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Abstract

Metallothioneins (MTs) are typically low molecular weight (6–7 kDa), metal-binding proteins with characteristic repeating cysteine motifs (Cys–X–Cys or Cys–Xn–Cys) and a prolate ellipsoid shape containing single α- and β-domains. While functionally diverse, they play important roles in metals homeostasis, detoxification and the stress response. The present study, combined with previous observations (e.g., Jenny et al., Eur. J. Biochem. 2005; 271:1702–1712) defines an unprecedented diversity of MT primary structure and domain organization in the American oyster, Crassostrea virginica. Two novel molluscan MT families are described. One of these (CvMT-III) is characterized by the presence of two β-domains and the absence of α-domains. This family exhibits constitutive expression during larval development and is the dominant CvMT isoform expressed in larvae. CvMT-III displays low basal levels of expression in adult tissues and only moderate responsiveness to metal challenges in both larvae and adults. A second novel MT isoform (CvMT-IV) was isolated from hemocytes by subtractive hybridization techniques following a 4-hour immune challenge with heat-killed bacteria (Vibrio, Bacillus, Micrococcus spp. mixture). Based on conservation of the cysteine motifs, this isoform appears to be a sub-family related to the molluscan αβ-domain MTs. A series of amino acid substitutions has resulted in four additional cysteines which give rise to a Cys–Cys motif and three Cys–Cys–Cys motifs. Northern blot analyses demonstrate that CvMT-IV is down-regulated upon sterile wounding and immune challenge, displays moderate expression in larvae and adults and differential gene induction in response to metals exposure.
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1. Introduction

Metallothioneins (MTs) are a ubiquitous class of metal-binding proteins that function in the homeostasis of essential metals, such as zinc and copper, as well as serving a detoxification role by sequestering toxic metals such as cadmium, lead, and mercury. Typically MTs are low-molecular weight proteins (6–7 kDa) of high thiol content that lack histidine and aromatic amino acids (Kagi and Schaffer, 1988). The defining characteristic of MTs is the high cysteine content ( 30%) and conserved Cys–Xn–Cys motifs, where X can be any amino acid other than cysteine. MTs have a variety of different functions related to their cysteine content and ability to bind metals, including cellular antioxidant, heavy metal detoxification, and essential metal homeostasis. This multifunctional protein family has been implicated in a variety of cellular processes, such as cell proliferation and differentiation, acute phase response, immune response, and embryogenesis (Coyle et al., 2002).

Characteristic of their role in metal homeostasis, MTs are typically highly inducible by a variety of both essential and toxic metals ([Bauman et al., 1993] and [Brouwer et al., 1992]). In vertebrate models, MT induction has been shown to be further influenced by factors such as glucocorticoid hormones, cytotoxic agents, UV radiation, and inducers of oxidative stress ([Min et al., 1991] and [Thornalley and Vasak, 1985]). A variety of cytokines and immune stimulants have also been shown to be effective inducers of mammalian MT ([Carrasco et al., 1998] and [Liu et al., 1991]). In contrast, although invertebrate MTs are metals-inducible ([Hensbergen et al., 2001], [Bonneton et al., 1996] and [Roesijadi et al., 1996]), induction of MT by non-metal challenges has not been well characterized in these models. The expression of MT is controlled by a variety of transcription factors with MTF-1 (metals-responsive transcription factor-1) the best characterized to date. MTF-1 is highly conserved from Drosophila to mammals ([Zhang et al., 2001] and [Auf Der Maur et al., 2000]) and is a dominant factor in the regulation of MT genes that interacts with highly conserved metal-responsive promoter elements (MREs) containing a core consensus sequence, TGCRCNC, usually found in multiple copies in the promoter/enhancer region of MT genes.

There has been considerable research dedicated to the application of MT expression as an environmental biomarker for metals contamination in aquatic species. Therefore, much of the identification and characterization of molluscan MTs has focused on the metal-inducibility, particularly by cadmium, of these proteins ([Dallinger et al., 1993], [Berger et al., 1995], [Mackay et al., 1993], [Roesijadi et al., 1989], [Tanguy et al., 2001], [Tanguy and Moraga, 2001], [Park et al., 2002], [Khoo and Patel, 1999] and [Engelken and Hildebrandt, 1999]) and very little is known regarding the general function and regulation of these genes. To better understand the functional role of molluscan MTs, a precise understanding of their expression patterns, the factors influencing expression, the molecular mechanisms regulating their expression, and their roles in cellular processes must be elucidated. In a previous paper (Jenny et al., 2004) we established the presence of a multi-gene family of MTs containing the prototypical αβ-domain structure as well as members consisting solely of α-domains. In this paper we present two new molluscan MT gene families and demonstrate differences in gene expression due to ontogeny and multiple stressors.

