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Metallothionein mMRNA Sequencing and Induction
by Cadmium in Gills of the Crucian Carp,
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Metallothioneins (M Ts) are inducible metal-binding proteins characterized by low molecular weight (6000—
10000 Da) and play amajor rolein detoxification of heavy metals. They are known to beinduced by heavy metalsin
various organs of different species and represent a potential biomarker of aguatic contamination with heavy metals.
In this study, cloning and sequencing of a MT gene of the Korean freshwater fish, the crucian carp (Carassius
auratus), were performed. Furthermore, the gene expression and cadmium accumulation in the gills of the crucian
carp were compared during the cadmium exposure period of 25 days. The MT gene, lacking the 5" promoter region,
is 405 bp long and has a tripartite structure consisting of three exons and two introns. The open reading frame
encodes a cysteine-rich (20 cysteines) polypeptide of 60 amino acids containing six Cys-X-Cys motifs, typicaly
found in this protein family. It was found that the expression of MT mRNA of gillswas very low in normal control
fish but high mRNA expression was induced after 1-day exposure to cadmium. However, the mRNA levels de-
creased after 1 day even though the cumulative cadmium concentration increased during the remaining exposure
period. These results suggest that MT expression does not always reflect the cadmium accumulation in the gills of
the fish and may have limitations in its use as a biomarker to monitor cadmium contamination of aguatic environ-

ments.
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INTRODUCTION

Interms of protein metabolism induced by heavy
metals, metallothioneins (MTs) are the most widely
studied proteins. They are characterized by low
molecular weight, high cysteine content, lack of aro-
matic amino acids, and ability to bind heavy metals
such as cadmium, zinc, and copper via mercaptide
linkages. MTs have been postulated to play arolein
the detoxification of heavy metals, homeostasis of
copper and zinc, and protection against reactive oxy-
gen species.t™ In astudy using genetically produced
mutant mice, it was revealed that MTs are not es-
sential for development but they protect against
heavy metal toxicity.? It was also observed that the
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synthesis of MT is regulated by a transcriptional
process by metals.>® Currently, there is much inter-
est in molecular biomarkers for the monitoring of
environmental contamination using MT.”® In this
study, the sequencesof MT cDNA and genomic DNA
of crucian carp, which are widely distributed in
Korean freshwater, were analyzed. Furthermore,
measurement of gene expression and cadmium ac-
cumulationinthegillswasasoinvestigated to evalu-
ate biomonitoring assays using molecular markers
with reverse-transcription (RT)-PCR based on the
identified cDNA sequences.

MATERIALS AND METHODS

Fish and Cadmium Exposure The crucian
carp (Carassius auratus, C. auratus) used in this
study were supplied by the Inland Fisheries Ecologi-
cal Research Institute (Cheongpyeong, Korea) and
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were maintained at the Environmental Toxicology
Laboratory, National Institute of Environmental Re-
search (Incheon, Korea). They were kept in 50 x 35
x 32 cm water tanks at 25 + 1°C on 16-hr light/8-hr
dark cycle (pH 7.0 + 0.2; dissolved oxygen 7.5 +
0.5 mg/l). Fish were fed once daily during experi-
ments. Forty-eight fish weighing around 28-60 g
were selected and divided into groups for cadmium
exposure at concentrations of 0.01, 0.1, and 0.5 mg/l
for 25 days and killed on day 1, day 5, day 15, and
day 25, respectively. The cadmium concentrations
used in this study were considered nominal concen-
trations, and fish were maintained in semi-static con-
ditions renewed three times a week.

PCR Primersfor Sequencing of the M T Gene of
C. auratus The primers for the cloning and
sequencing of MT cDNA of C. auratus were de-
signed on the basis of those for goldfish. The prim-
ers were: MT-A, 5'-CAGTGTACAACCTGCAA-
GAA-3 (F, forward) and 5-CAGGGAGGTCGTT-
TATTAGA-3 (R, reverse); MT-B, 5’-ATGGATC-
CCTGCGATTGC-3 (F) and 5-AGAAGAACAG-
GGAGGTCGT-3 (R). For the 3"-rapid amplifica-
tion of 3’-cDNA ends (3'-RACE), the oligo-dT
adapter primer (AP, 5-GGCCACGCGTCGACT-
AGTACTTTTTTTTTTTTTTTTT-3); MT-B(F), 5~
ATGGATCCCTGCGATTGC-3, and Abridged Uni-
versal Amplification Primer (AUAP, 5’-GGCCA-
CGCGTCGACTAGTAC-3) were used. g-actin was
used as a housekeeping gene to normalize mRNA
levels, and the primers were synthesized as follows:
p-actin-F, 5-TTCAACAGCCCTGCCATGTA-3
(F); p-actin-R; 5-ATACCGCAGGACTCCATAC-
CAA-3 (R).

