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Abstract

Metallothionein (MT) has been used widely as a potential molecular marker to detect the deleterious effects of heavy metals in
aquatic ecosystem. Here we exposed &Jacoglossus altiveljgo zinc (Zn) and tested the distribution as well as the induction
of MT in various tissues such as liver, kidney, intestine and stomach. MT induction was significant in liver tissue, followed by
kidney and intestine, whereas no induction was detected in stomach. The gene encoding ayu MT was successfully cloned and
characterized. Complete nucleotide sequencing and analysis of the 4.5 kb DNA fragment containing the ayu MT gene revealed
that the gene has three exons interrupted by two intron&flarkking region of about 2.5 kb and about 1.6 kb 6flanking
region. In grouper heart and kidney cells, the 2.5 kb promoter containing eight metal responsive elements (MRES), two hepatic
nuclear factor 5 responsive elements (HNF5RES) and one cAMP responsive element (CRE) had the highest reporter activity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction metal for gene expression and metabolic processes
(MacDonald, 2000 However, excess Zn can be highly
Rivers and estuaries are considered to be major re-toxic and harmful to healthHogstrand and Wood,
cipients of pollutants, especially with high content of 1996. Detection of sub-lethal changes at the molecu-
heavy metals. Metal may cause serious consequencesar and cellular level using the metal-binding protein
to fish species in terms of retarded growth, decreasedmetallothionein (MT) has been proposed as a biolog-
reproduction rate and increased sensitivity to diseasesical indicator of metal pollution in aquatic ecosys-
(Langston et al., 2002Zinc (Zn) is an essential heavy tems (for exampleRoesijadi, 1994; Langston et al.,

2002.
* Corresponding author. Tek:886-2-2789-9570; MTSs are a class of low molecular weight (6-7 kDa),
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1984; Hamer, 1986 Studies reveal that they play
a variety of roles, such as metal ion homeostasis,
detoxification and cytoprotectionKégi and Schaffer,
1988; Schroeder and Cousins, 1990; Suzuki et al.,
1993. MTs are regulated transcriptionally by metal
responsive elements (MREs), which ac&s-acting
elements and present in multiple copi&uart et al.,
1985. MREs consist of a highly conserved hep-
tanucleotide core, TGCRCNC and less conserved
flanking nucleotides Searle et al., 1987; Culotta
and Hamer, 1989 Although two MREs are nec-
essary and sufficient for substantial induction by
heavy metals, additional MREs are often present in
the promoter region and can augment the activity of
the MT promoter Gtuart et al., 1985; Searle et al.,
1985, 1987; Maroni et al., 1986; Cserjesi et al.,
1997).

Ayu, Plecoglossus altiveljsalso called sweetfish,
resides in fresh and brackish waters. It is cultured in
East Asian countries, especially in China, Japan, Ko-
rea and Taiwan. Ayu is salmon-like and light yellow
or olive colored. It is distinguished by unique charac-
teristics such as a folded tongue, a sail-like dorsal fin

C.-H. Lin et al. / Aquatic Toxicology 66 (2004) 111-124

2. Materials and methods
2.1. Northern blot hybridization
Total RNA was extracted from different tissues

of ayu, viz. liver, kidney, intestine, and stomach us-
ing the RNAzol method (RNAz6MB REAGENT,

TEL-TEST “B,” INC.). The quantity and quality

of RNA were determined by observing Qg)2s0
and formaldehyde agarose gel electrophoresis, re-

spectively. Twenty micrograms of total RNA was

dissolved in 5Qul of loading buffer (50% formamide,
6.475% formaldehyde, 0.05% saturated bromophe-
nol blue, 0.5.g/wl ethidium bromide, and 4%
glycerol in 1x 3-morpholinopropane sulfonic acid
(MOPS, MERCK)). The mixtures were incubated at
65°C for 15min and loaded on 1% formaldehyde
agarose gel (1g agarose, Amersco Inc., in 100 ml
DEPC-treated distilled water includingx1 MOPS
and 2% formaldehyde). The gel was transferred to
Hybond-N nylon membrane using 20SSC (3M
sodium chloride and 300mM sodium citrate, pH
7.0) salt bridge overnight. Transferred membrane

and teeth arrangement on saw-edged plates at the sidesvas rinsed with 2 SSC, air-dried, and cross-linked

of the jaws Gafra, 1998 As ayu spans its life cycle
in river, brackish and seawaters, this would be a suit-
able fish model for studying the biological responses
to heavy metals in aquatic animals.

A wealth of information has been acquired in re-
cent years about the induction of MT promoter ac-
tivity in fish, treated with different heavy metal ions
(for example,Samson and Gedamu, 1995, 1998; Ren
et al., 2000. Immortal cell lines have been used exten-
sively, to study MT gene regulation by heavy metals
(Price-Haughey et al., 1987; Zafarullah et al., 1989;
Misra et al., 1989; Olsson and Kille, 199 Primary

culture techniques with fish cells have also been es-

by UV Stratalinker 1800 (Stratagene, La Jolla, CA,
USA). After 1 h pre-hybridization, the membrane was
incubated overnight at 4Z in 50 ml hybridization
solution (0.25 M phosphate buffer, pH 7.2, 10% PEG
8000, 50% formamide, 0.25M NaCl, 0.5 mM EDTA,
and 7% SDS) containing & 10° cpm of probe/ml.
The membrane was washed with 2.1SSC and
0.1% SDS of increasing temperature and air-dried for
autoradiography.

