GAAATTAAGC 

CAAACTACTA CGATCCATTC GGATAAAGAA GGTAGCTCAA 
TGAAATACTT C ATTT GACTAIlAGAA GCGCGATC 

AAACTGGJUA ATG 
GAAAA ATG 
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what is not shown are the multiple nomconsensus ARE halfsites that may 

aiso be competent to activate transcription foIIowing induction by oxidants 

(figure 3.3). 

3. Linkaee of MT-A and MT-B. 

The MT-A gene was amplined from the purified 4 kb. fraction of 

&dTn digested bout genomic DNA and in order to assign the identity of the 

7 kb. MT hybridizing fiaction, MT-B specific prïmers were w d  in PCR 

experiments to try and amplify the MT-B gene from that haction There is a 

HïndlB site near the translation start site of tMT-B which eliminated the 

possibility of using any unique sequences from the 5' untransIated region, so 

it was necessary to use intron specifïc primers in order to amplify MT-8 

genomic seqyences without interference hom the highIy similar tMT-A 

sequence (Bonham et al., 1987 and Z a f d a h  et al., 1988). The PCR 

amplification of tMT-8 with intron specific primers was done in p d e l  with 

MI'-A specific priiners and ît was found that both sequences were amplified 

from the purified 4 k-b. fraction (figure 3.4~4). The ethidium bromide stained 

gel in figure 3.4A was run in duplicate and then Southern blotted to a nylon 

membrane. One of the blots was hybridized with a end-labelleci MT-A 

specific oligo (the same as used in the PCR amplification) (figure 3.4B) while 

the other replicate blot was probed with a M T - B  speafic oligo (figure 3.4C). 

The adiolabeled MT-A specific oligo pidced up only the visible 650 b.p. bands 

from the lanes with the 4 kb. template and the genomic DNA template and 

nothing fxom the lane corresponding to the 7 kb .  template (figure 3.4B). 



Figure 3.4. Both M T - A  and tMT-B genes can be PCR amplified fiom the 4 k.b. 

fraction of HindTn digesteci trout genomic DNA. A. Ethidium bromide 

stained gel of PCR ampiified products. Intron spedic priniers for MT-A 

amplified a product from both the 4 kb. fraction and genomic DNA but not 

fIom the 7 kb. fraction. Intron specific primes for tMT-B &O amplified 

products visible by ethidium bromide staining of the agarose gel from the 4 

kb- and genomic templates but not fkom the 7 kb. fraction. B. The agarose gel 

shown in A was Southern Blotted and hybridized with a radiolabeled tMT-A 

speafic oligonudeotide. C A duplicate Southem to the one in B was 

hybridized with a radiolabeled MT43 specific oligonudeotide. 



M 4 7 Gen 4 7 Gen 
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The blot probed with the MT-B specific ohgo gave strong hybridiPng bands at 

about 600 b.p. in the Ianes containing the 4 k.b. template and genomic 

tempiate (figure 3 .K) .  However, the radiolabeled M T - B  oligo also picked up 

a band in the Iane corresponding to the 7 kb- template PCR reaction (figure 

3 . K ) .  This speaes is not visible in the ethidium bromide stained agarose gel 

(figure 3.4A) but it is the same size as the other PCR products amplified by the 

tMT-B specifïc oiigos. The identity of this band is not known but judging by 

the relative intensities of the bands amplified from the 4 kb. and 7 kb. 

fractions it seems more likely that the tMT-B protein coding sequence resides 

with MI'-A in the 4 kb. fraction of HindIII digested trout genomic DNA. 

There may be other MT isoforms in the trout genome as has been found in 

moue and human ce& (Uchida et al., 1991; Palmiter et al., 1992; Palmiter et 

al., 1993) and if that is the case the MT hybridizing sequence found in the 7 

k.b. fraction of f i d m  digested bout genomic DNA may in fa& be an MT 

isoform such as MT-III or MT-IV or related gene. 

A possible identity of the MT hybridizing sequence found in the 7 kb. 

fraction is a MT-Iike sequence that was found in a trout genomic A library. 

The clone, cded h67, was p W y  sequenced and found not to contain a 

complete MT open readuig frame (data not shown). It could be the case 

however, that this h67 clone is responsible for both the weak hybridizing 

species in the 7 kb. Iane of figure 3.4C and the 7 kb. band seen in Hindm 

digested genomic Southems (Bonham et al., 1987 and Zafarullah et aL, 1988). 
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At this point it was necessary to test the specifÏaty of the MT-A and 

MT-B s p d c  oligos for each individual gene. To do this an agarose gel was 

run which contained a repeated pattern of a plasmid vector containing the 

genomic sequence of tMT-A run beside a plasmid vector containing the 

genomic sequence of MT-B. This gel was then Southern blotted to duplicate 

nylon membranes. One membrane (figure 35A) was hybridized with 

radiolabeled tMT-A speafic oligo while the other duplicate membrane was 

probed with radiolabeled MT-B specific oligo (figure 3 3 ) .  The MT-A oligo 

hybridized only to the plasmid species loaded in the M'FA lane 

demonstrating that it is indeed specifïc ody for the A gene (figure 3.5A). The 

MT-E3 oligo hybridized strong1y to the plasmid species loaded in the MT-B 

lane and only very weakIy in the Iane containing tMT-A at the approximate 

location of the supercoiled plasmid (figure 3.5B). This verifies the specificity 

of the individual oligos for each gene and dows for their continued use in 

dhtinguisbing the two trout genes from each other. 

To M e r  study the possibility that both MT-A and MT-B occu. in 

the 4 k.b. kaction of HindIII digested trout genomic DNA, these two purified 

fractions were run individually on duplicate agarose gels and Southern 

blotted. Again it was found that both the MT-A specific ofigo and the tMT-B 

specific oligo selectivdy hybridized to the 4 k-b. fraction (figure 3.6A and 3.68). 

The tMT-B oligo may also show some weak hybridization to the 7 k-b. fraction 

but this may be due only to the inability to wash the bIots to a high stringency 

when using short oiigos as probes. These findings also suggest that both MT- 



Figure 3.5. Specincity of the tMT-A and tMT-B specinc oligonudeotides. 

Plasmid vectors containing MT-A and tMT-B genes were electrophoresed 

side by side and Southern transferred to Hybond N+ (Amersham). A- The 

tMT-A intron specific oligonudeotide was tested for its s p d c i t y  by 

hybridizing it to the blot described above. There was no hybridization of the 

MT-A speciüc oligo to the M T - B  gene sequence. B. The tMT-B intron 

s p d c  oligonudeotide was &O tested for its s p d a t y  analogously ta what 

was done with the MT-A specific oligo. The was no hybridization of the 

tMT-B specific oiigo to the MT-A gene sequence. 





Figure 3.6. Hybridization of purified 4 kb. and 7 kb. fractions of Hindm 

digested bout genomic DNA with tMT-A and MT-8 specific 

oligonudeotides. 100 ng of the 4 kb- and the 7 kb- fractions were 

dectrophoresed and Souhern transferred to Hybond N+ ( Amersham) . 

A. The Southem blot was hybridized with the radiolabeled tMT-A specific 

oligo and it showed hybrïdization only to the 4 kb. fraction under the 

conditions used. B. A duplicate Southem as describeci above was hybridized 

with radiolabeled MT-B specific oiigo and it hybridized mainly to the 4 kb. 

fraction and rnargindy to the 7 kb. fraction. 
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A and MT-B are located in the 4 kb. fraction and that if thiç is so they may 

&O be W e d  dosely in the trout genome. 

Unfortunately, despite many attempts, it was not possible to arnplïfy 

any PCR products from the 4 kb. fraction using combinations of tMT-A and 

tMT-B speofic phers. These reacüons were attempted to demonstrate the 

linkage of the two genes in the trout genome but no speafic produd could be 

repeatabIy amplified under our conditions- It is possible that the Iength of 

PCR product needed to demonstrate linkage is too great to be synthesized 

under our readion conditions and that would explain why no products were 

obtained or it could be the case (although more unlikely) that both genes CO- 

migrate in separate 4 kb. fragments when digested with HindIII. 

III Discussion. 

The gene coding for MT-A was amplified from &out genomic DNA 

using the PCR technique and priniers designed from the published promoter 

and cDNA sequences (Murphy et al., 1990 and Bonham et aL, 1987). During 

the couse of this study however a sequence for the tMT-A gene was 

published (Hong and Schartl, 1992). The published sequence agreed with 

greater than 99% identity to the sequence obtained here. 

A cornparison of the sequences of the two known trout MT genes 

reveals that at both the nucleotide and amino aad Ievels a high degree of 

homology is maintained. Even when cornparhg the non-coduig 5' 

regdatory region up to the -1000 b-p. region a simïlarity is seen in both the 

nudeotide sequence and the &acting dements. The salient differences 
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between the regdatory regions of MT-A and tMT-B are: i) the gap between 

MREa and MREb in tMT-A is 16 b-p. greater than in tMT-B and ii) the dista1 

promoter region from about -753 to -546 in tMT-A contains 4 additional MREs 

(MREc to MREf) while the corresponding region of tMT-B contains only 2 

conseflsus MREs (MREc and MREd). As weII as these differences numerous 

similarities can be observed: i) both MT-A and MT-B contain a single 

consensus ARE in the distal promoter at equivalent positions, ii) both 

promoters contain a nuniber of non-consensus ARE half-sites, iii) both 

promoters seem to be composed of two general regions, the proximal region 

which contains MREa and MREb and the diçtal region which contains the 

other MREs as we.U as the ARE and many of the ARE haif-sites. 

There is &O evidence to support the linkage of tMT-A and tMT-B 

within the bout genome. Using two different approaches it was shown that 

both tMT-A and tMT-B genomic sequences are found in the 4 k.b. fraction of 

Hindm digested trout genomic DNA. Using both PCR and Southern blotting 

evidence it may lx suggested that because both genes are found in the same 

size fraction of digested genomic DNA they may be physically W e d  in the 

&out genome. In the human, mouse, and sheep genomes it has been shown 

that MT genes can be linlced (Karin et al., 1984; Searle et al., 1984; Varshney et 

al., 1986; Peterson et al., 1988). Therefore it is not unlikely, perhaps even 

probable, that the two bout MT genes are linked. The PCR based approach 

taken here was not successful in demonstrating conclusiveiy that the trout 

MT genes are linked but future studies could perhaps use chromosomal 
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of a genoIILic Iibrary for dones that hybridize to both A 

IV. 

the 

The nudeotide çequence of the MT-A gene is highly conserved with 

MT-B gene in both the coding and non-coding regions The nudeotide 

sequences of the 5' regulatory regions of MT-A and MT-B were compared 

and it was found that although there was significant sequence conservation 

throughout the 1000 bases upstream of the transcription start sites there were 

islands where the sequences were Wtually identical. These regions of 

identical sequences were usually found to correspond to the locations of 

regulatory elements such as MREs and ARES suggesting that the genes 

retained these regdatory elements through evolution even fier the two 

genes arose. It is probably the case that the conservation between regulatory 

elements in MT-A and MT-B resuIt in a p d e l  pattern of regulation. 

There is also some evidence suggesting that tMT-A and tMT-B are 

Iinked in the &out gemme. This would not be surprizing in light of what is 

known about the linkage of MT genes fiom 0th- species such a s  mouse, 

sheep, and human. The Iinkage of MT genes has led to the proposd that the 

MT genes reside wittùn a locus control region (Palmiter et al., 1993) which 

explains to a certain extent the pardel regulation of the MT genes within 

most species as well as having implications for the evolution of the M T  

famiry of genes (Kagi, 1993). 



CHAPTER 4. Regdation of the Rainbow Tmut Metallothionein Genes by 

Metals and Oxidants. 



108 
1. Introduction. 

The two &out MT genes, MT-A and MT-B, have many striking 

similarities in terms of thw structural charaderisücs. The tMT-A gaie was 

known to be more highly expressed than tMT-B in general and we wished to 

investigate whether the differential regdation of these two genes could be 

explained by the subtle differences in their 5' regdatory regions. The 

regulation of MT-B expression has been weIl studied in our lab using 

promoter deletions and mutations fused to reporter genes in transient 

transfection analyses (Zafarullah et al., 1988; Samson et al., 1995; Samson, 

1996). In view of what was known about MT-€3 a series of tMT-A promoter 

deletions was generated to compare and contrast the regulation of the A gene 

to the B gene. This chapter contains the results and interpretations of metal 

induction experiments on both the endogenous and transfected tMT-A gene. 

Alço included in this chapter are data pertaining to the induction of tMT-A by 

various oxidants. 