Preparation of Genomic DNA and Total RNA
Genomic DNA(gDNA) and total RNA were
carefully extracted from approximately 50 mg of
liver tissue of crucian carp for MT gene sequencing.
For the preparation of gDNA and total RNA, aDNA
extraction kit (Amersham Pharmacia, Piscataway,
NJ, U.S.A.) andaRNAgent Total RNA Isolation Sys-
tem (Promega, Madison, WI, U.S.A.) were used ac-
cording to the manufacturer’s instructions, respec-
tively. Total RNA concentration was determined by
absorbance at 260 nm and purity was determined by
the 260/280 nm absorption ratio. The purity of pre-
pared total RNA was examined by agarose gel elec-
trophoresis (data not shown). There was little or no
degradation in the preparations as judged by the in-
tegrity of the 18S and 28S rRNA bands. Purified
RNA samples were diluted at 1 ug/ul for RT-PCR
and store at —80°C until further use. The details were

described in previous reports.®%

Cloning and Sequencing of MT gDNA and cDNA
of C. auratus For the sequence analysis of
MT gDNA, PCR amplification of gDNA using sev-
eral pairs of primers was performed in a 20 ul total
mixture volume for 25 cycles of 95°C for 1 min,
55°C for 1 min, and 72°C for 1 min. The PCR reac-
tion contained 1 ug of gDNA, 2 ul of 20 uM primer,
and 17 ul of reaction mixture provided from a prod-
uct of Bioneer, AccuPower PCR PreMix (Bioneer,
Dagjeon, Korea). For the sequence analysis of MT
gDNA, the amplified PCR products were gel puri-
fied using the Matrix Gel extraction kit according to
the manufacturer’s instruction (Gibco BRL, CA,
U.S.A), ligated into the pGEM-T easy vector
(Promega), and then the gDNA clones were applied
to an automatic DNA sequencer (ABI 3700, Applied
Biosystems, Foster City, CA, U.S.A)).

For the analysis of cDNA sequence, rapid am-
plification of 3" cDNA ends was carried out with
RNA. In brief, RT PCR was performed using oligo
deoxythymidine primer in 20-ul volumes at 55°C
for 30 min. The RT-PCR reaction contained 1 ug of
total RNA, 1 ul of 20-uM oligo dT primer, and 18 ul
of reaction mixture provided from a product of
Bioneer, AccuPower RT/PCR PreMix (Bioneer).
Then PCR was performed in a 20-ul total mixture
volume for 25 cycles of 95°C for 1 min, 55°C for
1 min, and 72°C for 1 min. The PCR reaction con-
tained 2 ul of the RT reaction mixture as a cDNA
template, 2 ul of 20-uM primer, and the reaction
mixture described above. Amplified cDNA products
for the MT mRNA of crucian carp were separated
on 1% agarose gel by electrophoresis. Sequence
analysisof MT cDNA was carried out using the same
process described above in the gDNA sequence
analysis and described in a previous report.™?
Expression of MT mRNA For the analysis
of MT mRNA expressioninthegills, total RNA was
isolated from the crucian carp exposed to cadmium
at different concentrations and amplified using the
RT-PCR method described above. PCR primers for
the MT mRNA expression were MT-A (F, R). Each
PCR product was resolved on 1% agarose gel, pho-
tographed, and analyzed using image analysis
(Kodak Digital Science, U.S.A.). Detailed methods
of mMRNA expression were described in a previous
report.t?

Cadmium Analysisin Tissues To compare
the MT mRNA induction and cadmium accumula-
tion in tissue, the concentrations in gills were ana-
lyzed as described by Barak and Mason,*® using an
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acidic analysis method. About 300-500 mg samples
of frozen tissuesweretransferredinto flasksand 4 ml
of acidic solution (HNO; : HCIO, =4 : 1) were added
to the samples. The samples were heated at 40°C
for 1 hr and then continued heating at 140°C for
90 min. After cooling, the digestion products were
transferred to 10 ml volumetric flasks and diluted to
10 ml with deionized water. The cadmium concen-
trations were determined using an atomic absorp-
tion spectrophotometer (SPECTR 880, Varian,
Melbourne, Australia). Three tissue samples from
the individual fish in each group were analyzed for
cadmium accumulation in the gills.