2.2. Cosmid genomic library construction

Sperm DNA of ayu,P. altivelis was prepared

tablished to study the expression pattern of MT genes with 1x genomic DNA extraction buffer (10 mM

(Hyllner et al., 1989; Olsson et al., 199(Rainbow
trout MT-A promoter, when introduced into a cell-line
derived from trout liver and fry of a fresh water fish
medaka, was induced after exposure to zilmoye
et al., 1992. It has been suggested that MT promot-

Tris—HCI, pH 8.5, 5mM EDTA, 200 mM NaCl, 0.2%
SDS and 20@.g/ml proteinase K). Briefly, 10l of
ayu sperm was diluted in 90 of 1x PBS. An equal
volume of 2« genomic DNA extraction buffer was
added and mixed gently and inverted several times.

ers are useful for the regulation of transgenes in fish The DNA was extracted with phenol/chloroform, pre-
(Chan and Devlin, 1993 Therefore, considering all  cipitated with 2 vol. of 95% ethanol, and washed with
these information, the present study was aimed to in- 70% ethanol. The genomic DNA pellet was air-dried
vestigate the structure of the ayu MT gene and its pro- and dissolved in double distilled water. The ayu ge-
moter activity. nomic DNA was partially digested witBaBAI. The
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DNA fragments with size between 45 and 55 kb were
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grammed as above but for the annealing temperature,

collected through a sucrose gradient and subjected towhich was elevated to 5&. This PCR product was
0.4% agarose gel electrophoresis. Dephosphorylationtreated wittBanH| andEcaRl, and subcloned into the

and phenol extraction of the DNA were carried out us-

same sites of pBluescript SKJ vector (Stratagene,

ing the recommendations of the supplier (Stratagene, La Jolla, CA, USA) for sequencing. The MT cDNA

La Jolla, CA, USA). Approximately, 2.pg of the
purified DNA was ligated into jug of Xba-BanHl

fragment of 142 bp was sequenced and used as a probe
to screen MT containing clones from the constructed

digested SuperCos | cosmid vector arms and packagedcosmid genomic library by colony hybridization.

with GigapaclI1Il XL packaging extract (Stratagene,
La Jolla, CA, USA).

2.3. Ayu MT cDNA cloning

We compared the sequences of different fish MT
cDNAs from gene bank and synthesized the follow-
ing primers, MT{)Bl: 5-CGG GAT CCA TGG
A(CIT)C C(C/MT G(CIT)G A(G/AITT GC(GIT)
C(C/IMA A-3 and MT(-)RI: 5-GGA ATT CTT
(A/G)CA CAC (A/G)CA GCC (AIT)CA (A/G)GC
(A/IG)CA-3, where Bl and RI represefdant! and
EcoRl excision sites, respectivelyt and — rep-

2.4. Screening of ayu cosmid genomic library

The probe was labeled witha{3?P]dCTP and
rediprime Il kit (Amersham Biosciences, NJ, USA).
The 3x 1P colonies of ayu cosmid genomic library
was plated onto 12 Hybond-N nylon membrane-plates
(Amersham Biosciences, NJ, USA) and incubated at
37°C overnight. The membranes were mirror-copied
twice onto new nylon membranes and cultured for
3—4 h at 37C. Two sets of mirror-copied membranes
were denatured in denaturing buffer (1.5M NaCl
and 0.5M NaOH) for 5min, and then neutralized in

resent forward and reverse, respectively; and the neutralizing buffer (1.5M NaCl and 1M Tris, pH
underlines represent the enzyme sites. Complemen-8.0) for 5 min. After air-dried, these membranes were
tary DNA was synthesized using the above primers cross-linked by UV Stratalinker 1800 and hybridized
by reverse transcriptase-polymerase chain reactionwith the probe. The signal clones were screened twice

(RT-PCR) method. The reverse transcription con-
tained 10ug of total RNA, 1 mM methyl mercury
hydroxide (CHHgOH), 5mM B-mercaptoethanol,
400uM dNTPs, 30 ngdl oligo-dT, 0.5 Ul RNAsInN,
and 1U[.l moloney murine leukemia virus reverse
transcriptase (MMLV-RT, Stratagene, La Jolla, CA,
USA) in 70ul of 1x first strand buffer at 37C for
1h. The resulting products were amplified by adding
0.05Uul Tag DNA polymerase (Viogene, Shijr,
Taipei, Taiwan) and 0.gg/ul each of the forward and
reverse primers with a Perkin-Elmer Cetus DNA ther-
mal cycler 480, using a program consisting of 1 cycle
of 5min at 95°C, 35 cycles of 2min at 95C (de-
naturation), 1 min at 80C (hot start), 1 min at 55C
(annealing) and 2min at 7Z (extension). After 35
cycles, the reaction mixtures were incubated at@2
for an additional 10 min to allow complete synthesis.
The cDNA thus produced was amplified by an addi-
tional PCR with a reaction mixture containing.bof

the RT-PCR product, 0.05 Wl TaqgDNA polymerase

in 50l of 1x TagDNA polymerase buffer, 0.3g/ul

of each forward and reverse primers, 8@ dNTPs
and 15QuM MgSOq4. The thermal cycler was pro-

with the same probe and finally, a single cosmid clone
containing ayu MT gene was isolated.