II. Resulk and Discussion. 

1. Meta1 induction of the endopmus MT-A eene. 

To assess the effects of variouç metal ions on MT-A expression total 

RNA was isolated from RTH-149 ceh foiiowing a 48 hour induction. The 

optimal concentrations of inducers was previouly detennined by Price- 

Haughey et al. (1987a) and the same conditions were employed here with 100 

pM zinc, 10 p.M cadmium, and 150 @f copper. Higher concentrations of 
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met& wae found to result in massive c d  death but MT mRNA 

accumdation patterns remained the same. Zinc treatment results in seven to 

eight times more MT mRNA at its maximum compared to cadmium 

treatment at its maximum @on.harn 1986; Bonham et al., 1987; Price-Haughey 

et ai-, 1987a,b). T h e  course experiments showed that RTH-149 celIs induced 

with 10 p.M cadmium reached maximum fevels of MT mRNA after 96 hours 

while zinc treated ce& didn't reach maximum MT RNA levels until 144 

hours post induction (Price-Haughey et al., 1986; PrieHaughey et al., 1987a,b; 

Bonham et aL, 1987)- Mie used a 48 hour induction time as it was sufficient to 

show signifiant Ïncreases in MT mRNA while not ailowing the c& in 

dture to reach confluent growth when subjected to extensive procedures 

such as transient transfection. In the experiments performed here the RNA 

was isoIated from RTH celis previously transfected with constructs similar to 

those employed in subsequent transfection experiments on MT-A promoter 

deletions to make the cornparison of the response of the endogenous genes 

with the transfected promoter constructs more valid. 

For Northern blot anaiysis 10 pg of total RTK-149 RNA was probed 

with an end-hbelled oligonudeotide probe specific to the 5' untranslated 

region of MT-A and MT-B (Olsson et al., 1990 and 2afarulla.h et al., 1990) 

(figure 4.1B). The findings for metal inducers a@ with other resuits 

( Z a f d A  et al., 1989a) where zinc is the best inducer of MT-A followed by 

cadmium and copper respectively. The effiaency of these metal ions to 
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induce MT-A was &O tested using primer extension (figure 4.1C). The 

results confirm the North- hybridization findings where zinc is the best 

inducer of MT-A folIowed by cadmium and copper. The multiple bands seen 

in the primer extensions (figure 4K) are probably due to multiple 

transcription start sites @ m g  products that differ in size by a single 

nudeotide. Both primer extension and Northern hybridizations gave similar 

qualitative results in terms of the relative a b a t i s  of the met& to induce 

MT-A. Induction of RTH-149 c& with 100 p M  zinc resdts in about a 160 

fold accumulation of MT-A transcripts as measured by densitometer 

scanning of the Northem bIot in figure 4.18. 10 p M  cadmium induction 

gives about an 18 fold accumulation of MT-A transcripts and 150 j N  copper 

resdts in about a 4 fold accumulation of tMT-A. The reason for the lower 

level of MT-A induction by copper compared to cadmium in RTH-149 cells is 

not known but it may be due to the metal handlïng mechanism of this cell 

line as liver tissue içolated from bout induced with copper shows greater 

amounts of MT-A mRNA than Iivers isolated horn cadmium treated trout 

( Z a f d a h  et al., 1989a). The results obtained here from Northem 

hybridizations regarding the metal induction of the MT-A gene in RTH-149 

cells is confirmatory to what was previously obsenred for the response of 

W - A  and tMT-B in the same c d  line ( Z a f d a h  et al., 1989a; 1989b). The 

differential regdation of the two trout MT genes in response to met& has 

also been shown in the rainbow trout gonad derived c d  line RTG2 



Figure 4.1. Induction of the endogenous trout MT genes by metal ions. 

A. Total RNA was isolated from RTH-149 cells that had been induced with 

either 100 p M  zinc diloride, 10 pM cadmium diloride, or 150 p M  copper 

chloride and 10 pg was electrophoretically separateci and stained with 

ethidium bromide. The 28s and 18s RNA bands are marked to show equal 

loading of each lane. B. The agarose gel shown in A. was Northern bIotted to 

Hybond N+ (Amersham) and probed with either a MT-A or MT-B specific 

oligonudeotide that hybridizes to the 5' untrmlated region of each transaipt 

spe~ifically~ C. Total RNA (10 pg per lane) was also primer extended using the 

same end-labelled oligonudeotides as used for probes in the Northern blots. 

The multiple bands present in both tMT-A and M T - B  primer extensions are 

thought to be due to multiple transcription initiation points. 
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(Zafarullah et al., 1990) where the response of tMT-A and MT-B to metal ions 

closely p d e l s  that observed in RTH-149 c& (Zafarullah et al., 1989a). 

From the Northern hybridization and primer extension results obtained here 

(figure 4.1B,C) and eIsewhere (2afaruI.Ia.h et al., 1989a; b; 1990) MT-A and 

MT-B are coordinately regdated and give quaIitatively similar responses to 

the metal ions tested- Therefore another procedure was recpired for 

measuring the relative amounts of MT-A and tMT-B transcripts that result 

from metal ion induction in order to more accuately quantitate the 

differential responses to met& of the two bout MT genes. 

To directly compare the responses of tMT-A and MT-B to identical 

stimulation with metal ions, RNA samples were taken from single pools of 

metal induced RTH-149 ce& and a serni-quantitative reverse transcriptase 

coupled polymerase c h i n  reaction (RT-PCR) technique was emp loyed. Total 

RNA (5 pg) from RTH-149 ce& was subjected to first strand cDNA synthesis 

using either a tMT-A specific (MT-AR) or MT-B specific (MT-BR) primer (20 

pmol per reacüon) in a total volume of 20 pl. The MT cDNA in each -RT 

reaction was then PCR ampIified dong with a known amount of M T  

genomic sequence. This technique gives a semi-quantitative result because 

bot .  the cDNA and genomic sequences are amplified with the same two 

primers but give produds of different size from different templates. When 

the amplified PCR products of genomic and cDNA origin are the sanie 

intensity it can be estimated that the starting amount of cDNA wâs 
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approximatdy equd to the known starting amount of genomic sequence. 

The tMT-A amplification products were 600 bop. in size for the genomic 

seqyence and 300 bop. for the cDNA sequence while the MT-B amplification 

produ& were 1100 bp. in size for the genomic sequence =d 300 bop. for the 

cDNA sequence (figure 42). For experinientaI details see methods and 

materials, chapter 2 section IX, part 4. 

The MT-A speafic RT-PCR experÏments (figure 4 . U )  showed that zinc 

induction resulted in approxîmately a 300 fold accumulation of tMT-A 

transcripts compared to the control. Similady, there was approximatdy 20 

fold more tMT-A hanscripts resulting from cadmium induction than in the 

control samples. The RT-PCR experiments could not detect any significant 

indudon of MT-A due to the presence of copper whidi differs from both the 

Northern and primer extension results (figure 4.1B and C) where copper has 

an easily observable effect on the levek of tMT-A mRNA. From previous 

experirnents it was known that M T - B  was expressed differentially in 

response to metak ion treatment when compared to MT-A (Zafarullah et al., 

1989a,b; Olsson et al., 1990; ZafarttUah et al., 1990a,b). In general, from 

Northern hybridizations (Zafarullah et al., 1989a), it is seen that MT-A is 

more highly expressed in RTH-149 c& than tMT-B when induced by zinc 

and MT-B Îs more hi@y expressed than MT-A when induced by copper. 

The MT-B speBfc RT-PCR results (figure 4.B) indicate that zinc induction 

results in about a 100 fold accumulation of M T - B  transcripts compared to 

control, whüe cadmium induction resdts in about 20 fold more MT-B 
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Figure 4.2. Semi-quantitative RT-PCR of the trout MT geneç. The 

quantitation reactions were carried out by adding an aliquot of the orÏgitiaI RT 

reaction (either 5 @ or 0.5 pI) to three tubes each containuig a Merent but 

hown  amount of either the MT-A or tMT-B gene. In both cases the upper 

band is the intemal control and the lower band is amplified hom the test 

cDNA template. The bright Iowest bands in dl laneç correspond to the exces 

of primers used in the amplincations. A. The MT-A speafic PCR reactions 

were performed with the primas MT-AF and MT-AR (table 24). The 

amount of tMT-A mRNA was high enough in the zinc induced samples that 

only 0.5 p l  of the original RT reaction waç added to the tubes containing 0.5 

ng, 1.0 ng, or 1.5 ng of standard the gene. 

For the cadmium induced samples 5.0 p l  (10 fold more than S n c  induced 

samples) of the M'T'-A RT reaction was added to tubes containing 05 ng, 1.0 

ng, and 15 ng of plasmid containing the tMT-A gene. For both the control 

and copper induced samples the amount of original MT-A RNA was low 

enough that 0.5 @ of the RT reaction was added to tubes containhg 5 pg, 10 

pg, and 15 pg of the intemal standard plasmid (100 fold less than what was 

used in zinc and cadmium induced samples) containing the tMT-A gene B. 

The tMT-B specific PCR reacüons were performed with the ptimers MT-BF 

and MT-BR (table 2.4). The proportions of RT readion to intemal standard 

plasmid used in the M i ' - B  trials were identical to those used in the tMT-A 

trials. 



conbol zinc cadmium Copper 
Spg 1 0 ~  15pg .5ng lng 1.5ng . h g  lrrg 1.5ng 5pg 10pg 15pg mount  of plasmid Sandard 

amount al plasmicl standard 
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trançaipts compared to control. Like the tMT-A results, copper failed to give 

a detedable induction of m - B  hansdption over contro1 IeveIs (figure 42B). 

Therefore, the RT-PCR results mdicate that there is 3 fold more accumulation 

of MT-A transcripts than MT-B transaipts following zinc treatment of RTH- 

149 cells which agrees with previously pubiished results of Northem blot 

analyses ( Z a f d a h  et aL, 1989a). The accumulation of MT-A and MT-B 

transcripts as measured by RT-PCR is about equal folIowing exposure to 

cadmium. This ciiffers from Northem blots where it had been show that 

tMT-B is induced to a greater extent than tMT-A following cadmium 

treatment (Zafsuvllah et al., 1989a). However, the Merence between the two 

transcripts noted in the previously published Northems is subtle and it may 

be the case that the size of the inaements taken for the amount of interna1 

controi in the RT-PCR experiments is large enough that slight differences in 

transcript level may not be resolved. In the case of control and copper treated 

RTH-149 cells it seems that there are approximately 2 fold more MT-B 

transcripts than tMT-A transcripts, as measured by RT-PCR, but this 

observation is not supported by Northern blot analysis (Zafdah  et al., 

1989a). 

Taking al l  of the results regarding metal ion induction of the 

endogenous trout MT geneç together some general trends may be noted. The 

MT-A gene is more hi@y induced than MT-B when RTH-149 cells are 

challenged with zinc. Both MT-A and MT-B gens have significant 

responses to cadmium exposure of RTH-149 c& but some evidence indicates 
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that tMT-B may be slightly more responsive to that metal in RTH-149 ce&. 

The evidence also Vidicates that MT-B has both a higher basal levd and 

copper induced levd of expression than MT'-A in RTH-149 ce& (figure 

4.2A,B). In order to more fully explore the differentid regdation of these 

genes in trout c& a dissection and fundional d y s i s  of the promoter 

elements of M i - A  was needed owing to the dose simila&y of responses to 

metal ion induction seen between the enctogenous genes. 

2- Prom o ter el ernents of tMT-A and their contributions to metal replation. 

To determine the effects of the various cis-acting elements Iocated 

within -1050 b.p. of the transcfiption start site of MT-A a series of promoter 

deletions and mutations were constnided and ligated to reporter genes for 

use in transient transfedion analyses. The MT-A 5' regulatory region may be 

broken up into three generd regions; 1) the proxÏmal promoter region which 

contains 2 MREs (MREa and MREb) as the only consensus elements and a 

non-consensus ARE half-site within the first 425 b-p. of the 5' regulatory 

region, 2) the distal MRE duster which contains four consensus MREs (MREc 

to MREf) as wd as a number of ARE haIf-sites within the region bounded by 

nudeotides -753 to -546, and 3) the hr distal region that contains no MREs, 

two ARE half-sites, and a single consensus ARE between nudeotides -1050 

and -750. With these regions in mind the promoter deletions and mutations 

schematically represented in figure 4.3 were generated. The promoter 

deletions generated induded -1050 whïch indudes all of the known MT-A 5' 

regulatory region, -753 which omits the far distal region of the MT-A 5' 



Figure 4.3. Promoter deletions of tMT-A used in transient trmfections. The 

deletions schematicaIly represented here were constructed as  descnlbed in 

materials and methods and cioned into the pMEVlR and pMEV35R vectors. 

The MREs are represented by aoss-hatched boxes and the transcription start 

site is marked with a +1 and a forward pointing arrow. The numbers given 

represent the approximate nudeotide location of the deletion. The '(75)' 

represents the region between -753 and -546 whiie '(17)' represents the region 

between -1050 and -750 when these regions are Iigated to the other promoter 

deletions. 





4 5  which both the f&r and the 

MRE cluster from the 5' regdatory region, -140 which has ddeted aU 

promoter eIements except MREa and MREb, -85 which retains only MREa, 

and -50 which retains only the TATA element and deletes all MREs (figure 

4.3). The fundion of the distaI MRE duster was further studied with the 

generation of the promoter mutants -425(75), -85(75), and -50(75) (figure 43). 

These mutants were generated by PCR amplifying the diçtal MRE duster 

between nudeotides -753 and -546 and Ligating the product to the appropriate 

previously descrriï  deletion. The function of the far distal region was 

investigated through the promoter mutants -425(17), -85(17), and -50(17) 

(figure 4.3). These promoter mutants were generated by PCR arnpmg the 

fk distal region between nudeotides -1050 and -750 and ligating the product 

to the appropriate previously desafibed deletion. 