RESULTS AND DISCUSSION

Sequence of MT gDNA and cDNA

The presence of MT has been known and char-
acterized in numerous fish including trout,*® gold-
fish,® flounder,® carp,!” and Japanese crucian
carp.’®9 Aswith many other vertebrate species, re-
sistance to heavy metal toxicity in fishisrelated to
their ability to overexpress MT genes after expo-
sure to metal ions.??

In this study, sequencing and expression of MT
MRNA in the Korean freshwater fish C. auratuswere
studied. Several primers were synthesized based on
theknown gold fish cDNA sequencesfrom GenBank
(accession number: S75039)™ for amplification and
cloning of the MT gene of C. auratus. Among them,
two pairs of primers (MT-A, MT-B) worked well
for the amplification of cDNA and gDNA (Fig. 1).
cDNA fragmentsin lanes1 and 3 in Fig. 1 were
amplified by MT-A (F, R) and MT-B (F, R), respec-
tively, and were shown to be about 250 and 300
basepairs (bp) on the 1% agarose gel. Lane 2 and 4
show the gDNA fragments amplified by MT-A (F,
R) and MT-B (F, R) and the molecular sizes were
about 300 and 450 bp, respectively.

From the results of sequence analysis, al the
PCR products were found to have identical se-
guences. The amplified PCR productsin lanes 1 and
2in Fig. 1 were identified as a part of MT cDNA
and MT gDNA, respectively. The amplified PCR
products in lanes 3 and 4 covered the full sequence
of MT cDNA and MT gDNA, respectively. Lane 5
in Fig. 1 shows the product of 3’-RACE of MT
cDNA using the primers of MT-B (F) and AUAP.
3'-RACE takes advantage of the natural poly(A) tail
found in MRNA as a generic priming site for PCR.
MRNA was converted into MT cDNA using the RT

M 1 2 3 4 5

500 bp —»
200 bp —»

Fig. 1. RT-PCR Products of MT from the Gills of C. auratus
Amplified cDNA and gDNA products with different primers are
shown on the agarose gel. Lane 1, cDNA product amplified by primers
of MT-A (F, R); lane 2, gDNA product amplified by MT-A (F, R); lane 3,
cDNA product amplified by primers of MT-B (F, R); lane 4, gDNA
product amplified by MT-B (F, R); lane 5, 3'-RACE product amplified
by MT-B (F) and AUAP. Lane M represents the molecular size markers.

and oligo-dT AP. MT cDNA is then amplified by
PCR using the MT-B (F) primer that anneals to a
region of exon sequences and AUAP primer that tar-
getsthe poly(A) tail region.

Figure 2A shows the MT gDNA sequence and
the structure of this gene. The sequence analysis of
9gDNA revealed 405 bp, in which atripartite exon-
intron structure (three exons and two introns) exists
(Fig. 2B). Exons 1, 2, and 3 are composed of 25, 66,
and 92 bp, respectively. The end of the nuclear in-
tronisin accordance with the GT-AG rule, the splice
acceptor/donor consensus sequences.? The 3'-
untranslated regions (3’-UTRs) of nucleotide se-
guencesidentified by 3'-RACE carry the AATAAA
polyadenylation signal 18 bp upstream from the
starting region of the poly(A) tail (Fig. 2C).
Figure 2C also showsthe MT cDNA sequences and
predicted amino acids. The length of the open read-
ing frame is 183 bp and it encodes a polypeptide of
60 amino acids containing six Cys-X-Cys motifs,
typically found in this protein family. The crucian
carp MT protein showstypical MT patterns, such as
a lack of aromatic residues and presence of six
gylcine residues.?V In the magjority of vertebrates,
two major isoforms of MT that can be resolved by
ion exchange chromatography are found (designated
MT-I and MT-11) and these are encoded by two co-
ordinately regulated genes lying about 6 kb apart on
the same chromosome.?? In many fish species, in-
cluding the crucian carp, only one isoform appears
to be present®29 and synthesis is transcriptionally
regulated by metals such cadmium.?2® Recently, the
Japanese crucian carp (Carassius cuvieri, C. cuvieri)
has been reported to synthesize two major isoforms
of MT (ccMT-1 and ccMT-2) in the liver and kidney
by several inducers including air-pumping stress,
dexamethasone, and metals.1819
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atggatccctgegattgcgccaagagtaagtgtttcagatcgttcagtgaacttacattg 60
atgctgaatttttgtggstgcttaaagtttagttactatatagacttaccaccagtgtgt 120
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tattgtttttttttttgttttgtttttttttaaatccggtggettcatttaatttttctt 300
ttttcccctccacaggttgeotettottgttegccegtotggttecagcaagtgegectetg 360

gotgegtgtgtaagggcaattectgeoggetccagetgetgtcaatga 405
(B)
5' 3'
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Exon 1, 25 bp | Exon 2, 66 bp | Exon 3, 92 bp
Intron 1, 129 bp Intron 2, 93 bp
©)
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ACC AAT TGC CAG TGT ACA ACC TGC AAG AAG AGT TGC TGT TCT TGT TGC CCG TCT GGT TGC 120