2.5. Shot-gun ligation, DNA sequencing
and analysis

Ayu MT cosmid clone was subcloned into pBlue-
script SK@:) vector following the shot-gun ligation
method Davis et al., 199 by using Sad and
screened again by colony hybridization using the
same MT cDNA probe. Nucleotide sequencing was
performed by the commercially available dideoxynu-
cleotide chain-termination method (ABI Pridhh
dRhodamine Terminator Cycle Sequencing Ready
Reaction Kit with AmpliTaf DNA Polymerase)
using PRISM 377 DNA Sequencer (Perkin-Elmer,
MA, USA). The ayu MT DNA was analyzed with
the Web-based sequence analysis of GCG pro-
gram (Wisconsin Package Version 10.0, Genetics
Computer Group, Madison, WI) and searched for
transcription factor binding sites with a Transcrip-
tion Factor Search Programhttp://www.cbrc.jp/
research/db/TFSEARCH.htmThe FASTA program


http://www.cbrc.jp/research/db/TFSEARCH.html
http://www.cbrc.jp/research/db/TFSEARCH.html

114 C.-H. Lin et al. / Aquatic Toxicology 66 (2004) 111-124

was used to search the homologous sequence of Gendays. This was repeated twice, and then the concen-
Bank. The localization of exon and intron sequences tration of the drug was increased to §og/ml (for

was predicted using the BestFit program. The 142 bp grouper cells, 100Qg/ml) and cultured for three
cDNA contained partial sequences of exons | and days. Pools of thousands of clones were selected and
[ll, and the complete sequence of exon Il for MT. A cultured in the presence of the drug at the initial con-
phylogenetic tree was generated using the algorithm, centration for one month. The transfected cells were

http://www.ebi.ac.uk/clustalw/index.html
2.6. Construction of recombinant plasmids

For qualitative analysis, the shot-gun ligated clone
containing the ayu MT promoter region was digested
with BsgEl and blunted with Klenow and dNTPs.
After phenol/chloroform extraction and ethanol pre-
cipitation, the dissolved DNA was digested again
with Sad. A fragment of 2.5kb comprising the
ayu MT promoter was eluted with the gel extrac-
tion kit (Viogene, Shijr, Taipei, Taiwan) and ligated
with pEGFP-1 vector (Clontech, Palo Alto, CA,
USA) which was previously digested withad and
Sma. This pEGFP-aM3}5 plasmid construct was
confirmed with restriction enzyme mapping and se-
guencing. For quantitative analysis, four plasmids
(PSEAP2-aMB 2, pSEAP2-aMp 7, pPSEAP2-aMT o
and pSEAP2-aM75) containing 0.2, 0.7, 1.0 and
2.5kb of the MT promoter Sflanking sequence was
used to access MT regulation.

2.7. Transfection and Zn induction

The NIH 3T3 cell line (cultured in DMEM con-
taining 100 IU/ml penicillin, 20Qvg/ml streptomycin,
2 mM L-glutamate and 10% fetal bovine serum (FBS)
at 5% CQ and 37°C humidity incubator) and grouper
cells, GL, GK, GF, GH, and GSB derived from liver,
kidney, fin, heart, and swim bladder, respectively
(cultured in Leibovitz’'s (L15) medium containing
100 IU/ml penicillin, 100.g/ml streptomycin, 2 mM
L-glutamate and 10% FBS at 28) (Lai et al., 2000,
2003, were seeded at a density 0k3.0° cells/well in
a 6-well plate. Monolayer cells with 80% confluence
were transfected with 2g of plasmid using lipo-
fectamine pluSM reagent kit (Invitrogen, Carlsbad,
CA, USA) and incubated for 24 h. The transfected

cells were subjected to G418 selection for one month,

treated with 10@uM ZnCl, and green fluorescence
signals were observed to assess expression after 24
and 48 h under a fluorescence microscope (Olympus,
IX70, Tokyo, Japan).

For quantitative analysis, the GH and GK cells were
transiently transfected with the ayu MT promoter
deletion clones and pSEAP2-Basic vector (control).
For induced expression, these cells were treated with
a final concentration of 100M ZnCl; for 24 h and
assayed using Great EscAPe SEAP Chemilumi-
nescence Detection kit (Clontech, Palo Alto, CA,
USA).

3. Results
3.1. Expression of MT in different tissues of ayu

The liver, kidney, intestine and stomach tissues were
dissected out from ayu, which was previously cul-
tured in 501 of deionic water containing ZnCht
100wM for 4 h or 10uM for 96 h. Total RNA isolated
from these tissues were subjected to Northern blot hy-
bridization, to observe the induction of MT expres-
sion. In liver and intestine, 96 h exposure of Zn signif-
icantly induced MT mRNA expression, whereas 4 h of
exposure to Zn failed to induce MT mRNA in intes-
tine (Fig. 1). In kidney, MT induction was observed
only at 10uM ZnCl, for 96 h, while no increase of
MT mRNA could be detected after 4 h. Stomach tis-
sue showed no induction of MT expression.

3.2. Cloning of the gene encoding ayu MT

To understand the structure of the ayu MT gene,
a genomic library of ayu, with inserts ranging from
45 to 55kb was constructed in the SuperCos | cos-
mid vector. A MT cDNA fragment, from ayu liver to-
tal RNA, was prepared by RT-PCR using degenerate
primers. After sub-cloning, the 142 bp of MT cDNA

to achieve stable expression. Briefly, the transfected fragment was confirmed by sequencing and used to

NIH 3T3 cells were cultured in the presence of G418
at 600wg/ml (for grouper cells, 80Q.g/ml) for three

detect the MT gene from the cosmid genomic library.
Subsequent restriction enzyme mapping and Southern
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Fig. 1. Northern blot analysis for MT gene expression in different tissues from zinc-treated ayu. C: control, pdr&at@ient; H: 10Q.M
ZnClp for 4h; L: 10pM ZnCl;, for 96 h.