2. Materials and methods

2.1. Animal handling

Adult C. virginica were collected from Lighthouse Creek, Charleston, SC and St. Pierre, ACE Basin, SC, and maintained in aerated natural seawater by the Marine Resources Research Institute, South Carolina Department of Natural Resources (MRRI, SCDNR) as previously described (Jenny et al., 2004).

2.2. Genomic southern analysis

Genomic DNA (gDNA) was prepared from individual oysters using the total tissue remaining after removal of gonadal and hepatopancreatic tissue. Individual restriction digests were performed on 7.5 μg of gDNA with one of four enzymes, EcoRI, BamHI, PstI, and XbaI and a combination of PstI/XbaI (Gibco BRL). Southern blot analysis was performed as previously described (Jenny et al., 2004) using αATP32 labeled probes for CvMT-I & II, CvMT-III and CvMT-IV.

2.3. Reverse transcriptase–polymerase chain reaction analysis

Consensus primers that would amplify all isoforms of CvMT-III, forward primer (5′-GACTGACACTTGTTCGCAAG-3′) and reverse primer (5′-GCAGATTTGTTTCCATCTGTTTC-3′); and CvMT-IV isoforms, forward primer (5′-GGATCGGCAAAAAGACTTACAAAGATC-3′) and reverse primer (5′-CACAATAAGGACAGCAGATCCATG-3′) were used for semi-quantitative RT-PCR. Complementary isoforms from CvMT families were amplified with the primer sets by 24, 27 and 30 cycles of PCR under the following conditions: denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 60 s.

2.4. Larval metal challenges

Gametes were stripped under sterile conditions from four female and four male oysters and mixed to allow for fertilization. Fertilized eggs were diluted with sterile natural seawater to 50 embryos/mL and incubated for 26 h until reaching the D-veliger developmental stage under control conditions and three 26-hour metals treatments, copper (0.16 μM), cadmium (0.18 μM), and zinc (0.31 μM). Subsets of the developing larvae ( 200,000 per sample) were removed at 4, 8, 12, 16, and 26 h for total RNA isolations using the RNeasy® Miniprep kits (Qiagen®). The developmental stage was checked by light microscopy at each time point to assure uniform development among the various treatments.

2.5. Adult metal challenges

Adult oysters used for semi-quantitative RT-PCR were exposed to 0.25 μM of cadmium or copper for a period of 96 h and tissue samples were collected for total RNA isolation using RNeasy® Miniprep kits (Qiagen®). Adult oysters used for Northern blot analysis with amplified RNA were exposed to 0.5 μM of cadmium or 10 μM of zinc for a period of 96 h and gill tissues were dissected for total RNA isolation using RNeasy® Miniprep kits (Qiagen®).

2.6. Immune–stress challenges

Adult oysters were notched adjacent to the adductor muscle with a hole just large enough to allow entry of a tuberculin needle and acclimated to tank conditions for 96 h. The experiment consisted of a total of four treatments — control oyster (no notch), sterile wounding (notched and injected with saline; 250 mM NaCl, 10 mM Tris–HCL, pH 7.4), and 4 h or 24 h post injection with bacterin (1 × 108 heat-killed Vibrio parahaemolyticus and 1 × 108 heat-killed Micrococcus luteus) in 100 μL of saline. Hemocytes were collected by withdrawing hemolymph through the adductor muscle. Total RNA was isolated using the previously described methods.

2.7. Amplification of total RNA

The MessageAmp™ II aRNA Amplification Kit (Ambion, Inc., Austin, TX) was used to amplify RNA from 1 μg of total RNA from metal-treated or immune-challenged tissues as per manufacturer protocols. aRNA is column purified with reagents supplied with the kit and stored at − 80 °C.

2.8. Northern blot analysis

Total RNA from oyster developmental stages (3 μg) or amplified RNA from metal-treated adult oysters (15 μg) or immune-challenged adult oysters (7.5 μg) was separated via gel electrophoresis in a 1.2% agarose, 0.6% formaldehyde gel. Probes were generated by random priming from the cDNA of either CvMT-IA, CvMT-IIIA, CvMT-IVA or β-actin. Densitometric analysis was performed with the VersaDoc imaging system (Model 1000, Bio-Rad Laboratories, Hercules, California).