The simple promoter deletions were tested first for their induability by 

zinc when transfeded into RTH-149 cells. Whether the promoter deletions 

are 1igated to the CAT reporter gene (figure 4-4) or the LUC reporter gene 

(figure 4.5) the trends are the same. When all MREs are deleted, as in the -50 

deletion construct, no metal induable acüvity is detected (figures 4-4 and 4.5)). 

The presence of MREa dows for some metal înducible activity but for 

sigxuficant fold induction at least two MREs must be present. The fold 

induaion between the -140 and the -425 deletions remains relatively constant 

in both CAT, 4.53 and 4.82 respectiveiy, (figure 4.4) and LUC, 17.39 and 23.86 

respectively, (figure 4.5) reporter systems but the absolute amount of reporter 



Figure 4.4. CAT assay results of the M'T'-A promoter deletions. Each noted 

conçtruct was transfeded into RTH-149 cellç and either not induced or treated 

with 100 p M  zinc diloride. The average response of at least three triais for 

each construct is reported as percent acetylation and the metal fold induction 

(mfi) is given above the bars in the graph. MFI is calculated by dividing the 

percent aceqation of metal induced samples by the percent ace~lation of the 

control samples. AU reported percent acetylation values have been corrected 

for background. 





Figure 4.5. LUC assay results of the MT-A promotes deletions Each noted 

LUC containhg construct was transfected into RTH-149 cells and either not 

induced (control) or treated with 100 @f zinc chIoride. The average response 

of at  least three trials for each constmct is reported as relative lïght units 

(RLUs) and the metal fold induction (mfi) is given above the bars in the 

graph. MFï is caldated by dividing the total RLUs of metal induced sampies 

by the total RLUs of the control sarnples. AU reported RLU vaiues have been 

corrected for background. 
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activity is much greater with the -425 deletion constructs. This suggeçtç that 

there may be an enhancer denient between -425 and -140 but Mis has not yet 

been proven. There is a further inaease in the absolute abivity of the 

reporter genes in the -1050 and -753 deletion constructs but the fold 

inductions are lower in the case of the LUC reporter constructs and higher for 

the CAT constmcts han whai was observed Ï n  the -425 and -140 deletions 

(figures 4-4 and 4.5). The reason the values of foId induction deaease with 

inaeasing length of tMT-A promoter seems to be mostly due to the level of 

basal expression increasing Mer than the level of expression from metal 

induced samples. The presence of upstream dements, such as the diçtal MRE 

duster, probably account for the increase in basd Ievd expression from 

m - A ,  

Some general condusions may be drawn from the results of the 

transfections of the MT-A promoter deletions: 1) at least two MREs (MREa 

and MREb) are required for high levels of metal induced transcription, 2) the 

presence of MREa alone (-85 deletion) dows for a low levd of expression 

from the tMT-A promoter and when it is removed (-50 deletion) all 

transcription is abolished, 3) the presence of distal MT'-A promoter elements 

affects both metal induced and basal level expression from the promoter. 

The deletions -425, -85, and -50 were chosen to furthex study the distal 

MRE duster and the far distal region as a r d t  of what was observed in 

figures 4.4 and 4.5. The -425 deletion was highIy induable with zinc yet gave 

very low basal level expression, the -85 deletion could be used to study the 
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role of MREa alone which had been ïmplicated as acting mostly on the basal 

level expression of MT-B (Samson et al, 1995 and Samson, 1996), and the -50 

deletion is a minimal promoter which does not support metal induced 

transcription by itself and as such codd isolate the activity of other promoter 

regions. The -425(75) construct (figure 4.3) is highly active at both the basal 

and metal induced levek. This construct gave very high reporter gene 

activities from both the CAT and the LUC systems (figures 4.6 and 4-7)- The 

-753 deletion had a metai foid induction (di) of 5.77 while the 45(75) 

construct had an mfi of 2.59 as measured by CAT assays (see figures 4.4 and 

4.6). A simiIar trend is also seen with the same constnicts using the LUC 

reporter system where the mfi of the -753 deletion was 10.73 which dropped to 

8.61 for the -425(75) ccnsnnict ( s e  figures 4.5 and 4.7). This difference between 

two similar promoter constructs is mostiy due to the higher basal level 

expression from the -425(75) construct+ This implies that the removd of the 

region between -546 and -425 dowed the transcriptional efficiency of the 

MT-A promoter to increase, especiaIIy at the basal level. This may be due to 

the presence of a putative transcriptional repressor element in this region or 

this change in location of the distal MRE cluster relative to the TATA box and 

the proximal MREs dows  for increased interaction of bkding factors and 

therefore transcriptional activation. The distal MRE cluster &O imparts 

metal inducible activity on both the -85 and -50 deletions that previously 

showed only basal levei (-85) or background (-50) expression (figures 4.6 and 

4.7). Although the absolute levd of activity obtained from the -85(75) and 



Figure 4.6. The distal MRE cluster and the far distal region of the tMT-A 5' 

regdato y region: their response, as measured by CAT assay, to zinc treatment 

when placed at various distances from the transcription start  site. Each CAT 

containing construct noted was transfected into RTH-149 c& and either not 

induced or treated with 100 p M  zinc chloride. The average response of at Ieast 

three trials for each construct is reported as percent acetylation and the metal 

fold induction (mfi) is given above the bars in the graph. Mi3 is calculated by 

dividing the percent acetylation of metal induced sarnples by the percent 

acetylation of the control samples. AlI reported percent acetylation values 

have been corrected for background. 





Figure 4.7. The distd MRE ciuster and the far distal region of the tMT-A 5' 

regdatory region: their response, as measured by LUC assay, to zinc treatment 

when placed at various distances from the transcription start site. Each LUC 

containing construct noted was transfected into RTH-149 cells and either not 

induced or treated with 100 @l zinc chloride. The average response of at Ieast 

three tnak for each constnict is reported as relative light uni& (RLUs) and the 

metal fold induction ( d i )  is given above the bars in the graph- MFI is 

calcuiated by dividing the RLUs of metal induced samples by the RLUs of the 

control sarnples. AU reported RLU values have been corrected for 

background. 
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-50(75) constnicts was lower than the -753 and -425(75) constructs the fold 

inductions were greater due to a progressive decrease in the basal expression 

levels of reporter (figures 4.4 to 4.7). These data suggest that the distal MRE 

duster of tMT-A is active in both basal level and metal induced transcription 

as it results in a measurable inaease in the observed IeveIs of reporter activity 

when ligaied to the minimal promoter daletion, -50. The metaI fold 

inductions of the -425(75), -85(75), and -50(75) mutano inaease as the amount 

of proximal promoter is deaeased (figues 4.6 and 4.7). This is obsemed 

despite the fact that the absolute levelç of reporter gene activity decrease as 

proximal promoter is removed meaning that the basal level expression is 

decreasing at a fast- rate than the metal induced expression. One possibility 

to explain the deaeasing basal levd activity from the -425(75) construct to the 

-85(75) constnict and h d y  to the -50(75) constnia is that as the proximal 

MREs are removed in sequence, cooperative interactions are lost between the 

proximal MREs and the distal MRE duster and thiç effect is most noticeable at 

basal ievelç of expression. This suggests that the proximal promoter elements 

may play a role in maintaining basal level expression of MT-A. As stated 

earlier this is not without precedent as MREa in M T - B  acts mainly as a basal 

level dement (Samson et al., 1995 and Samson, 1996). It had been previously 

shown using the mouse mode1 that proximity to the TATA box c m  affect the 

acfivity of MREs (Searle et aL, 1987) and as such it was not known if such 

distant MREs would be fundional in transfection of reporter gene assays. W e 

fond that the distal MRE cluster could contribute to metal induced activity 
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from its n a t d  location as the mfi Ïnaeased from 4.82 for the -425 deletion to 

5.77 for the -753 ddetion as measured by CAT asays (figure 4-4) and increased 

the absolute LUC activity of the -753 deletion over the -425 ddetion (figure 

4.5). The involvement of "DNA Ioopingf' has ben proposed many times to 

account for the interaction of distal transcriptional enhancers with more 

proximal promoter elements (Ptashne and G m ,  1990; Felsenfeld, 1992; 

Schleif, 1992). It could be the case here with MT-A where the distal MRE 

duster is brought into dose proximiq to either the proximal MREs or the 

TATA box by interactions between MRE binding factors with 0th- MRE 

binding factors at a dîstant iocation or TATA associated factors. It Ïs further 

apparent that the distal MRE duster is functiond when trançlocated £rom its 

wild type location and brought into doser proximity with the TATA sequence 

(figures 4.6 and 4.7). 

The MT-A promoter mutants -425(17), -85(17), and -50(17) that were 

designed to test the fhr distal region of the tMT-A promoter were transfected 

and studied analogousiy to the correspondhg (75) mutant constructs but with 

much different results. The addition of the -1050 to -750 region did not greatly 

affect the metal induction characteristics of the deletions to which it was 

Iigated (figures 16 and 4.7 compared to figures 4.4 and 4.5). This far distal 

region la& MREs and therefore it is not surprizing that it should have little 

effect on metal indua%ility but this region does increase basal level 

expression, especially from the -425 and the -85 deletions The reason for this 
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increase in basal levd expression iç undear but it may signal that the far distal 

region has some dements that play a role in basal levd expression 

The metal regulation of the Mi'-A gene is tightly controued by the six 

MREs found within the b t  753 bases of the 5' regulatory region and it is 

apparent that the MREs of the MT-A promoter interact in a cornplex mamer 

and that it is very di f f id t  to assign a single hc t îon  (either basal level or 

induable elements) to any of the MREs except for MREa which onLy supports 

basal level exprestion. This point iç supported by results obtained from 

studies of M T - B  where it was found that MREa of tMT-B acts prïmarily as a 

basal dement and MREb a& mainly as an inducible element (Samson and 

Gedamu, 1995). It seems that a combination of MRE location with respect to 

the TATA element and to 0 t h  MREs contributes most significantly to the 

regulation of metal induced expression. Our data suggest that the proximal 

MREs of tMT-A (MREa and MREb) act in synergy with the diçtal MRE duster 

(MREc to MREf) to promote both basal level and metal induced transcription. 

It was previously assumed that all MREs were induable elements only as 

they were not protected in oiuo except after metal induction (Andersen et al., 

1987; Muder  et al., 1988) and because in the much studied mammalian 

promoters there are numerous other basal dements (Carthew et aL, 1987; 

Karin et al, 1987; Imbert et al., 1990). It is however becoming apparent 

through the use of the more simple bout MT promoters that MREs cm act as 

basal level elements that do contribute to the expression under low metal ion 

backgrounds (Samson and Gedamu, 1995; Samson, 1996). 



3. Oicidant induction of the mdoeenous tMT-A -mee- 

In addition to the well established and extensivdy studied metal ion 

bindulg function of MT there have recenly been studies implicating MT' in 

providhg a pr~tective roIe against oxidative stress (Tamai et al., 1993; 

Schwatz et al., 1994; Lazo et al., 1995). Further it had been previously shown 

that MTs can quench hydroxp1 radicais (Thornally and Vasak, 1985) and as 

such it was proposed that MT' codd provide an additional defense to the ceil 

against challenges to its redox state. A detaded study of the 5' fianking region 

of many MT gens from both vertebrates and invertebrates revealed that in 

addition to the ubiquitous MREs it was also common to h d  consensus 

Antioxidant Responsive -Elements, or ARES (Dalton et d., 1994). The ARE 

consensus, TGACNNNGC (Rushmore et al., 1991), is often found 

overlapping with the similar and previously identified AP1 binding sites or 

Major Late Transcription Factor buiding sites (Dalton et al., 1994)- An 

examkation of the MT-A and MT-B gene's 5' regdatory regions revealed a 

single consensus ARE that is in a conserved Iocation within the two 

promoters (figure 3.3). The fact that these elements are conserved between 

the two trout MT gens and that ARES are commonly found in 0 t h  MT 

genes suggests that they may play a role in the regdation of MT gene 

expression due to oxidative stress. 

Early work on promoters whose activity was mediateci by ARES showed 

that hydrogen peroxide was a suitable induchg agent (Rushmore et al., 1991) 

and as suc. it was used in initial experiments in this study to induce the trout 
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MT gens. RTH-149 ce& exposed to hydrogen peroxide showed between 3 

and 5 fold accumulation of mRNA within 24 to 48 hours using a range of 

hydrogen peroxide concentrations from 100 @d to 500 in the culture 

medium (Samson, 1996). Contrary to other published results this fold 

induction by hydrogen peroxide could not be improved by a reduction in 

serum added to the medium (Samson, 1996) and as such all experinients 

referred to here were done in normal RTH-149 growth medium. Using both 

a MT-A and a MT-B speQfic probe as well as a trout MT cDNA probe we 

were able to distinguish between the total trout MT and the individual MT- 

A and W - B  specific transcriptional respome to oxidant inducers (figure 4.8). 

Using a hydrogen peroxide induction protocol of 750 @il for 44 hours 

followed by an additional 750 pM boost for 4 hours we were able to achieve a 5 

fold accumulation of MT-A mRNA and a 3 fold accumulation of MT-B 

mRNA compared to a 3.5 fold accumulation of total MT rnRNA (figure 4.8). 