blot analysis (data not shown) identified a 4.6 kb-sized 1 encodes the first%amino acids (25 bp); exon 2 en-
Sad fragment which hybridized to the cDNA probe codes 23 % + 22+ %) amino acids (69 bp) and the
(Fig. 2A). Further restriction mapping was performed, exon 3 encodes the last %@mino acids (89 bp).

to facilitate sub-cloning into pBluescript SKj vec- The B-flanking region of the ayu MT gene features

tor, for sequence determinatioRig. 2B). atypical TATA box. Eight MREs, with three MREs (1,
3 and 7) having the motif TGCRCNC consensus core

3.3. Sequence analysis of ayu MT gene sequence in forward orientation, and five MREs (2, 4,

5, 6 and 8) with the GNGYGCA sequence in reverse
Fig. 2B shows the full-length nucleotide and the orientation were observed. Two hepatic nuclear factor
deduced amino acid sequences of ayu MT gene. The5 responsive elements (HNF5RESs) with GCAAACA
comparison of ayu MT genomic sequence with the or TGTTTGT sequence and one cAMP respon-
ayu MT cDNA partial sequence revealed that the cod- sive element (CRE) with the TGACGTCA sequence
ing region of the ayu MT gene is interrupted by two were also identified. Two additional HNF5RESs, with
introns of 97 and 153 nucleotides at nucleotide po- ACAAATA or TATTTGT sequence, are also noted in
sitions 26 and 192, respectively. Intron 1 was 69% the 3-flanking region. Three possible polyadenylation
AT-rich, and intron 2 was 59% AT-rich. The open signals with the AATAAA sequence were observed
reading frame (ORF) encodes 61 amino acids. Exon in the 3-flanking region.

- >
. EZ T % o= x  Se
g §5 % S S > 3 S =3
& 24 Q X 09 & < g &3
i pBluescript SK(+/-) | || | | 11T l pBluescript SK(+/-) '

T—h ¢—— +— ¢—— «—— —>——p «—— «—T
— > — —— —— — — P —— ——

(A) 1kb

Fig. 2. Structure and nucleotide sequence of ayu MT gene. (A) Restriction enzyme mapping of MT gene. Only important enzyme sites are
shown. Exons I, Il and Ill are boxed. Dot-boxes indicate the vector region. Arrows indicate the sequencing strategy. (B) The nucleotide
sequence of ayu MT gene. Exons and introns are shown in uppercase and lowercases, respectively. The introns are demarcated by consensu
GT-AG splicing signals. The decoded amino acid sequence is shown in single letter code below the exons. The TATA box is boxed. The
putative MREs {—) and HNF5REs (-») are shown. The arrows indicate the orientation with respect to the direction of transcription.

CRE is underlined. The shaded regions indicate the polyadenylation signals. The ayu MT gene sequence was submitted to the GenBank
database (accession number: AY208860).
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(B)