T N C @ ¢ T T ¢ K K
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s ¢ ¢ § ¢ ¢ P S G C
GC AAT TCC TGC GGC TCC AGC TGC TGT CAA 180
G N § ¢ 6 S S ¢ ¢ @

TGA GGA GGT CAA CGT GAT GTT TTG TTA CAA CAA TGT GAA CTT GTT CGT CTG TGC TAG GCG 240

TCT TCG CTT TTC CAT CGC ATG AAT GTT TTA T
TGT TGT TCT AAA AAA AAA

TT TTA CAT GAT TCT |AAT AAAl CGA CCT CCC 300
318

Fig. 2. Sequence of Exons and Intronsin MT gDNA (A, B) and Nucleotide and Deduced Amino Acid Sequences of MT cDNA (C) in

Crucian Carp C. auratus

Underlined sequences belong to introns (A). MT gene is composed of three exons and two introns. Exons 1, 2, and 3 are composed of 25, 66, and
92 bp, respectively (B). The length of the open reading frameis 183 bp and it encodes a polypeptide of 60 amino acids containing six Cys-X-Cys motifs
that are shown in the shaded boxes. The splicing points are underlined and the consensus sequence for polyadenylation is shown in the box (C).

The cDNA sequence and deduced amino acid
sequence were compared with those of the published
sequences using the NCBI BLAST search program.
It revealed significant similarity with Cyprinus
carpio (C. carpio) and Danio rerio (D. rerio)
(zebrafish) MT (Table 1). Comparison of the puta-
tive MT protein with other sequences available in
the GenBank database revealed 100% identity with
zebrafish, 95% with goldfish, 96.7% with common
carp MTI, 98.3% with common carp MTII, 98.3%
with crucian carp MT-A, 95% with crucian carp M T-

B, 95% with stone loach, and 95.9% with chub
(Fig. 3).

Induction of MT mRNA and Cadmium Accumu-
lation in Gills

In general, high levels of MT protein are corre-
lated with high levels of MT mRNA.?” When ani-
mals are exposed to cadmium, they synthesize
detoxifying proteins such as MT. However, prior
studieson fish M T as a bioindicator of aquatic metal
pollution are few and with diverse results. In this
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Table 1. Comparison of MT cDNA Seguencesin Fish Species

Fish Size (bp) Similarity(%)
Zebrafish (Danio rerio) 309 302/309
Goldfish (Carassius auratus) 312 297/312
Common carp (Cyprinus carpio) MTI 372 246/271
Common carp (Cyprinus carpio) MTII 240 223/253
Crucian carp (Carasius cuvieri) MT-A 339 295/307
Crucian carp (Carasius cuvieri) MT-B 503 256/282
Stone loach (Noemacheilus barbatul us) 276 156/170
Chub (Leucisus cephalus) 148 138/148

MT cDNA sequences were compared with the published sequences of the genes using

the NCBI BLAST search program.

Carassius auratus 1 MDPCDCAKTGACNCGATCKCTNCQCTTCKKSCCSCCPSGCSKCASGCVCKGNSCGSSCCQ 60
Zebra fish 1 MDPCDCAKTGACNCGATCKCTNCQCTTCKKSCCSCCPSGCSKCASGCVCKGNSCGSSCCQ 60
Goldfish 1 MDPCECAKTGACNCGATCKCTNCQCTTCKKSCCECCPSGCSKCASGCVCNGNSCGSSCCQ 60
Common carp I 1 MDPCDCAKTGTCNCGATCKCTNCQCKTCKKSCCSCCPSGCSKCASGCVCKGNSCGSSCCQ 60
Common carpll 1 MDPCDCAKTGTCNCGATCKCTNCQCTTCKKSCCSCCPSGCSKCASGCVCKGNSCGSSCCQ 60
Crucian carp MT-A 1 MDPCDCAKTGPCNCGATCKCTNCQGTTCKKSCCSCCPSGCSKCASGCVCKGNSCGSSCCQ 60
Crucian carp MT-B 1 MDPCDCAKTGACNCGATCKCTNCQCKTCKKSCCPCCPSGCSKCASGCVCKDNSCGSSCCQ 60
Loach 1 MDPCDCSKTGTCNCGATCKCTNCQCTTCKKSCCSCCPSGCSKCASGCVCKGNSCDSSCCQ 60