This confinns that hydrogen peroxide is an inducer of the trout MT genes but 

it is not as potent as zinc which gave nearly a 20 fold accumulation of MT-A 

rnRNA, about 14 fold accumulation of MT-B mRNA and 8.5 fold 

accumulation of total MT mRNA (figure 4.8). Thetefore, more potent 

inducers of oxidative stress were &O tested for their effect on the trout MT 

genes. The potent oxidative stress inducers tested were tert-but$ hydrogen 

peroxide (tBHP) and tert-butyl hydroquinone (tBHQ). It would have alço been 

desirable to test the effect of Pnapthoflavone as it, dong with tBHQ, is a 



Figure 4.8. Oxiddnt induction of the endogenous trout MT genes. Total RNA 

was isolated from RTH-149 cells that were treated with 100 pM zinc chloride 

for 48 hows, 750 hydrogen peroxide for 44 hours foIlowed by an 

additional 750 p M  (for a total of 1.5 mM) for 4 hours, 100 @A tert- 

butylhydrogen peroxide (tBHP) for 48 ho= or 50 tert-butyhydroquinone 

for 48 hours. 10 l g  of the total RNA was electrophoretically separated and 

Northem blotted to Hybond N+ (Amersham). The blots were then hybridized 

with: A. a MT-A specifïc end-labelled oligonudeotide, B. a MT-B speafic 

end-labelled oligonudeotide, C a MT-A cDNA random primed probe that 

wiU hybrîdize to both MT-A and MT-B sequaces, and D. a trout tubulin 

cDNA probe. The fold accumulations were measured by standardizing the 

h4T levels from each inducer to the amount of hibului in the appropriate 

lane and then dividing the amount of MT tanscript induced by each oxidant 

treatment by the amount of MT transcript in the control samples. The 

amount of MT and tubulin transcripts was measured by densitometnc 

scanning. 
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potent inducer of mammalian ARE activity (Rushmore et al., 1991; Favreau 

and Pickett, 1993) but at 18OC it is insoluble in the fish c d  growth media. 

The oxidant tBHP is permeable to membranes and is thought to cause 

iipid peroxidation of the plasma membrane but it has been shown that MT 

provides some protedon £rom treatment with this agent (Schwarz et al., 

1994). A 48 hour induction with 100 ph4 tBHP results in an 8 fold 

accumulation of tMT-A transcripts and a 17 fold accumulation of MT-B 

iranscripts which in both cases is a larger accumulation than what is caused by 

induction with hydrogen peroxide and in the case of tMT-B, even greater 

than what is obsemed from zinc induction (figure 4.8). The same tBHP 

induction results in a 16 fold accumulation of total MT transaipts in RTH-149 

celis which exceeds the fold accumulation observed from zinc induction 

(figure 4.8C). Because of the greater induction of MT-B by tBHP compared to 

MT-A it is likely that most of the transcripts measured as total MT response 

in figure 4.8C are Mi'-B. The other non-biological inducer of oxïdant stress 

tested here was tBHQ and it too was found to cause a proportionately greater 

fold accumulation of MT-B transcripts (9 fold) compared to MT-A (4 fold) 

(figure 4.8). Therefore, tBHQ was found to be l es  potent than hydrogen 

peroxide in inducing MT-A specificaUy but the opposite was true for tMT-B 

induction (figure 4.8A,B). The response to tBHQ induction on total MT 

mRNA resulted in about a 7.5 fold accumulation of MT transcripts which 

places tBHQ between hydrogen peroxide and tBHP in terms of the ability to 
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induce the trout MT genes. The proHe of total MT mRNA accumulation 

reported here shows a similar pattern to what had been reported by Samson 

(1996) who induced RTH-149 celIs with the same oxidant inducers used here 

in time course reactions. However the studies reported by Samson (1996) 

only reported the accumulation of total MT trawxipts as a tMT-B cDNA 

probe was used that would hybridize to both W - A  and MT-B -As. 

The results gathered here nrggest that, in terms of the two trout MT 

genes, MT-A is more highly induced by zinc and hydrogen peroxide and 

tMT-B is more highly induced by tBHP and tBHQ. This confirms that the two 

trout genes are differentially regulated in response to oxidants as wd as 

met&. It is worthy to note that, especially in the case of UIT-B, the oxidants 

tested here approach, and in some cases exceed, the potency of zinc in 

inducing the trout MT genes. This suggeçtç that the oxidants tested here, like 

heavy metd ions, are 'primary' inducers of MT transcription and as such a 

'primaryf role of the MT protein may be related to protection from oxidative 

stress. It must &O be remembered that in these inductions with potent 

oxidants such as hydrogen peroxide, tBmf and tBHQ there is a balance that 

m u t  be maintained between maximal MT induction and cytotoxicity and as a 

result the observations may vary depending on the actual number of viable 

ceiis the RNA is actually being hanrested hm. 

Olsson et al. (1995) have suggested that what are identified as putative 

ARE sites in the MT-A promoter are in fact AP1 sites and that it is through 

these sites that the induction by oxidants is achieved. The consensus 



141 

sequence of the AP1 site (TGA[G/C]T[C/A]A) is v q  similar to the ARE 

consensus sequence (TGACNNNGC) and as such the identities of putative 

sites can be easily misassigned. The sites may aIso overlap in some cases as it 

has been shown that ARE sites with imperfect API consensus sequences can 

respond to phorboi esters (Friling et aL, 1992; Favreau and Pickett, 1993; 

Nguyen et al, 1994; Prestera and TaIaIay, 1995). However it was determined 

in our Iab that dthough the RTH-149 ceII.s change morphology due to phorbol 

ester çtimdation the MT genes do not respond to phorbol 12-rnyristate 13- 

acetate (PMA) treatment over a wide concentration range and as such we do 

not beIieve that the ARE sites in the trout gens are ading as APL sites 

(Samson, 1996). 

4. Pr o m o ter elements of MT-A and th& contributions to oxidant regdation. 

The previous experiments conhned that MT-A was responsive to 

oxidants as well as met& and the next step was to determine the 

involvement of regdatory elernents within the promoter. Only the MT-A 

promoterCAT reporter gene fusions were employed in oxidant induction 

transfections. The same promoter deletion constructs used in studying the 

metal ion regulation (figure 4.3) of MT-A were used to study the regulation 

by oxidants. 

The CAT assays for the MT-A promoter deletions are shown in figure 

4.9 with average fold inductions for each inducer noted above each bar of the 

graph. The -1052 deletion which contains the one consensus ARE of tMT-A is 

the most responsive of the deletions to the oxidants but zinc is still the most 
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potent inducer of tMT-A (figure 4.9). This -1052 deletion is the only construct 

where tBHP is a better inducer of MT-A promoter activiiy than hydrogen 

peroxide. For all of the tMTA promoter deletions tBHQ proved to be a very 

poor inducer of CAT activify. 

In generd, from the simple tMT-A promoter deletion mutants it is 

observed that in order for the promoter to be responsive to oxidant induction 

at least 425 bases are needed upstream of the transcription start site- This was 

somewhat suprising in that neither the -753 nor the -425 deletion construct 

contains a consensus ARE. Therefore, this Iead me to hypothesize that 

oxïdant mediated expression from the MT-A promoter may be regulated 

through the ARE half sites present in both the -753 and -425 deletions. It 

codd also be the case that MREs are involved in the regdation of tMT-A by 

oxidants as this had been suggested for the mouse MT-1 promoter @aiton et 

al., 1994). The foId inductions of the transfected MT-A promoter deletions 

due to oxidant treatment were Iess than what was observed from the 

endogenous gene but the trends remained constant such that zinc was the 

strongest inducer of MT-A transcription followed by tBHP, hydrogen 

peroxide, and tBHQ which was the weakest inducer (figures 4.8 and 4.9). The 

resuZts reported here for the MT-A promoter deletions ciiffer from tMT-B 

results were it was observed that tBHQ was exceeded only by zinc in its ability 

to induce the transfected promoter (Samson, 1996). Samson (1996) aIso found 

that a transfected tMT-B promoter deletion construct responded better to 

@HP than to hydrogen peroxide which again ciiffers from the findings for 



Figure 4.9. M'T'-A promoter deletions induced by oxidank. Each construct 

noted was transfected into RTH-149 cells and then treated with 100 pM zinc 

chloride for 48 hours, 750 pM hydrogen peroxide for 44 hours foLlowed by an 

additional 750 pM (for a total of 1.5 mM) for 4 hours, 100 p M  tert- 

butylhydrogen peroxide @BEP) for 48 ho=, or 50 tert-butylhydroquinone 

for 48 hours. The average response of at least three trials for each constmct is 

reported as  percent acetylation and the metai foid induction (d i )  is given 

above the bars in the graph MFI is calculated by dividing the percent 

acetylation of metal induced sampk by the percent acetylation of the contrul 

samples. All reported percent acetylation values have been corrected for 

background. 
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MT-A (figure 4.9). This suggests that what was observed in terms of both the 

endogenous genes (MT-A and tMT-B) response to oxidants is reinforced by 

the transfection data. That is, tMT-A is more responsive than tMT-B to 

hydrogen peroxïde and zinc induction wMe MT43 may be more responsive 

to tBHP and tBHQ induction than MT-A. 

The only MT-A deletions that show any significant response to 

oxidant stimulation are the -1052, -753, and -425 constructs but the fact that the 

-753 and -425 constructs show any response at ail to oxïdants is unexpected. 

As stated earlier, these two constmcts do not contain any consensus ARES and 

as such should not respond at ail to oxÏdants. These constructs do however 

contain ARE half sites, TGACNNN, the -753 deletion has six half sites while 

the -425 deletion has a single half site. Promoter deletions from W - B  also 

showed that deletion of the consensus ARE had very little effea on the ability 

of oxidants to activate kanscription so long a s  ARE half sites were maintained 

(Samson, 1996). Therefore, if a consensus ARE is not required for oxidant 

induced transcription from the trout MT genes then either the ARE half sites 

are responsible or the oxidant response is mediated through some other 

element such as the MRE. 

To M e r  study the promoter regions and elements Ïnvolved in the 

regdation of MT-A by oxidants the -425(75), -85(75), -50(75) and -425(17), 

-85(17), -50(17) promoter deletions were transfected into RTH-149 cells and 

induced with oxidants. The -425(75) constntct has such high background 

levels of expression that it is very diffidt to utilize the data obtained from it 
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but we see a similar trend in that zinc is stiU the best inducer and that among 

the oxidants hydrogen peroxide is a better inducer than both iBHP and tBHQ 

(figure 4.10). The other two constructs in figure 4-10 show that the disial MRE 

cluster can confer oxidant indual'bility on MT-A promoter deletions that 

were previoudy unresponsive. Tn both the -85(75) and -50(75) constructs 

tBEfQ did not induce transcription but both tBHP and hydrogen peroxide 

induced transcription such that the fold inductions were greaier than  the 

native -753 deletion. The region encompassed by the distal MRE cluster (-753 

to -546) contains four ARE haiE sites in addition to the four MREs so it is 

difficult to say which element(s) is responsible for the observed oxidant 

response. To further elucidate the roles played by M R E s  and ARES in the 

oxidant induction of MT-A the transfections summarized in figure 4.11 were 

performed. The far distal region of the MT-A promoter (between -1050 and 

-750) contains two ARE half sites and the single ARE consensus sequence but 

no MREs. When this far disial promoter region is fused to the -425 deletion 

to form the -425(17) construct it remains induable by tBHP and hydrogen 

peroxide to about the same levels seen with the -425 deletion alone (figures 

4.11 and 4.9). The -85(17) and -50(17) constructs suggest that both MREs and 

ARES are important for oxidant induced transcription fiom the MT-A 

promoter. When the fa.  distal region of the MT-A promoter is placed in  

front of the -85 deletion, which contains a single MRE (MREa), both tBHP and 

hydrogen peroxïde will induce transcription as effiaently as zinc (figure 4.11). 

However, when the far distal region is used in the minimal promoter 



Figure 4.10. Activity 

induced by oxidants. 

of the dishl MRE duster 

Each construct noted was 

of the tMT-A promoter when 

transfected into RTH-149 cells 

and then treated with 100 @l zinc chloride for 48 hours, 750 hydrogen 

peroxide for 44 hours fobwed by an additional 750 pM (for a totaI of 1.5 mM) 

for 4 hours, 100 p M  tert-butyhydrogen peroxide (tBHP) for 48 ho-, or 50 @l 

tert-butylhydroquinone for 48 hours. The average response of ai least three 

Mals for each construct is reported as percent acetylation and the metal foid 

induction (mfi) is given above the bars in the graph MFI is calculated bg 

dividing the percent acetylation of metal induced samples by the percent 

acetylation of the control sampIes. All report& percent aceV1ation values 

have been correded for background. 
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deletion, -50, all transcription is abolished (figure 4.11). These results suggest 

that at least one MRE is reqyired to maintain the transcriptional potential of 

tMT-A for both metal and oxïdant induced transcription and at least an ARE 

half site is necessary for the promoter to be responsive to oxïdants. 