-2585 CTGAGAGGGA CTCTTTCCCA TTTCAGAAGA CACACAAGCA CAGCATGTCT GAATACCTCG ACAGGGATGT AAACATTAGC TGCCTGATGA CTTGAACTAA
-2485 CAGAGAACAA GAGAGAATAT CCCTTCGCTG TAGOCTGGAA ACTCCATGTT GATAGCTAGC TTCCACTCGA CAGGTCAAAG GTCGACGCTA GCTTCATTCC
-2385 CTCACCTCCC TATAGAAGAT GTCOGCGTTA TCATGGACAT OGTAGGCCAG CAGGTTGGTC TGGGATCCGA CTAACAGCGT GTCTCCTTTG GTGCTGGGTC
-2285 CTAGTGTCCC CGAGGTTAGA CAGCTGACOG CCTGGTTGAT GTTCAGAAGG GAGATGTCCG AGTCCTGGGT GCTCTGGCTC AGCCTGTGGG CTGOCTGGOG
-2185 CTGGCOCCGT GOGTGOGGGT TATGGATGAA CACCTGGAAA GACCAGAGGA AGAGAGTCAC GACATGATGA GACACAGACA TAATCCCTCC TGTTGGGGAA
-2085 TATATCTTGT AATACTTTAA GTGTACGATT GTIGTCACATT GATGCCTTGG TTCAAGAGGT TAGAACAGGC TCCAGGACCT TGTAGTAACT GTACCTTCCC
-1985 AGCCTGTGTA GCAGCAGTTA GACAGGGGTG AACTCCATCG AATTTCCCCA TGGTCACCAT GCGGGGGTTA ATCTTGTGGT TCAACTTCAG GGTGAATATG
HNF5RE
-1885 GGGACCAGCA TGATGGCACT ACCCTACGGA GAAAACACAC ATI'GCAAAC»A TGTAATGTCT GTGTGTAATT TCACTTCGIT TGAATAAATT GTGAATAAAA
-1785 GOGAACTOGA ACTGCTATGC ACGATTGGCT GAATCCATAG TGAATCAACG CAAAGCAAGA TAGGTCTCTA GCCAACGGCG CTAATGITIT AACCAGCTTA
-1685 GATTAGCTCC TCTCTCACCC GCTGTTGCTG GGAGTGCCGT TGCCTAGCAA CCCTGGAGGG TTTGTCAGAG ATTTTCCTCC CTGGCTAGCG TTAGCTAGCT
-1585 AATCOCTGTC GTTTGCTCTT TTTATTCAAT GACTCCCTAA COCGTTATAC AAAAATATAC TATATTCGTC TACTACAATA AGATATACAG CTAATAAGTT
-1485 CAAATAGGTT TTCATCITTA CACGCTGOOC TAACATCAAA CGACAGAACA AACTAACAGA CAACTATAAC AGCATTGCTA GAGCTAGCTA ATTTAGTACT
-1385 GTGGGCTAAC CCGACTGGCT TCGTGATCTC TACAAAGTAT GTATTGTGAC AGCAAATTCA GTAAACACTG CGOCGAAATC TCTAGTTATT TCATGCTAGT
-1285 AGGAGTTGCT ATCTTACCAA TGTCCTCGCT CCTAAGCAGT CTTTGACGTT TTATAAAGAC AGTTAACTAC ACTAGGCAGC AAGGGACAGC ACGGGGATCG
MRE8 MRE7 CRE
1185 (X':'l{ﬂCAAT ACTTTTGCAC GCAGGTGACG TCACCTATGC AGTGCACGAG AATTTACCAC TTTTGTAGGG GTCACACTGT ACATTGTAAT TATACGATAA
-1085  ATGTACAGAT CCGTGTGTCA TCTGTTTACA ATTTGTATTT CCTTTTCTAC AGTAGGTACA GTTTTGCCCG GATATCCCAA ATATTAAAAG GACTTTATTA
-985 AGATTGTTAA GGACAAACGA AGCCTATAAA TAGTAGGCTA AGGTTAGTGA AAACTGTTAT AGCGCAGCAT TTATATAACA TTCCAGTGIT TTGAGGATTG
MRE6
-885 TGGTTGGACA GTTATTGCCT ATTCATGACT CATCGTGACA CTGCTCATTT CCCACGOGTT CTGGAAAGTA CTAAATTGCG AGATGGTAAA TGMA
MRES
-785 ATGTATTGAA TCAAAAGGTT TGCTCCCGTC GGTTGCCACA GTTGTGTTTC CCIUCICCG#@GAGGG AGAGAGCACA CAAGAAACTA TTCATTTOCC
‘ MRE4
-685 AGTGACAATA GGAAGTCTGA CGCTTGTTTT TGTGTGTGCC G(ﬂw GTAAACGTTG CATTATTTCT CTACGCTGGT TGGGAAGAAT AACCCGCTAC
-585 TTTAATTGGT AAACAACACA CAAGTTAAGT AACAATATGT TTAAGTACAT TCACCGAATA ATATATICAG TATTTTGAAG TGCGAACGCT GCTTTAGCTT
-485 TIGTAACCTA TGATTTGATG GGCATAGTAT TCCTTACACT ATAGAGCCTA TATCAATAAA TATAAAAATA GATATTATAG TGTTGGTCGT TCAAAATGAA
HNFSRE MRE3
-385 TTTGTAAACA GAAAATGTAG GTCACGTTCC CTAGACGTTC TE_'I']'I\}TTAC COGAATTAGT TTAGGCAAGA GATTAAAATT ATTGGATTTG WA
-285 ATTAGAATTC AAGCGTCAGT AGTCACAAGG ACATGCTAGT CTTATGCAAC ATGAATAACA ATAAATCCAG CACGTCTTCT ATGGGAATTT GCTTTCGGGT
MRE2 MRE1 TATA box

-185 AAGGACTGTG TGCAAGCCCC TTTAATGAAT TACGGACATG CGTGACTCTC GGTTTTTGCA CTCGGTCOGT AAATCACATC ACGCCACTCA
«— T g ATA

Fig. 2. (Continued.