Chub 1

AKTGTCNCGATCKCTNCQCTTCKKSCCTCCPSGCSKCASGCVCKGNSCG 55

Fig. 3. Crucian Carp C. auratus MT Aligned with MT from Other Fish Species

The GenBank accession numbers of the proteins are as follows: zebrafish D. rerio MT (NP571150), goldfish C. auratus M T (JC2419), common carp
C. carpioMT | (Q91910), common carp C. carpio MT Il (013269), crucian carp C. cuvieri MT-A (AY 165047), crucian carp C. cuvieri MT-B (AY 165048),
stone loach B. barbatulus MT (P25128), and chub L. cephalus (AAK31301). The highlighted letters in the shaded boxes in the sequence show the
different amino acids between MT of C. auratus and of other fish species according to the alignment.

study, crucian carp were exposed to cadmium 0, 0.01,
0.1, and 0.5 mg/I for 25 days to measure the induc-
tion level of MT mRNA in the gills and the induc-
tion was compared with cadmium accumulation to
evaluate application of MRNA induction as a pos-
sible biomarker of cadmium contamination. Our
previous results showed that the induction of mMRNA
in the gills is more sensitive than in any other tis-
sues such as the liver, kidney, and fins (data not
shown). The gills were thus chosen as the target or-
gan.

Electrophoretic analysis of MT mRNA in the
gills after cadmium exposure (0.5 mg/l) shows the
induction of mMRNA during the exposure period but
the induction was not time—dependent. It diminished
after a 1-day exposure (Fig. 4A). When the MT
MRNA level in the gills was compared with cad-
mium accumulation after varying doses of cadmium
for 25 days, the induction of MT mRNA was not
correlated with cadmium accumulation in the gills.
MT mRNA level wasincreased rapidly after a1l-day

of exposure and then decreased even though cad-
mium accumulation was increased (Fig. 4B). We do
not know the exact meaning of this phenomenon but
the decreasein MT may be related to the toxicity to
the fish in long-term cadmium exposure.

In previous reportsin catfish,® plaice,?® and rat
liver,® induction of MT synthesis was not linearly
related to cadmium dosage in either the liver or kid-
ney when measured shortly after cadmium injection.
De Smet et al. explained that in comparison with
control common carp (C. carpio) (Cd, Zn)-MT con-
centrations increased up to 4.5-fold in the kidney
and two-fold in the gills during cadmium exposure
of 29 days.*? Although cadmium clearly leads to de
novo synthesis, therole of this protein in the detoxi-
fication processis clearly organ specific and its syn-
thesis does not correlate with cadmium accumula-
tion. Huang proposed that the initial effect of non-
specific cadmium-binding to intracellular ligands
(proteins) can be regarded as atoxic interaction and
that detoxification of cadmium by MT was by trans-
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Fig. 4. Expression of MT mRNA and Cadmium Accumulation
in Gills

Time-course of MT mRNA expressionsis shown in 0.5 mg/I-treated
C. auratus. Fish were killed on day 1 (lane 2), day 5 (lane 3), day 15
(lane 4), and day 25 (lane 5), respectively, and mRNA expression of
control fish is shown in lane 1 (A). Expression of MT mRNA and
cadmium accumulation in the gills after exposure to varying cadmium
concentration for 25 daysare shown in panel B and panel C, respectively.
Three fish from each treated group were killed 1, 5, 15, and 25 days
after cadmium exposure and the mean values of each point are
represented. MT mRNA was determined by RT-PCR and total RNA 1 ug
was subjected to the RT-PCR reaction. The expression level was
determined using densitometer, and the unit is expressed as ng/ug total
RNA. Cadmium accumulation was measured by atomic absorption. O,
control; (1, 0.01 mg/l; A, 0.1 mg/l; V, 0.5 mg/l.

fer of cadmium to newly synthesized MT, that is, it
is a“rescue” phenomenon.®® Therefore there will
be a progressive inhibition of cellular processesin-
cluding MT mRNA transcription with increasing
concentrations of cadmium. The data in this study,
which did not show a time—dependent increase in

MT mRNA, support such aproposal and suggest that
MT mRNA induction may have limitations as a
biomarker of metal contamination of aquatic envi-
ronments.
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