The MT-B promoter has not b e n  studied as extensively as the MT-A 

promoter in terms of its reçponse to oxidant induction. Samson (1996) was 

unsuccessful in generating promoter mutations that would isolate the 

consensus ARE containing region of the MT-B promoter and as such the 

hc t ion  of this eiement was not tested except in its natural location. It was 

observed however, that the consensus ARE is not required for oxidant 

induction from the tMT-B promoter (Samson, 1996). The MT-B promoter 

deletion construct, -738, is analogous to the -753 MT-A promoter deletion as 

it contains the two distal MREs of MT-B (sirnilar to the distal MRE cluster of 

MT-A that contains four MREs) and a number of ARE half-sites. The -738 

MT-B deletion had an approximatdy equal response to oxidant induction as 

a promoter constnia containing 3 kb. of 5' regdatory sequence (Samson, 

1996) demonstrating that, as is seen in MT-A, the consensus ARE is not 

required by MT-B for oxidant induction. 

The results presented here demonstrate that in the MT-A promoter a n  

interaction between MREs and ARE half-sites (as weil as an ARE consensus) 

must take place for oxidant induction to be detected. The interaction of MREs 

and ARES was also observed in the mouse MT4 promoter where ddetion of 

both the very potent MREd and an ARE, 70 b.p. downstream of MREd, was 



Figure 4.11. Activity of the fat distal regian of the tMT-A promoter when 

induced by oxidants. Each constcuct noted was transfected into RTH-149 cells 

and then treated with 100 @f zinc diloride for 48 hours, 750 hydrogen 

peroxïde for 44 hours followed by an additional 750 pM (for a total of 1.5 mM) 

for 4 hours, 100 @A tert-butyihydrogen peroxide (tBHP) for 48 hours, or 50 

tert-butylhydroquinone for 48 hours The average response of at least three 

trials for each construct is reported as percent acetylation and the metal fold 

induction (mfi) is given above the bars in the graph MF1 is calculated by 

dividing the percent acetylation of metal induced sarnples by the percent 

acetylation of the control samples. Ail reported percent acetylation values 

have been corrected for background. 
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requïred to completdy eliminate hydrogen peroxide responsiveness (Dalton 

et aL, 1994). Dalton et al. (1994) alço reported that a synthetic promoter 

consisting of a concatemer of four repeated MREd sepences could &O 

respond to hydrogen peroxide without any ARES or ARE half sites but the 

response is weaker than what is observed when an ARE site is present. One 

possible explmation for the involvement of MREs in the oxidant response is 

that under oxidative stress conditions some cellular proteins may lose their 

abiliv to bind metd ions such as zinc and the resulting Ïnaease in free zinc 

concentration within the cell causes the MT genes to be adivated through the 

more traditional metal induced pathways. It is h o w n  that DNA binding 

domains such as zinc fingers require metal-thiolate bonds between cysteine 

residues and zinc ions for the proper conformation of the factor (Coleman, 

1992). Further, it has been show that these zinc containing DNA binding 

domains cm be disrupted by oxidation both in nitro and in oivo and this 

disruption will rdease the previously bound zinc ions (Wu et al., 1996). It has 

&O been shown that other cellular proteins induding MT itself can be forced 

to give up their zinc ions by oxidative stress ( f i s  and Menard, 1992; Maret, 

1994). The idea that the mobilization of zinc from other cellular locations by 

oxidants is responsible for all of the observed transcription induction cm no t 

account for the observations reported here. The oxidant inductions using the 

-85 constructs suggest that ARES (or ARE half sites) are necessary for oxidant 

inductions. The -85 deletion by itself is not responsive to oxidants (figure 4.9) 

but upon the addition of either ARE half-sites or an ARE consensus, as in the 
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-85(75) and -85(17) constructs respectivdy, oxidant indua3ility is obtained 

(figures 4.10 and 4-11 respectively). 

m. Conclusions. 

The r d t s  presented in this chapter on the regulation of MT-A 

expression by metah and oxidants show that the Mi-A gene is regulated in a 

parallel mamer to MT-B (ZafarulIah et al., 1988; Samson et al., 1995; Samson, 

1996). In generaI the two bout MT gens are induced by the saine stimuli but 

to different extents. There are few structural differences between the MT-A 

and tMT-B promoters up to one kilobase upstream hom the transcription 

start sites but these differences may well prove to be responsible for the subtle 

differences seen in the expression of these genes. ' h e  W - A  promoter c m  be 

divided into three general regions; the proximal promoter, the distal MRE 

cluster, and the far distal region. The proximal promoter of MT-A is highly 

conserved with MT-B except that MREa and MREb are 16 b.p. M e r  apart in 

MT-A and there is some evidence suggesting that an enhancer like element 

is present between nucleotides -425 and -140 in MT-A. Like MT-B it seems 

that MREa is necessary for M ' - A  promoter activity in both constitutive and 

metal induced cases (Samson et al., 1995; Samson, 19%). The distal MRE 

cluster of tMT-A contains fundional MREs that can confer zinc induâbility 

on a minimal promoter containing only a TATA element while the MRE-less 

far diçtal promoter region lacks this capacity. Further, the diçtal MRE cluster 

&O increases basal level expression while the far distal region has no effect 

on basal level expression. These resdts suggest that in tMT-A the MREs act 
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not oniy as induaile elements but also as basal elements which differs from 

previous data showing that mammalian MREs are protected in vivo only 

after metal induction (Anderson et al., 1987; Muder et al-, 1988). 

The bout MT genes are induced by various oxidants as w d  as metals 

and it was found that the oxidant induction also requires the presace of at 

least one MRE. This is interesthg because it was previously detennined that 

d expression from the mouse MT4 gene is dependent upon the MRE 

binding factor, MTF-1 (Heuchel et al ,  1994) but in subsequent chapters it will 

be shown that MTF-1 binding is dependent on zinc. The mechanism by 

which oxidative stress activates MRE binding acüvity is not hown but it has 

been shown that in ceh treated with oxidants the MREs become occupied i n  

uivo (Dalton et al., 1996) and whole c d  extracts from c& treated with 

oxidants also have MRE binding activity (Dalton et al., 1997). However, not 

ail of the MT-A promoter activity induced by oxidants cm be accounted for 

by the action of MREs and it s e e m ç  that other elements from the MT-A 

promoter, such as the ARE and ARE haif sites, may interact with MREs 

following oxidant induction to cause maximal induction. The MT-A 

promoter may be organized in such a way to require MRE occupation (at least 

MREa) for any transcription to occur. If this is the case then the key to the 

further understanding of the regulation of MT gene transcription is to 

characterize the physical effects of factor interaction with MREs and other MT 

promoter elements. 



CHAPTER 5. Activity of Morne and Human Metal Regulated Transcription 

Factor in Rainbow Trouî C d s  and Its Physical Interactions with Trout 

Metal Responsive Elements. 
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1. Introduction- 

In previous chapters, the structural and fundionai characteristics of the 

raïnbow trout MT-A gene have been examined. The fuçt 1000 b.p. of the MT- 

A 5' regdatory region contains at least six MREs (MREa-MREf), one 

consensus ARE, and multiple ARE non-consensus half sites. Like 0th- MT 

genes tMT-A is highly inducible by z h ~ c  and cadmium and this observation is 

dependent on the presmce of at least two MES. A single MRE (MREa) cari 

support transcription £rom the M"ï-A and the MT-B genes but this lone 

MRE ex& most of its effect on basal Ievel activity. Other studies have 

shown that the trout MT genes are active in mammalian c d  lines suggesting 

that the control mechaniSm are at least partially conserved between iïsh and 

mammais. To M e r  explore this observation it was important to g a i .  a 

greater understanding of the interactions between the moue (m) and human 

(h) metal regulated transcription factors mMTF and h m .  To do this co- 

transfections were carried out with the factors and MT-A promoter/reporter 

gene fusions as well as electrophoretic mobility shift assays with in vitro 

translated factors and trout MRE sequences. The cDNAs for both mMTF- and 

hMTF were generousIy provided to our lab by Dr. W. Schaffner (University of 

Zurich, Switzerland) . 



ïI. Results. 

1. Mamrnalian MTF - 1 and tMT - A CO- kans fections . 

With the doning of the cDNAs for the moue MTF (Radtke et al., 1993) 

and the human MTF (Brugnera et aL, 1994) came a significant advance in our 

understanding of the regdation of MT gene expression. It has been shown 

that in HeLa ce& mMTF activates transcription from both a natural MT 

promoter (mouse MT-I) and from a synthetic promoter contahing four 

copies of the mouse MREd sequence (Radtke et ai., 1993). In both cases with 

mMTF it was seen that the basal level expression was increased while the zinc 

induced expression was Iess affected by the presence of exogenous transfected 

mMTF (Radtke et al., 1993). In similar experiments Brugnera et al. (1994) co- 

transfected hMTF with various MT promoters ligated to reporter genes into 

HeLa ce& and found that in contrast to mMTF the human factor exerted its 

greatest effect on zinc induced transcription leveis and had rdatively little 

effect on basal 1eve.I expression. These differences were observed despite the 

hi& degree of similarity between the two factors (figure 5.1). The two factors 

show 93% identity at the amino aàd ievel and the most obvious difference is 

the presence of an extra 78 amino acids at the carboxy-terminal end of the 

human factor that is absent in the mouse factor. It was this extra domain in 

the human factor that was hypothesized to be responsible for the difference in 

adivity between mMTF and hMTF (Brugnera et al., 1994). 

The conditions for transfections into RTH-149 ceils had been optimized 

previously by Zafanillah et al. (1988). The MT-A promoter deletion, -425, 



Figure 5.1. Schematic representation of mammalian MTFs. The prominent 

structural characteristics of both mouse and human MTF amino acid 

sequences are labeled in the diagram at the top. The amino aâd positions 

marking the boundaries of fundionai domains for mouse and human MTFs 

are noted. The lower diagrams show the MTFs used in this study including 

wild-type mouse and huma .  MTF, mZF and hZF ddetions, and the two 

chimeric MTFs, m/hMTF and h/mMTF. 
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was chosen as the k t  candidate for CO-transfection studies as it shows a 

relatively low basal level of expression while retaining its highly metal 

indua'ble character (chapter 4). The -425 deletion was inserted into both the 

pMEVlR and pMEV35R vedors as describeci in chapter 4 so that both CAT 

and LUC assay results codd be gathered for the CO-transfection shidies. 

Where possÏble, only CAT way  exposures with less than 30% of the onginal 

reactant, r q  diloramphenicol, converted to the mono-acetylated and di- 

acetylated fomis were used so as to rem& within the linear range of the 

reaction thus maintainhg quantitative results (Ausubel et aL, 1989). 

For the studies presented here the six hdTF cons t~~c ts  in figure 5.1 

(constniaed by Dr. Susan Samson and myself) were placed under the control 

of the constitutively active cytomegalovinis (CMV) promoter in the pcDNA3 

vector (figure 2.3, hvitrogen). The CMV promoter is active in RTH-149 ce& 

as both pcDNA3-CAT and pcDNA3-LUC display acüvities well above the 

MT-A promoter (data not shown). On &his ba i s  it was decided that the 

pcDNA3 vector was a suitable choice to use as an expression system for the 

transcription fadors. 

In RTH-149 c& both mamrnalian MTF homologs were able to 

incsease reporter gene activity (figure 5 2  and 5.3). Using the -425-CAT 

deletion transfeded with pcDNA3 vector (as a control) the metal fold 

induction (mfi) due to zinc was 4.07 averaged  ove^ 5 trials (figure 5.2). 

However when W - 1  cDNA expression c o n s t ~ ~ c t  is co-tansfected with 

the -425-CAT deletion the mfi decreases to 1.33. This deaease is due in most 
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part to an increase in the uninduced CAT activity (figue 52)). The absolute 

per cent acetylation in zinc induced sarnpks between the endogenous and the 

mMTF co-transfected tests is neady ident id  This suggests that niMTF-I acts 

to ïncrease the basal Ievel activity on trout MT promoters in trout cells while 

not affecting the metai induction to as great of a degee. This general trend is 

reinforced by the LUC data containeci in figure 5.3- The mfi for the co- 

transfection containing the 4 ! 5  deletion and pcDNA3 was 23.86 while the mfi 

for the same construct co-transfected with mMïF-1 was lowered to 1-50 

(figure 5.3). The increase in mfi seen in endogenous transfections from the 

CAT to the LUC assays can be attrïbuted to the decrease in background found 

in LUC assays relative to the absolute Zeveis measured- This lowers the 

relative amount of activity seen in the constitutive samples for LUC assays. 

These results imply that not o d y  is the mouse factor active in trout ceils but 

that it is possibly regulated in a manner that resembIes its own mammalian 

intracellular environment. 