3.4. Phylogenetic analysis Based on phylogenetic analysis, this ayu MT gene was
grouped to the MT-A clad.
The deduced amino acid sequence of ayu MT was
subjected to phylogenetic analysis and that reveals 3.5. Comparison of ayu and other fish MTs
the extensive evolutionary conservation of various fish
MTs (Fig. 3). The figure shows that the MT-A and The amino acid sequence of ayu MT shows a re-
MT-B and MT-I and MT-II are structurally distinct. ~ markably high order homology with other fish MTs.
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Start Codon
=23 +1
-85 GAATGAGAAT GTTTACACTT GACCGTCTCC CATOGAAGAG ATCATCACAC TACTCGTCTC CGGAAAAACC GAACTAAACT GAACGATGGA CCCATGTGAA
MD PCE
16 TGCTCCAAGA gtaagatatt ttttctgtta tcgtgtctct tcattatttt aaatcctgec aaggttgatt ttcgtgigtt taattgtatt cottgttttc
CSKT
116 ttcgtagCTG GATCATGCAA CTGOGGTGGC AACTGTAGCT GCACTAATTG OGCCTGCACA TCTTGCAAGA AGACCAgtaa gtttttaaca ttttatcaaa
G SCN CGG NCSC TNC ACT SCKEK TS
216 tgtgttttta gtctaagtaa atggegggec tttcaattcg acactagegt ggtaaatgtc tcaacatcgg tctcaggtgt tgtcaatcgt tgatcacctg
316 ttcattacgt tactcticce ctactgeagG CIGCTGCTOC TGCTGTOCAG CCGGGTGCAG CAAGTGOGCC TCTGGGTGCG TGTGCAAAGG GAAGACCTGC
cCS CCPA GCS KCA SGCV CKG KTC
Stop Codon
416 GACAAGACAT GCTGICAGTTG ATTGAGGGACT CCATGCGGCA ATGTGTAGAA CTGCATAATC TGTTAAAGAC GCACTAATTT TIGTACTTGT TAGTGTAAEA
DKTC CQ
516 AAATAARTTG CAATTAGAAA ACACATTTGA GTCATICATT ACAAGTATGG GGAGOGGGGC ACTTCATGGT TGTTGGAGCT GATTAACTCA AATACCGAGT
616 TCAAATTTTT ACGTCTGAAG TCAGACGGAA TTAAAAGCAT CACCAGTAAC CCTAAACCOG COGGTGATAC TTTTAGGGCC CTATTGAAGC AATTGCTTGG
716 CAATCTTCCC TAACGTTTAA GTTCTTTGAA TTGGTAAACA TGAATTGAGT TGCGGTAATT GCATGTTICT ATTTTATTCG CAAATGGGGT CATCCTGGAG
816 TGAGTGACCG TTTAACGAGG GGGGAAATGA GGACTGTTTC GAGCTACGTC AATTACGAGT CTGTGCGATA GGTTAAATCA AGTTACTTTC CAATACCAAG
916 TAGACCATCC CTGCACCGOC GAACGGTAGA GGGCGACTTT AATCGTACGC AGGCTACCAA GGACTCAAAC CAACGAAGAT GACGTTTGTC CAATCAGTGT
HNFSRE
1016 AGTCTCGAAA AGTGOOGGGG TAAACGAGAT AGTGTTGGCT AATACGATAG CAAGGAACTA TAAAAACAGA CTTTTGGTGG GACAAGGAAG AE\AAIAGCF
HNFSRE
1116 ATTIGTCAAA GGGTCACGTA AGTTATAGTT GAGCTAATAA GAACATTAGC ACGCGATGAG CACACATACA AGCAGGGTGG TGTTACAGCC TGCTTCICTA
1216 GCATGCAATC ATTCATTCCT ACATAAGCGG CCTAGCCATG CATGCTATGA TAGCTAGCCT AGCCGCTGTG TCCATTAAGT CAGATAGAGC TAACGCATTA
1316 AGTTACTGCA TCTGAAGOCA AATAATAATT GACGCATATT GTGAGTTAGA TGATTATCTT TATCOGTGAA GGTCACAATA GAAAATAGAT TCTTATAGTT
1416 A’IG(:'TAGCIC. ATGACAAAGA OGATACTTTA TACCATCATA CCAAACAGTT GTCATOGCGT GGCTGCCOGC GAGAAGTATA TTGACCTGIT AACTTGITTA
1516 TTTTCAGGAA AACCGTACAT ATAAATCCTG ATCCCTCGCT TAATTATTTT TTTAAGGCAG GAATGATAAA ATGATATACG TATATAAGGT TATCTACTGT
1616 TAAACGCTCG CTATGACAGA TATCCAGAAA TGACAACTAT GTTTTCAGTG ATGTAGTTTG GAAATGTTAC TTCTCATACA ATCCGGCACG AGAAAGTACT
1716 TIGGAGGCTG TAGGTAACAC CGTTTTCIGC CTAAACCCTA CTTCATTCCC GATGCCATCG ACCAAACTCT AAAGATATGT TTTGACATTT ACGTGGAATA
1816 AAAAACGCAA TATTCTGCTT TAGAAACAAT CCACCATGAC TGATTTCTTA CTTTCGATGA AAGAGATCAT CTCAAAGTAG AAATAACCAT TTCACGGGCG
1916  CTTCCAACGG TTTTCCTGAC ACCGCAAGTC TCCTCTCTTG TCCACAGAGC CGCTAGCCAT GGAAACAGAG GGCTITGGGG AGCTGTTGCA GCAGGCAGAG
2016 CAGCTGGCTG CGGAGACAGA GGCGGTGTCT G 2046

Fig. 2. (Continued.

Alignment of fish MT amino acid sequences shows the 58 (T-S). Ayu MT gene encodes 20 cysteine residues
extent of homology with that of ayu MT ranging from (33%), and their locations were conserved among fish
75 t0 90% Fig. 4). Invariant replacements were found MTs (Fig. 4).

at positions, 11 (S—A or Kor T or N), 16 (G-T or A),

17 (N=S or T), 19 (S-T or K), 21 (T-A or S or K), 3.6. Promoter activity analyses

24 (A-Q or S), 27 (S-T or C), 29 (K-N), 31 (T-A),

35 (S-D or P or F), 39 (A-S), 40 (G-D), 42 (S—T or The promoter region of the ayu MT gene, span-

P), 49 (V-I), 53 (K-N), 54 (T-S), 57 (K-S or T) and ning 2.5kb was cloned in the pEGFP-1 vector and
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Pagotheni borchgrevinkiMT-1I (aj007563)

Parachaenichthys charcoti MT-Il (aj007951)

Notothenia coriiceps MT-11 (aj006485)

Pleuronectes platessa MT (x56743)

Liza aurata MT (u93207)

Salmo salar MT-B (x97275)

Salmo gairdneriMT-B (x59394)
Oncorhynchus mykiss MT-B (m18104)
Salvelinus alpinus MT-B (af013801)
| Esox lucius MT (x59392)
Plecoglossus altivelis MT (AY208860)
Salmo salar MT-A (x97274)
] Salmo gairdneriMT-A (x59395)
Salvelinus alpinus MT-A (af013800)
Oncorhynchus mykiss MT-A (m18103)
—
—

Tilapia mossambica MT (s75042)

Cyprinodon sp. (x97273)

Danio rerio MT-A (x97278)

Cyprinus carpioclass | (af002161)

Carassius auratus MT (s75039)

Cyprinus carpio MT-Il (af249875)
Carassius auratus MT (x97271)

Sparus aurata MT-A (x97276)

Sparus aurata MT (uU93206)
Notothenia coriiceps MT-1 (aj006484)

Parachaenichthys charcotiMT-I (aj007950)

Chionodraco hamatus MT-II (y12581)

0.1 Pagotheni borchgrevinkiMT-I (aj007562)
Chionodraco hamatus MT-1 (y12580)

Fig. 3. Phylogenetic analysis of fish MTs. Accession number for each fish species is given in the parenthesis.

transferred into the NIH 3T3 and five grouper cell ZnCl,, relative fluorescence was greater. Similar phe-
lines, GL, GK, GF, GH, and GSB. Green fluores- nomenon was also observed in grouper cell lines.
cence signal was observed in all the transfected The GL, GK, GF, and GH cells showed higher
cells Fig. 5. In NIH 3T3 cells, the pEGFP-aMls level of promoter activity than GSB cells. How-
showed stronger intensity. After the addition of ever, ZnC} treatment induced the promoter activity
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1 11 21 31 41 51 61 Identity (%)
P. altivelis MT MDPCECSKTGSCNCGGNCSCTNCACTSCKKTSCCSCCPAGCSKCASGCVCKGKTCDKTCCQ
S. aurata MT-A  ......ce.. T..... S.T....S...... R TS... 90
S. salar MT-B ...t S.K.A......... —. . Pl S . TS... 89
E. lucius MT = & .iiiiininnnnnn S.K.S...oia. R Seveieennn I....... TS... 89
S. gairdneri MT-A . ..ieiieeeneeenns S.K.S..vvinnn R b B TS... 87
S. gairdneri MT-B  ...iiiiiiniennnns S.K.Sevvvvinnn R - 3 5 TS... 87
O. mykiss MT-A . .iiiiniernenenns S.K.S...vvinn T 5 B TS... 87
O. mykiss MT-B .. .i.iiiiienennnnn S.K.S......... —...P...SD.. e TS... 87
S. alpinus MT-A .. ...iieeniiennn.. S.K.S.vivnnn. A...D.. . St e TS... 87
S. alpinus MT-B .. ...iiiiiiennnn. S.K.Se.viinn. - .P..SD e TS... 87
S. salar MT-A . ..iiiiniennenans S.K.S......... A...D..eSiiiiiiiiieiannans TS... 87
L. aurata MT = .......... K.S...S.T....S...... - . P S TS... 85
N. coriiceps MT-II  ........ S.Te.u.. S.T....Sc..u... I - T TS... 84
P. borchgrevinki MT-II  ........ S.T..... S.T....S...... I - S T TS... 84
P. charcoti MT-II = ........ S.T..... S.T....S...... -...P...S T TS... 84
T. mossambica MT  ...... A...T..... S....K.S.K....=...D eSSt TS... 84
C. hamatus MT-II cee.DLUS.TL Ll S.T....S...... I - B TS... 82
Cyprinodon sp. MT-A  .......c... K....TS.T....S.KC...=...o... S NS...S... 82
N. coriiceps MT-I  ........ S.Tevu.. S.T....S.Kevoe=e e P S Tt i iiii i TS... 82
P. charcoti MT-I  ........ S.N..... S.T....S.K....-...P...S..T. ... TS... 82
C. hamatus MT-I ce..D.L.S T S.T....S.K....-...P...S..T..... .. TS... 80
P. borchgrevinki MT-I ce..DoLS.T. L. S.T....S.Kevoome o lPeu oS Tt iiiieeien TS... 80
P. platessa MT = .......... T..... S.T.K..S..T.N.-...P...S..P............ TS... 80
D. rerio MT-A  ...... A...A....AT.K....Q..T...—c..... St NS.GTS... 79
C. auratus MT? ....D.ALLLALLLUATK. L. QL T ime e e St i e NS.GSS... 77
C. carpio MT-II ....D.A...T....AT.K....Q..T ..~ ivn S NS.GSS... 77
C. auratus MT®  ...... A...A....AT.K....Q..T...—...F...S........... N.NS.GSS... 75
C. carpio MT-I ....D.ALL..T....AT.K....Q..T...—...P...S..iiiiiiaa. NS.GSS... 75

Fig. 4. Alignment of fish MT amino acid sequences. Dots demonstrate the homology. Hyphens fill the gaps for optimal alignment.
Appropriate amino acid is shown, where substitutions occur. The a and b are different amino acid sequences of MT (accession numbers:
X97271 and S75039, respectively), from same species.

to a significant level in all the grouper cell lines (Fig. 6A) and transfected into GH and GK cell lines
(Fig. 5). (Fig. 6B). The pSEAP2-aM75 construct containing 8

A series of deletion mutants of thé-lanking pro- MREs showed significant induction in response to Zn
moter region were fused into pSEAP2-Basic vector and produced a stronger signal in GH cells, whereas
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the extent of induction decreased as the fragment sizeresidues (33%), which is a conserved property of MT
of the promoter region was reduced. The smallest proteins.

0.2kb fragment, pSEAP2-aM} also showed activ- The B-flanking region of ayu MT gene contains
ity, but the signal was less intensive than that of 2.5 kb proximal as well as distal clusters of forward and re-
fragment. After the addition of ZngJlthe expression  verse putative MRE sequences. It has been reported
increased significantly. In contrast, although the in- that a pair of complementary MRE sequences are con-
duction is very obvious, no difference of non-induced sistently located between 40 and 120 nucleotides prior
and induced expression was observed among differentto the transcription start point and are identified as the

deletion clones in the GK cell line.