We also investigated the function of the W - 1  homolog in bout 

cells in a manner parallel to what was done with mMTF-1. The results 

obtained for hMTF-1 differed from those observed for mMTF-1. In the CAT 

assays we obtained a mfi of 4-06. This is comparable to the control situation 

where the mfi was 4.07. In fact it appears from the CAT assays that the 

human factor is not active in trout cells (figure 5.2). The ambiguous results 

from the CAT assays are clarified by the LUC resultç where the m£i is 

calculated to be 4.49 as compared to 23.86 for the endogenous. The co- 



Figure 5.2. Co-expression of mammalian MTFs with the tMT-A promoter in 

RTH-149 celis (CAT reporter results). RTH-149 c& were cetransfected with 

1.0 pg of the indicated MTF-pcDNA3 constnict and 19 jqg of the -425-pMEV1R 

construct. The ce& were then either Ieft mtreated (-Zn) or treated with 100 

ph4 zinc chloride (+Zn). The average response of at Ieast three trials for each 

construct is reported as percent acetyIation and the metal foId induction (mfi) 

is @ v a  above the bars in the graph. MF1 is calculateci by dividing the percent 

acetylation of metal-induced samples by the percent acetylation of the control 

samples. Aii reported percent acetylation values have been corrected for 

background. 
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Figure 5.3. Co-expression of mammalian MTFs with the --A promoter in 

RTH-149 cells (LUC reporter results). RTH-149 cells were CO-transfected with 

1.0 pg of the indicated MTF-pcDNA3 construct and 19 pg of the -425-pMEV35R 

construct- The c& were then either left untreated (-Zn) or treated with 100 

p M  zinc chloride (+Zn). The average response of at least three trials for each 

construct is reported as relative light units (RLUs) and the metai fold 

induction (mfi) is given above the bars in the graph MF1 is caldated by 

dividing the total RLUs of metal induced sarnples by the total RLUs of the 

control sarnples. Ali reported RLU values have been corrected for 

background, 
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transfectïon of hMTF-1 increases the basal Ievel expression somewhat but 

only to about 33% of what is obtained from mMTF-1 CO-traxtsfection (figure 

52). The metal induced activity obçerved in LUC assays of h m - 1  iç 

marginally higher than that observed in endogenous controls; as well the 

metal induced hMTF-1 CO-transfection LUC Ievels Vary little from those 

observed in mMTF-1 CO-transfections also suggesting that hMTF-1 has Little 

effect on metal induction but ex& its greatest effect on the basal level 

expression of MT-A in RTH-149 c&. Therefore, our r d t s  suggest that 

mMTF-1 and h m - 1  act similarly in RTH-149 c& but that xnMTF-1 h a  a 

more pronounced effect on basal Ievel expression from tiW-A in these tek. 

Further, we observe that neither mMTF-1 nor bMTF-1 has much of an effect 

on metd induced levels of reporter gene activity. In addition to the tests of 

mMTF and hMTF function in HeLa ce& by Radtke et al- (1993) and Bmgnera 

et al. (1994), these factors have also been functiondly investigated in both 

HepG2 and Mouse L c d  backgrounds (Samson, 1996)-- In HepG2 cells it was 

found that both factors behaved in much the same manner as  was observed 

in HeLa cells, that is, mMTF increased the uninduced activity of the reporter 

gene while hMTF exerted most of its effect on metal induced activity (Samson 

et al. 1996). The mouse L cells yieided somewhat different rsults in that 

although mMTF was again regulated in much the same mamer as in human 

cells hMTF was now behaving more like rnMTF. in mouse L c& hMTF was 

able to increase basal level acüvity to at leaSt as great a level as mMTF and in 

some cases even greater (Samson, 1996). This may suggest that the differences 
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between IZMIT and hMTF function in human cells may be due to awaliary 

factors present in the HeLa and HepG2 c e h  but not in the mouse L c d  line. 

If this were the case it wodd mean that human ce& have a unicpe factor that 

somehow interads with kbUF exdusively to d o w  it to function mainly 

foUowÎng metal ion induction- This possibilïty has not yet been answered but 

it seems that if this putative factor does e>àst in human cells it may interad 

with the 78 amino aad carboxy-terminal domain of W. When this 

domain is transferred to mMTF to form the mutant construct m/hMTF 

(figure 5.1) and it is mfec ted  into HepG2 cells it will inaease metal 

induced activity of the reporter gene to levels near those observed for wild- 

type hMTF (Samson, 1996). By extension it would also be the case thaï trout 

ce& such as RTH-149 wodd la& this putative human specific awcilÏary factor 

giving results as reported in figures 5 2  and 5.3. 

As stated earIier the mouse and human isoforms of MTF-l are very 

similar in many respects. In order to assess the importance of the extra 78 

amino acid domain mutant forms of the factors were aeated in our lab by S. 

Samson and they are schematically represented as m/hMTF and h/mMTF in 

figure 5.1. When the mouse -or carboxy-terminal domain was exchanged 

with the human factor carboxy-terminal domain in the rn/hMTF constnict it 

lost much of its abilïty to stimulate basal level transcription to a high level 

(figures 5 2  and 5.3). As wd, in both CAT and LUC trials the zinc induced 

activity of the m/hMTF mutant was increased over the wild type mouse 

levels (figure 5.2 and 5.3). The h/mMTF mutant however resulted in an 
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increase in the constitutive level activity of both CAT and LUC reporters 

(figure 52 and 53). This sugge. that in RTH-149 ce& the extra human 

specific 78 amino acids play a roIe in the regulation of factor activity but the 

absolute Ievels of reporter activity following zinc exposure with hMTF and 

rn/= do not increase to as great of an extent in RTH-149 celis relative to 

HeLa or HepG2 c&- 

As expected, the mZF and hZF constructs did not activate transcription 

from the MT-A promoter (data not shown). This observation is most iikely 

due to the la& of the putative transcription activation domains in these 

mutants (Radtke et al-, 1993 and Brugnera et al., 1994)- 

2. Interaction between in vitro translated MTFs and trout MF&. 

Although much work had been done investigating MRE binding 

factors before the cloning of the mMTF and hMTF cDNAs, it relied maMy on 

the use of fractions from nuclear and whoie c d  extracts. This approach 

presents some problems for studying protein/DNA interactions. One of the 

biggest problems Ïs obtaining fractions pure enough to be confident that what 

is observed is indeed a result of the MRE binding factor alone. To overcorne 

this hurdle a rabbit retidocyte lysate system was used to in oitro transcribe 

and translate the MTFs for use in electrophoretic rnobility shift assays 

(EMS&)- The in oitro translation reactions were labelled with ["SI- 

methionine and run on SDSdenaturing gels to visualize Ml lengh products 

before use in band shifts (figure 5-4). The hMTF c o n s t ~  did not translate as 

effiaently as the other MTF constructs (figure 5.4) and as a resuIt gave very 
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poor band shifts (figure 5.7). The reason(s) for the poor translational 

efficiency of the hMTF construct was never resoIved despite many atternpts to 

improve the yield of protein obtained £rom the in oifro translation reaction 

(see diapter 2) but it is possibIe that there was secondary s&uctue in the 

hMTF transcript that prevented efficient handation in the rabbit reticulocyte 

lysate system used. Due to the poor yidd of hMTF ftom the in vitro 

translation reactions most of the experiments in this section omit hMTF trials 

simply because the exposure time needed to visualue the shÏft due to hMTF 

was so Iong that the background obscures the shifted cornplex. A 

representative hMTF shift is presented in figure 5.7. The translation productç 

of hM'ïF, mMTF, hZF, and mZF (figure 5.4A) commonly gave two bands of 

approximately equal intensities when labded with [Tl-methionine. The 

doublets seen in the hMTF and mM'lF lanes (figure 5.4A) may be due to the 

translation of two different RNA transcriptç arising from either two start sites 

or the ribosome may read past the first stop giving a slightly larger protein 

with a carboxy-terminal extension. Altematîvely the doublets (and other less 

abundant peptides) may be due to intemal translation start sites within the 

RNA transcripts. The ZF deietion mutants also have two bands of 

approxïmately equal intensiv (figure 5.4A). These bands may arise for the 

same reason as for the full length factor but due to the smaller size the bands 

are separated by a gxeater percentage. That is, the putative intemal translation 

start sites of mhim and hMTF are &O present in the same location in hZF 

and mZF and translation begùinùig hom these sites is responsible for the 



Figure 5.4. MTF products of in vitro transdption and translation reactions. 

The cDNAs schematically represented in figure 5.1 were transaibed and 

transiated in vitro and labeled with [%]-methionine. The darkest band of the 

largest size in each h e  was generaIly considered to be the full length product. 

This was confirmed by noting the expected size of each MTF to the size 

according to the eIectrophoresis. A. Mouse migrates near 100 kDa, 

hMTF migrates near 120 D a ,  both ZF deletions migrate near 45 kDa. B. The 

m/hMTF mutant migrates near 120 kDa, and the h/mMTF mutant migrates 

near 100 kDa. The multiple lower molecular weight bands seen in some 

lanes are probably due to intemal start sites within the MTF cDNAs. 
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smaller size bands seen in the hZF and mZF lanes- The upper bands in the 

hZF and mZF Ianes are thought to be the expeded products as these two 

mutants should give the same size peptide (figure 5.U). Multiple lower 

bands also appear in the positive conbol Iane (LUC) that had a DNA ternplate 

supplied by the in vifro trandation kit manufacturer (Promega Biotech). The 

manufacturer expIains these other bands of Iower molecular weight (figure 

5,4A and B) as being a result of intemal translation start sites within the 

transmpt and that what was observed in the positive control LUC Iane was 

normal and acpected. 

The binduig conditions for mMTF were 

established conditions of Radtke et al. (1993) and 

followed according to the 

Samson (1996). However, 

conditions were optimized with respect to metal ion concentration (figure 5.5 

A and B) as well as  time of exposure to the metal ion (figure 5.6). From in  

vivo data it was known that 100 j,t.M zinc was a near optimal concentration 

where MT gens were highly induced but cell death was not prevalent in fish 

cell iïnes ( Z a f d a h  et al., 1988, Samson et ai., 1995, and this study). In order 

to optimize the amount of binding activity that could obtained from the i n  

vitro translated m s  a number of ciifferent concentrations of zinc chloride 

were tried. The greatest binding activity for mM'ïF was obtained with 100 pM 

zinc (figure 5.5A), which coincidentally agrees well with the concentrations of 

zinc needed to obtain maximal induction of MT genes in c d  culture. It 

should a h  be noted that 50 pM zinc &O gives a significant amount of shifted 
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complex near the intensity of the 100 @f treated sample (figure 5.5A)- The 

trace. amounts of zinc found in the reticulocyte lysate is probably responsibIe 

for the shifted complex seen in the -Zn Iane. With concentrations of zinc 

higher than 100 p.M a decrease is see. in the binding activi9 of the in vitro 

tcanslated mMTF (figure 5.5A). But even wïth Iow zinc ion concentrations 

such as 5 p.M a noticeable increase in the arnount of shifted compIex is 

observed, suggesting that mMTF may have hi& affinity zinc binding sites in 

its zinc finger moieties (figure 5.5A). 

Cadmium is an inducer of MT expression in oiuo (Kagi and Schaffer, 

1988; Z a f d a h  et al., 1988; 2afarul.Ia.h et ai., 1989a; Zafarvllah et ai., 1989b; 

Jahroudi et al., 1990; Zafarullah et ai., 1990; hbe r t  et ai., 1990; Shworak et al., 

1993; Gedamu et al,, 1993; and this study) and there is evidence that cadmium 

causes MREs to be occupied in vivo (Anderson et ai-, 1987) but there is no 

evidence that cadmium will substitute for zinc within the figer moieties of 

MTF. When studied in a cadmium resistant mouse cell line, EDTA chelated 

MEP-1 (which is e e v d e n t  to mMïF in apparent molecular mas) codd 

only regain MRE binding activity when treated with zinc (Seguin, 1991; Labbe 

et al., 1991; Labbe et al., 1993). The inabi1ity of cadmium to promote MRE 

binding activity in vitro is suggestive that either cadmium does not bind M'ïF 

or that upon binding to the factor the conformation is changed such that it no 

Ionger can recognize and bind MREs. Both mouse and human factors contain 

six consensus C& zinc fingers which are requVed for DNA binding (Radtke 



Figure 5.5. The effect of deaeasuig metal ion concentration on the binding of 

tMREa by mMTF. 50,000 cpm of double stranded tMREa was added per lane 

dong with 0 5  @ (from 25 fl total) of the mMTF in vitro transcription- 

translation reaction. FP marks the Iane where only probe was Ioaded without 

any added protein. The Iane marked 'neg' was Ioaded with probe and 0 5  @ of 

the LUC conho1 in vitro transcription-tramdation readion (see figure 5.4). 

The final metd concentrations in the binding reactions were as foUows: 

A. Deaeasing amounts of zinc chloride. The -Zn Iane had distilzed water 

added in place of zinc, the final concentrations of zinc chloride (in CIM) are 

noted above each lane. B. Deaeasing amountç of cadmium chloride. The -Cd 

Iane had distilled water added in place of cadmium, the h a 1  concentrations 

of cadmium diloride (in jM) are noted above each Iane. The arrow marked 

'2' represents the metal dependent shifted MTF/MRE compIex, the arrow 

marked 'N' represents a non-specific compIex that binds to the double- 

stranded tMREa, and the arrow marked '0' represents another complex 

formed with the MRE oligo that seems to increase with '2' in panel A. This 

'O' complex may be due to a inmcated MTF translation product that is a 

minor component seen in the translation gels (figure 5.4). 
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et al., 1995). MTF may be unique in that other factors with zinc binding 

domains can substitute cadmium for zinc and retain theh DNA binding 

properties. Spl has the same C& type fingers as MTF except that a peptide 

containing the three fingers of Spl can bind cadmium and süU recognize a 

Spl consensus sequence (Kuwahara and Coleman, 1990). The C& zinc finger 

of the glucocorticoid receptor as well as the C, zinc cluster of GAL4 cm &O 

substitute cadmium for zinc and retain sequence specific DNA binding (Pan 

and Coleman, 1989; Freedman et al., 1988). The binding ability of in vitro 

transliîted mhifIT treated with various concentrations of cadmium was 

assayed in figure 5.m. A low level of binding activity is seen when no metal 

ion is added to the reaction (Cd lane) but this complex can be removed by 

adding in exogenous cadmium at both 100 @l and 50 @JI concentrations. 