4. Discussion

MT has been used as a molecular marker to mon-
itor exposure to heavy metals in aquatic animals
(Benson et al., 1990; Couillard, 1997; AETE, 1999
Metals have been shown to induce MT in rainbow
trout (Salmo gairdnel)j, flounder Platyichthys flesys
Arctic char Galvelinus alpinus and Pacific oyster
(Crassostrea giggs(Roch and McCarter, 19843,b
Sulaiman et al., 1991; Dallinger et al., 1997; Tanguy
et al., 200}. MT mRNA synthesis in response to
metal exposure is reported to be high in the liver of
fish (George et al., 1996; Olsson, 1996 he hepatic
MT level of ayu was also induced to a higher level
following exposure to ZnKig. 1). It deserves men-
tion that the ayu MT induction was not evident for
short-term exposure of Zn, even at high concentra-
tion (100wM), while the induction was more obvious
for long-term exposure even at low concentration
(10.M). This indicates that the concentration as well
as the duration of exposure influences the MT induc-
tion. The ayu MT expression was not significant even
at induced condition in stomach revealed that, the
expression might be tissue-specific.

In this report, we also described the molecular
cloning, structure and promoter activity of ayu MT
gene. Our results revealed that the ayu MT gene
has a tripartite exon—intron similar to that of other
fish MT genes, although minor differences may be
found Hamer, 1985 The splicing junctions fol-
low the GT-AG rule Breathnach and Chambon,

major promoter elements involved in MT gene expres-
sion (Stuart et al., 198p Interestingly, the ayu MT
gene contains two MREs at the proximal region of the
ayu MT promoter and may be involved in activating
transcription. However, additional MRE sequences,
two in forward and four in reverse orientations were
located distal from the TATA box. These elements may
also be involved in enhancing the expression level. We
also found two HNF5REs in’Hlanking region and
two HNF5REs in 3flanking region. These elements
facilitate the binding of a liver-specific nuclear factor,
HNF5 (Grange et al., 1991 But their functional sig-
nificance on MT expression is yet to be confirmed.
Only one CRE was identified in the-8anking re-
gion. It has been demonstrated that innumerable cel-
lular promoters are cAMP responsive, which usually
contain CRE element within 100 bp of the TATA box
and the CRE is less active if it present further up-
stream of the promotet ée and Masson, 1993; Mayr
and Montminy, 2001 In ayu MT promoter, the CRE
is located at-1051 bp from the TATA box. However,
it deserves further investigation to figure out the influ-
ence of this element on MT expression.

Induction of fish MT promoter activity in response
to heavy metals has been reported previouBnham
et al., 1987; Samson and Gedamu, 1995, 19%Be
activity of ayu MT promoter was assessed qualita-
tively, by constructing a plasmid containing a 2.5kb
fragment of the ayu MT promoter region linked to a
jellyfish EGFP reporter gene. Transfection of this plas-
mid into NIH 3T3 and grouper cells, and treatment
with ZnCl, induced expression of MT in all the cells.
To appreciate the extent of promoter activity as well
as the regulative participation of the different putative

1981 as they are conserved among vertebrates sequences in non-induced and induced expression, we

(Hamer, 1985 Intron 1 of ayu MT is 69% AT-rich,
which is same as that of rainbow trout MT-B gene
and intron 2 of ayu MT and rainbow trout MT-B
are 59 and 61% AT-rich, respectivelyZdfarullah
et al., 1988. The ayu MT gene encodes 20 cysteine

constructed different recombinant plasmids, contain-
ing portions of %flanking region of ayu MT gene,
fused to the pSEAP2-Basic vector and transferred into
GH and GK cells. In GH cells, the level of MT expres-
sion was decreased proportionally as the size of the



NIH 3T3 GL

GK GF GH GSB

Fig. 5. Tissue-specific expression of ayu MT promoter. An EGFP reporter construct with 2.5kb fragment of ayu MT promoter region was transfectéd3irgoahd
grouper cell lines, GL, GK, GF, GH and GSB. Effect of Zn (10d) treatment on MT promoter activity is demonstrated.
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Z/’\ (7 SEAP | pSEAP2-aMT,
-2585
- SEAP | pSEAP2-aMT,,
-1012
- SEAP | pSEAP2-aMT,,
671
SEAP pSEAP2-aMT,,
(A) 222
23
GH GK
pSEAP2-Basic szd‘ dution
B Zn Induction
pSEAP2-aMT,,
pSEAP2-aMT, ,
PSEAP2-aMT, ,
PSEAP2-aMT,
0 1 2 3 4 5 6 17 80 1 2 3 4
(B) Relative Light Units

Fig. 6. Deletion analysis for ayu MT promoter activity. (A) pSEAP2-a)MTpSEAP2-aMTp 7, pSEAP2-aMT o and pSEAP2-aM7s are

a series of progressiveé-Beletion clones, constructed using a vector, pPSEAP2-Basic with secreted alkaline phosphatase (SEAP) as reporter.

The putative MRESQ) and HNFSRESTV’) are indicated. (B) Transfection of the deletion clones into GH and GK cell lines. MT promoter
activity with and without Zn (10@&M) treatment is shown. Error bars indicate the standard deviations from triplicate estimations.

promoter region decreased. This shows that, all the pu- different tissues, their biological effect, and the target
tative elements are required for maximal MT expres- specificity of metals on the organism concerned.
sion. However, in GK cells, deletion of the promoter

region does not influence the level of MT expression.

Interestingly, the proximal two MREs are more than Acknowledgements

sufficient to produce MT expression.

MREs are highly conserved across vertebrates,
indicating similar regulatory protein factors (for ex-
ample, metal responsive transcription factor, MTF-1)
are present in most species that bind to th@wsefjesi
et al., 1992; Chen et al., 20pZThe promoter of ayu
MT gene was actively transcribed and induced in
NIH 3T3 and grouper cells. This implies that, the ayu
MT promoter could be used to express novel genes
in transgenic fish.

In conclusion, the data presented in this report
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