This MTF/MRE complex iç still visible, although reduced, with low levels of 

cadmium such as 5 (figure S.=). These results suggest that cadmium 

competes with zinc for binding sites within mMTF and that upon cadmium 

binding to one or more of the finger moieties the sequace specific DNA 

binding activity is lost- 

It was also necessary to optimize the time of exposure of the in nitro 

translated mMTF to metd ions to achieve maximal binding effiaency. The 

t*es iisted in figure 5.6 are the minutes the factor was dowed to react with 

the zinc ions (at 100 CLM) before poly dIaC was added. As can be seen the in 

vitro translated mMTF achieved a maximal shift after ten minutes (figure 



Figure 5.6. The effect of inaeashg time exposure of MTF to tMREa on 

binding activity. 50,000 cpm of double stranded tMREa was added per lane 

dong with 0.5 (from 25 pl total) of the mMTF in oitro transcription- 

translation reaction. FP marks the lane where only probe was loaded without 

any added protein The lane rnarked 'neg' was loaded with probe and 0 5  pl of 

the LUC control in vitro transcription-translation reaction (see figure 5.4). 

The -Zn lane had diçtilled water added in place of zinc and all other lanes had 

a final concentration of 100 pM zinc chloride. The time in minutes that 

mMTF was exposed to tMREa at room temperature before addition of poly 

dLdC- poly dEdC and loading on the gel is noted above the corxesponding 

lanes. The arrow 

MTF/MRE complex, 

marked '2' represents the metal dependent shifted 

the mow marked W' represents a non-specific complex 

that bïnds to the double-stranded tMREa, and the arrow marked 'O' represents 

another complex formed with the MRE oligo that seems to increase with T 

as time exposure inmeases. This '(Y complex may be due to a truncated MTF 

translation product that is a minor component seen in the translation gels 

(figure 5.4). 
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5.6). After ten minutes at room temperature the factor begins to denature and 

binding efficiency deaeases (data not shown). A signifiant shift is &O 

achieved after a five minute exposure to zinc (figure 5.6) and this span of tirne 

was used in subsequent EMSAs where more than one metal ion or other 

reactant iç added to the binding reaction 

Ml of the m-1 isoforms and mutants used in this study induding; (i) 

wild type mMTF-1, (ii) wild type hM'IF-1, (iü) mZF, (iv) hZF, (v) hMTF to 

mMTF stop (Mm), and (vi) mM"ïF to W stop (m/h) were translated in 

oitro (figure 5.4) and a.U were competent to bind a double stranded tMREa 

oligo (figure 5.7). Further it is apparent that exogenous zinc must be added to 

the aude translation reactions to adueve maximal binding activity (figure 

5.7). The respective molecular masses of the hanscxiption factors is dso 

consistent with the EMSA results were hMTF-1 gives a slower migrating 

complex than does mME-1. Also it is çeen that the mZF and hZF truncation 

mutants give faster migrating complexes which is expected due to their 

smaller size. These tnuications &O demonstrate that the N-terminal 

domah of both mMTF-1 and W-1 up to and induding the six zinc fingers 

has the capacity to give specific MRE binding activity (figure 5.7). It is believed 

that the observed clifferences in intensitieç of MTF/MRE compIexes in figure 

5.7 between mMTF, hMTF and mutant MTFs is due primarily to differences 

in the amount of factor provided to each binding reaction. Longer exposures 

were required for the W, h/m, and m/h mutants than for the mMTF, 

mZF, and hZF EMS& because of the less efficient translation of hMTF, h/m, 



Figure 5.7. Interaction of tMREa with in vifro translated M'Ti proteins. The 

free probe may m anywhere within the bracketed region indicated on the 

right side of the figure depending on the exact nuinuig time. The full length 

MTF/DNA complexes are indicated by an arrow with the '2' label. The 

mZF/DNA and hZF/DNA complexes are indicated by an arrow with a 'ZF' 

label. The bands marked with a 'N' labeled arrow are non-specific complexes 

forrned with some component of the translation lysate. The lanes marked 

'+Zn' had zinc added to a final concentration of 50 p M  while the '-Zn' lanes 

had no exogenous zinc added. AU lanes were loaded with 50,000 cpm of 

tMREa probe. The hMTF, h/mMTF, and m / m  lanes were exposed longer 

due to lower amounts of factor per binding reaction. 
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and m/h compared to mMTF, mZF, and hZF (figure 5.4). We don't believe 

that the explmation for the different factor/DNA complex Ïntençities in the 

EMSAs is due to different binding adivity of individual factors because as is 

seen in figure 5.7 both the mZF and hZF deletions have about equal binding 

activity when eqyal amountç of factor were supplied to the =As (figure 5.4) 

even though the DNA binding domah  were different. Therefore it would 

seem that the low levels of hMTF-tMREa complex in EMS& (figure 5.7) is 

due to the small amount of factor supplied to the binding reaction and not 

because the DNA binding domain of hMTF has a Iow affuuty for tMREa. 

Binding reactions were also performed using [%]-methionine labeled 

mZF and hZF deletions with unlabeled tMREa (figure 5.8). This method gave 

similar results to figure 5.7 where the mZF and hZF deletions b o n d  tMREa 

with approximately equal affïnity. The background was considerably lower 

using this method compared to [Pp] labeled oligo but the band intensity may 

be limiting if binding effiaency is low. This method may prove to be useful 

when non-specific complexes are formed with the DNA used as only the 

iabeled protein species/DNA complex should be obsenred after exposure to x- 

ray film. 

The zinc dependency of the mammalian MTFs was confirmed using 

the zinc s p d c  chelator 1,lO-phenanthroline to titrate out the free Pnc from 

the binding reactio~. The inclusion of 1,lO-phenanthroline in appropriate 

amounts resulted in the loss of the retardeci protein/DNA complex (figure 5.9 

lane 4 top panel, lanes 4 and 5 in the bottom two panels). It had been shown 



Figure 5.8. Mobiüty shüts of PSI-methionine labeled mZF and hZF with 

unlabelcd tMREa. 10 ng of coId doublestranded tMREa oligo was addd per 

lane dong with 0.5 pl (from 25 @ total) of [%]-methionine labeled in oi tro 

translated mZF and hZF. Lanes marked '-Zn' had no exogenous zinc added 

while lanes marked '+Zn' had zinc added to a final concentration of 100 W. 

The mZF/DNA and hZF/DNA complexes are marked by an arrow labeied 

'm. 





Figure 5.9. Binding of recombinant mMTFf mZF, and hZF to MREs is zinc 

dependent Addition of the zinc spedic chdator 1, 10-phenanthroline in 

suff iaent  amounts to mobility shift assays abolishes cornplex formation. Each 

lane contains 50,000 cpm of tMREa probe. Lane 1 is hee probe. Lanes 2 to 8 

have 0 5 pl of a 25 p1 total volume in vitru translation reaction (the factor type 

is noted to the left of each panel) added dong with the labeled MRE- The zinc 

was added to each Iane as foUows: lane 2, water; Ianes 3 to 8 have a final 

concentration of either 100 pM Pnc (top panel) or 50 pM zinc (bottom two 

panels). 1,lO-phenanthroline was added to each lane as folIows: lane 4, 25 

mM; lane 5, 1.0 mM; lane 6, 0.5 mM; lane 7, 025 25; lane 8, 0.1 mM. The 

zinc containing MTF/MRE complexes are indicated by the arrow Iabeled '2'. 

The arrow Iabeled 'N' indicaïes non-speafic complexes formed by 

components of the in vitro translation reaction Iysate. As wd, there iç' an 

additional nonspecific interaction at the bottom of the gel near the fkee probe 

that iç also due to a component of the reaction lysate. 
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using HepG2 c d  extracts that 500 /LM 1,lO-phenanthroiine can abolish MRE 

binding activity (Samson, 1996). in another study it was found that 10 m M  

1,lO-phenanthroiine was required to abolish the human MRE-BF2 complex 

with hMREa (Czupryn et al., 1992). Even at this high concentration of 

chelator 20% of the original complex remained shifted (Czupryn et al., 1992). 

It is probably the case that the concentration of 1,iO-phenanthrohe required 

to remove the MRE binding compiex in vitro is dependent rnostly on the 

concentration of hee zinc ions in the reaction mixture and not on the 

availability of the zinc ions in the finger moieties to the cheiator. This 

assertion is based on the observation that when the zinc ion concentration is 

doubled in the binding reactions shown in figure 5.9 (top panel) 

approximately twice as  much chelator is needed to abolish complex 

formation. 

The specifiaty of the in vitro translated factors for tMREa binding was 

tested by competition with cold tMREa oligo (figure 5.10). Cold tMREa was 

able to compete out the labelled protein/DNA complex when added in 

su£ficient amounts (20x molar fold excess cold tMREa) to the mZF and hZF 

binding reactions. However, even a 200x rnolar fold excess of cold tMREa 

could not completely compete out the mMTF shift (figure 5.10 top panel lane 

4). The cold tMREa also competed out the non-speâfic complex in figure 5.10 

but we believe that this is due primarily to the increase in total double 

stranded DNA in the reaction pirlling non-specific DNA binding proteins 



Figure 5.10. The MTHtMREa complex can be competed with cold tMREa and 

MTF wilI bind weakly to the mutant MRE oIigo tMREa/-6OA. h e  1 is 

loaded with 50,000 cpm of Zabeled tMREa alone. Lanes 2 to 6 have the Iabeied 

tMREa along with 0 5  pl fIom a 25 pl totaI volume of the in vitro translation 

reaction (the factor type is noted to thé left of each panel). Lzne 2 is the wakr 

control while lanes 3 to 6 were all preIoaded with 50 p M  zinc and incubated 

for 5 minutes. Lane 4 had 100 ng of cold tMREa added (200 fold molar exces), 

lane 5 had 50 ng of cold tMREa added (100 fold molar excess), and lane 6 had 

10 ng of cold tMREa added (20 fold molar excess). The reactions were then 

incubated for a further 5 minutes. Lanes 7 and 8 were loaded with 50,000 cpm 

of the -60A mutant MRE oligo along with 0.5 @ fiom a î 5  ~1 totaI volume of 

the in uifro translation reaction Lane 7 is the water control and Iane 8 has 

zinc added to a final concentration of 50 @1. The MTF/MRE complexes are 

noted with the arrow marked 'Z' while the anow marked W indicates a non- 

specific complex formed with some component(s) of the in uifro translation 

lysate. As well, here is an additional non-specific interaction at the bottom of 

the gel near the free probe that is also due to a component of the reaction 

lysate. 
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away from labeiied oligo. The specifiaty of binding was further tested using 

the mutant MRE oligo -60A (figure 5.10)- This oligo carries a mutation in one 

of the invariant consensus MRE sequence sites and had previously been 

shown to be non-funaional in vivo and in vifro (Samson, 1996; Samson et 

al., in preparation). The mMTF factor bïnds to this oligo although with less 

afhity than it does to the tMREa oligo (compare lane 3 to lane 8 in the top 

panel of figure 5.10). Neither mZF nor hZF bound in detectable amounts to 

this oligo even in the p m c e  of 50 pM zinc (lane 8 in both the middle and 

bottom panels of figure 5.10). This suggests that although the mZF and hZF 

mutants are capable of binding MREs specificdy, the carboxy-terminal 

domain of the factor may &O play a role in binding activity. If this domain 

affects binding it may be that the protein-DNA complex is stabilïzed by the 

carboxy-tend domain somehow wrapping around the DNA helix and 

thus slowing down the rate of the off reaction. 

We were able to show that the zinc containing protein-DNA complex 

can be abolished with the addition of cadmium to the binding reaction. in 

sufficient amounts (figure 5.11). When the MTF-MRE binding reations are 

pre-incubateci with 50 pM zinc for 5 minutes we have shown that a strong 

shift is seen in EMSA experirnents (figures 5.4 and 5.5). If after the initial 5 

minute incubation with zinc up to 50 pM cadmium is added to the binding 

reaction, the shifted complex is dinùnished (mMTF) or Iost completely (mZF 

and hZF) (figure 5.11 lane 5 in aIl three panels). The loss of the zinc 
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dependent shifted complex is dose dependent and ai low concentrations of 

cadmium (10 pM, 5 pM, and 1 pM respectively) the shift is barely affected for 

mMTF (figure 5.11 lanes 7, 8, and 9 of the top panel). The mZF and hZF 

complexes however seem to be affected even by the low concentrations of 

cadmium that had no affect on mMTF (10 @II 5 @d, and 1 respectively in 

lanes 6,7, and 8 of the middle and bottom panels of figure 5.11). This again 

suggests that the carboxy-terminal domain missing in the mZF and hZF 

deletion mutants may play a role in the overd binding activity of MTF. The 

l o s  of the shifted cornplex is not due to exceeding the range of factor stability 

with respect to metal ion concentration as an extra 50 pM zinc was added (for 

a total of 100 @f) to the binding reactions and shifted complex was either not 

affected or increased slightly (figure 5.11 lane 4 Ïn aLI three panels). These data 

suggest that the binding of MC to the zinc finger moieties of M'IF is transient 

and reversible and, M e r ,  cadmium can replace zinc in at least some of the 

fingers and thereby reduce the MRE binding activity of the factor. The 

coordination of zinc has &O been studied in the transcription factor Spl 

(Zeng et al., 1991). Spl was found to lose its abiliq to bind DNA when 

thionein (apometallotfiionein) was introduced into binding reactionç. The 

DNA binding activity could be rescued by addition of M e r  exogenous zinc 

to the reactions suggesting that Spl binds zinc transiently and reversibly. 

Sheng et al. (1989) calculated that a representative zinc finger would have a 

zinc binding constant on the order of M-l. This suggests a very high 



Figure 5.11. Cadmium can displace zinc from the zinc finger moieties of MTF 

and by doing so MRE binding is abolished. Lane 1 is Ioaded with 50,000 cpm 

of labeled tMREa done. L m  2 to 8 have the labeled oligo dong with 0.5 pl 

from a 25 pl total volume of the in oitro translation reaction (the factor type is 

noted to the left of each panel). Lane 2 is the water control while Ianes 3 to 8 

were aII pre-loaded with 50 pM zinc and incubated for 5 minutes. Further 

additions were as foIlows: lane 4,50 p.M zinc; lane 5,50 p M  cadmium; Iane 6, 

10 @A cadmium; lane 7,s @4 cadmium; lane 8,1 @f cadmium. The binding 

reactions were then incubated for a further 5 minutes. The MTF/MRE 

complexes are indicated by an arrow marked with a 'Z'. The arrow marked 

with the 'N' indicates a non-specific complex formed from a component(s) of 

the in oitro translation reaction lysate. As well, there is an additional non- 

çpecific interaction at the bottom of the gel near the free probe that is aIço due 

to a component of the reaction lysate. 
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thermodynamic stabiLity of zinc binding but if the kirtetics of binding were 

permissible it is easy to envision a rapid exdiange of metal ions between the 

hger  and the sunounding ion pool- 

To M e r  study the effects of cadmium on MTFs ability to bïnd MREs 

the factor was pre-treated with 50 p M  cadmium for 5 minutes. This treatment 

had been shown to eliminate even the low background levels of shifted MTF- 

MRE complex (figure 5.333). To the cadmium treated EMSA reations was 

added various concentrations of zinc for a further 5 minute incubation (figure 

5.12). A shifted complex was generated by the addition suffisent zinc ions to 

the reaction, 5 in the case of mMTF (lane 7 of figure 5.12) and 50 pM in the 

case of rnZF and hZF (lane 5 in the middle and bottom panels of figure 5.12). 

This reinforces the data presented in figure 5-11 suggesting that metal ion 

binding by hlfTF is hamient and reversible and figure 5.12 suggestts that 

cadmium probably binds to MTF with similar affinity as zinc. The metal 

binding affinities are about equd because when equal concentrations of zinc 

and cadmium are added to the EMSAs, a shified complex is generated but the 

complex has a lower intensity than when zinc is present without cadmium 

but greater than cadmium is added without zinc. This suggests that the two 

metals are compeüng for binding sites within the zinc finger moieties and 

that some cadmium rnust be occupping the zinc fingers which results in a 

lower binding activity. One interesthg point is the difference between mMTF 

and the zinc finger stop mutants mZF and with respect to MRE binding 



Figure 5.12 Zinc can displace cadmium h m  the zinc fingez moieties of MTF 

and by doing so MRE binding activity is regained. Lane 1 is Ioaded with 50,000 

cpm of labeled tMREa alone. Lanes 2 to 8 have the labeled oligo dong with 

0.5 pl from a 25 pl total volume of the i n  vitro translation reaction (the factor 

type is noted to the left of each panel). Lane 2 is the water controL while Ianes 

3 to 8 were al1 pre-loaded with 50 pM cadmium and incubated for 5 minutes. 

Further additions were as foIlows: lane 4, 50 cadmium; lane 5, 50 pM 

zinc; lane 6,10 pM zinc; lane 7, 5 @A zinc; lane 8, 1 @l zinc- The binding 

reactions were then incubated for a further 5 minutes. The MTF/MRE 

complexes are indicated by an arrow marked with a 'Z'. The arrow marked 

with the 'N' indicates a non-speàfic cornplex formed from a component(s) of 

the in vitro translation reaction lysate. As well, there is an additional non- 

specific interaction at the bottom of the gel near the free probe that is a h  due 

to a component of the reaction lysate. 
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under various conditions. The response of mZF to metai ion exchange is 

very similar to that of hZF and markedly different than mMTF (figures 5.11 

and 5.12). This ciifference is also noted in the binding of the mutant -60A 

oligo figure (5.10). The consistency of the results with respect to the mZF and 

the hZF mutants suggest that the carboxy-terminal end of the factor does play 

a role in DNA binding, possibly by inaeasing factor stability or affecthg the 

stability of the protein-DNA interaction. The carboxy-terminal domain also 

seems to play a role in the affirrity for metd ions in the zinc fùiger moieties. 

However, the details of how the carboxy-terniinal domain affects these traits 

rem* to be found. 

III. Discussion 

The parallels drawn between the trout and marnmaIian MT regulation 

are valid when one studies the simüarities between the two systems. The 

MRE core sequences are highly conserved between trout and mammalç and 

here we report that the mammalian MTFs are functional in a bout cell 

background but the regulation of &or abivity appears to differ in CO- 

transfection experiments (Radtke et al., 1993; B~gnera  et al., 1994; Radtke et 

al., 1995; Samson 1996). It had previously been reported that mMTF functions 

mainly as a basal transcription faaor (Radtke et al., 1993), while hMTF ex- 

its greatest effect foilowing zinc induction (Brugrtera et al., 1994). The studies 

here were designed to test the function of these factors on the native tMT-A 

gene in a trout ceIl background. It appears that in RTH-149 cells both mMTF 

and hMTF act mostly as basal factors. These findings agree with previous 
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studies of the regdation of the MT-B gene by the marnmahn MTFs in trout 

ceils (Samson, 1996)- The data showing a clifference in functionality between 

mMTF and hMTF in human ce& are somewhat surpnzing due to the 

finding that mMTF-1 is required for both constitutive and metal induced 

activify (Heuchel et al., 1994). It is not imrnediately clear how the factor can be 

the ody MRE binding transcription factor for both constitutive and metal 

induced transcription and only affect either constitutive (in the case of 

mMTF-1) or metal induced (in the case of IiMTF-1 in HeLa cells) 

transcription. When embryonic stem cells have both copies of mMTF-1 

knocked-out, ail MRE dependent expression from transfected MT promoters 

seems to be abolished (Heuchel et al-, 1994). This supposedy would also be 

the case for the human system as the conservation between factors differs 

only at the carboxy-terminal end. Thus it may be the case that looking at one 

factor as a more predominantly basal factor and one a more speaaiized 

inducible factor is not productive. Rather it may be the case, if in fact MTF-1 

is the only MRE binding factor, that these observed differences are the result 

of subtIe stnictural differences within the factors or that differing intracellular 

environments affect each factor in a unique way. This could be one possible 

explmation for why hMTï-1 behaves differently in bout ce& than in 

mammaiian cells- Fvcrrther, it appears to be the case that the extra 78 amino 

aads of hMTF-1 affect the regulation of the factor in bout ce&. When the 78 

amino aads are removed from the human factor (as in the h/m mutant) it 

behaves more like wild type mMTF-1 and conversely when the 78 amino 
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ad& are added to the mouse factor (as in the m/h mutant) it behaves more 

like wild type h m - 1 .  Recentiy it has been proposed that a 64 amino aad 

region immediately downstream of the zinc finger domain of hMTF is 

responsible for the induaile nature of the factor (Muller et al., 1996). This 64 

amino aad segment conferred &tient metal induction on mMTF when 

transfected into MTF -/- null mutant moue ceils (Muller et al-, 1996). ïhk 64 

amino acid region requires more investigation (such as including the 

equivalent mousr? region in hMTF to test for the loss of metal induability) 

before it is ascribed the function of conferring metai inducibiiity. There have, 

however, been varying accounts of other MRE binding factors with different 

molecular masses that may yet be involved in the regdation of metal 

inducible expression from MT promoters (Imbert et al., 1989; Anderson et al-, 

1990; Searle, 1990; Labbe et al., 1991; Czupryn et al., 1992; Koizumi et aL, 1992a; 

Koizumi et al., 1992b). If there are other factors involved in the regdatory 

system they will probably be found to act as accessory factors to MTF-1 due to 

its absolute requirement for MRE dependent transcription (Heuchei et al-, 

MM). 

The sensing mechanism used by the c d  to detect metal ion levels is as 

yet unknown but some proposals have been put forward. One hypothesis 

centres around a putative inhibitory molecule that is released by MTF-1 when 

metal ion levels are detected to be abnonnally high (Palmiter, 1994). In this 

system the inhibitor (Mn) acts as the metal ion sensor and is conceptually 
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similar to the II& regulation of NFKB (Baeuerle and Baltimore, 1988a and 

1988b) and hsp90 regulation of the glucocorticoid receptor (Danielsen, 1991). 

At this tîme there is no evidence for the existence of an inhibitor molecule 

that binds to MTF-1 and as such a more accepted modd for the metal ion 

sensor Ïs MTF-1 itself (Radtke et al., 1993; Brugnera et al., 1994; Heudiel et al., 

1994; Radtke et al., 1995). The modd implieç that at Ieast one and possibly aU 

of the 6 zinc figer moieties of MTF-1 are unoccupied under conditions of 

low meta1 ion concentrations and upon exposure to a n  mcreased kee zinc ion 

concentration the zinc finger(s) take up zinc and assume a conformation that 

is now capable of binding MREs and adivating transcription. This modd is 

more atîractive at this fime because of the evidence that the fingers are 

synthesized in the apo form both in vitro (th% study) and in oivo (Radtke et 

al., 1993; Bmgnera et al., 1994; Samson and Gedamu, 1995; Samson et al., 1995; 

Radtke et al., 1995; Samson et al., in preparation). Another requirement is 

that the metal binding of the Pnc finger moieties be reversible. We have 

confirmed this in this study by dernonstrating that zinc may be displaced. by 

cadmium and cadmium may be displaced by zinc. One problem with thÎs 

modd is that MTs can be induced in v ioo by cadmium but our £indings here 

suggest that when the zinc fingers of MTF take up cadmium they lose the 

abiiity to bind MREs (figure 5.58, 5.11,5.12). However the concentrations of 

cadmium necessary to impact the DNA binding readions in vitro are about 

5X the 1eveIs used for induction in oivo (figure 5.m) and are in fact high 
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enough to cause widespread c d  death This suggests that in vivo there is 

probably an indirect mechanism whereby devated cadmium concentrations 

resdt m MT gene induction. 

IV, Conclusions. 

The results presented in this düipter demonstrate that mutant and 

wild type mammahan ME-1 isoforms c m  activate a trout promoter within a 

trout background suggesting that the regdatory' pathways are conserved 

across diverse species. Further, mammalian MTFs bind speaficdy to trout 

MRE sequences in a zinc dependent faShion. The results support a direct 

advation of MRE bmding activity of MIT by zinc interaction with the zinc 

finger domain. Addition of the metal ion chdator, lJ0-phenanthroline, 

resulted in the loss of the shifted protein-DNA cornplex. It appears that when 

the zinc fuiger moieties are occupied by cadmium MTF loses its DNA binding 

capacïty. The metal binding reaction appears to be transient and reversible 

su& that both zinc and cadmium c m  displace each other. 



202 
Conduding Reniarks 

Our understanding of the metal regdatory medianisms as they relate 

to the regdation of metdothioneh gene expression has b e n  expanding 

over the past few years but there are stiU many unanswered questions. This 

project has focused on the doning and functional study of the rainbow bout 

metallothionein A gene. The MT-A gene is very s idar to the other known 

trout MT gene tMn:-B both struaurally and functionally. In general, the same 

inducers that activate transcription from the MT-A promoter &O activate 

transcription from the MT-B promoter but the intensity of the respective 

activations can differ. The MT-A promoter has some subtle diffewices 

compared to the MT-B promoter and it may be the case that these clifferences 

c m  account for the differential regdation of the genes. The MREs in the 

trout MT genes contribute to both metal induced and basal level promoter 

activity and can interact synergisticdy to eliat a significant response to an 

elevated zinc ion concentration. The trout MT genes are also activated by 

oxidant stress induchg agents and this response is mediated through both 

MREs and 0th- &acting sequences whidi we believe to be ARES and ARE 

half-sites. It had been previously determined that increased mamrnalian MT 

promoter activity can be correlated to increased MRE binding activity of the 

mammalian m s .  This shidy has shown, however, that cadmium 

diminishes the MRE binding activity of M'IF even though it is known to be a 

potent inducer of MT gene transcription. This raises the question about 

whether MTF mediates MT transcription induced by agents other than zinc. 
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Future investigations should help identdy the mechnisms used by the other 

important MT inducers. Further, the study of the metal binding properties of 

the zinc hger moieties of MTF should advance our understanding of the 

metal sensing medianisms in MT gene regdation- 
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