2.9. CvMT promoter cloning

GenomeWalker™ libraries (BD Biosciences Clontech, USA) were constructed from gDNA purified from a single oyster as per manufacturer protocols. Briefly, 2 μg of gDNA was digested with one of four blunt end restriction enzymes (EcoR V, Dra I, Pvu II and Ssp I) for two hours at 37 °C. Digested gDNA was purified by Phenol:Chloroform:Isoamyl alcohol extraction and ethanol precipitated. Digestion of gDNA was confirmed by gel electrophoresis and remaining gDNA was ligated overnight with the BD GenomeWalker™ adaptor. Ligated gDNA was prepared for primary PCR amplification by diluting to 80 μL with 1× TE buffer. Promoter fragments were amplified by PCR techniques using two rounds of amplification with forward primers specific for the GenomeWalker™ adaptor and gene-specific reverse primers. Gene specific primer were designed based on known intronic sequence or predicted exon boundaries. CvMT-III: Cv-023 5′-GCCACATTCACATGCTCCGTTGGCA CA AG-3′ and Cv-024 5′-GGTGCGAAG TCTTGCGAACAAGTGTCAGTC-3′; CvMT-I: Cv-027 5′-CACGGTTCACGTTAGTTTGTT TACATCACG-3′ and Cv-056 5′-CGTT TAACTAAAACCCAAAGT GTATAGAAC-3′; CvMT-IV: Cv-028 5′-CGCATGG GCAGGCCTCCCCACAACTAC-3′ and Cv-057 5′-GTGTCAGACATTTTCGATCTTTGTAAG-3′. PCR amplifications were performed with Advantage Taq polymerase (BD Biosciences Clontech, USA) with two rounds of amplification as per GenomeWalker™ protocols. Promoter fragments from genomic PCR were cloned into the pCR2.1-TA vector as per manufacturers instructions (TA Cloning Kit, Invitrogen Corporation, Carlsbad, California).

2.10. CvMT promoter identification

Common motifs found in the CvMT promoter regions were identified using the MEME (Multiple Em for Motif Elicitation) and MAST (Motif Alignment and Search Tool) algorithms ([Bailey and Elkan, 1995] and [Bailey and Gribskov, 1998]). Only motifs that were a minimum of 6 base pairs in length with 100% identity were highlighted. Metals-responsive elements (MREs) were identified by homology to the core motif TGCRCNC (Chen et al., 1998).

3. Results

3.1. Identification of two novel molluscan MT isoforms

The database of ESTs derived from an oyster D-veliger cDNA library was found to contain a novel CvMT sequence (Jenny et al., 2002). In order to define more precisely this new MT family (termed CvMT-III), additional sequences were sought by data mining and targeted RT-PCR approaches. Using these combined approaches, 3 highly-conserved CvMT-III sequences (showing > 98% identity at the nucleotide level) were obtained (Genbank accession nos. AY331708, AY331709, AY331710). At the inferred amino acid sequence level, the CvMT-III sequences differ by no more than 2 to 3 residues. CvMT-III consists of 63 amino-acid residues with 18 cysteines equally divided into two β-domains (Fig. 1A). CvMT-III isoforms have a greater prevalence of threonine and glutamine compared to other molluscan MTs and a reduced number of glycine and lysine residues (Supplementary Table 1).
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Fig. 1. Nucleotide sequence and deduced amino acid sequence of CvMT cDNA. (A) CvMT-III represents a novel family of MTs characterized by the presence of two conserved β-domains. The linker region (N–V–T) is underlined and cysteine motifs are shaded in grey. (B) CvMT-IV is a novel family of MTs with the canonical αβ-domain structure common in many molluscan MT isoforms. The linker region (K–V–K) is underlined and cysteine motifs are shaded in grey.

A second oyster MT isoform, designated as CvMT-IV, was identified from a hemocyte SSH cDNA library enriched for genes suppressed after a 4-hour immune challenge (Supplemental Data). EST collections and PCR cloning techniques have identified 3 closely-related CvMT-IV sequences that differ only in single inferred amino-acid residue substitutions (Genbank accession nos. DQ117912, DQ117913, DQ117914). The pattern of cysteine motifs indicates that CvMT-IV shares the canonical αβ-domain structure common in bivalve species. However, they are distinguished from the CvMT-I/II family members in overall sequence identity (up to 55% and 49% at the nucleotide and inferred amino acids sequence levels, respectively) as well as in the details of the cysteine-containing motifs. CvMT-IV is characterized by the presence of an additional cysteine in the α-domain and three additional cysteines in the β-domain, which form three Cys–Cys–Cys motifs, and seven additional amino acids beyond the expected termination of the β-domain of most molluscan MTs (Fig. 1B). Complete amino acid alignments of the new CvMT isoforms and a multiple alignment of representative CvMT isoforms are available in the Supplementary Data (Supplementary Fig. 1).

In order to gain further insight into these gene families, genomic Southern blot analysis was performed using probes that detect the CvMT-I & II, CvMT-III and CvMT-IV. The results (Fig. 2) confirm, as shown previously (Jenny et al., 2004), that CvMT-I & II is a multi-gene family. Southern blot analyses do not permit, in the absence of genomic sequence data, a definitive estimate of gene number, but from the data shown in Fig. 2 it appears that CvMT-III and CvMT-IV are both paucigene families.

	
	Full-size image (50K)


Fig. 2. Southern blot analysis of the CvMT Isoforms in C. virginica. Genomic DNA from an individual oyster was digested with EcoRI, BamHI, PstI, XbaI, or PstI/XbaI and analyzed after electrophoresis and blot transfer with probes specific for the CvMT-IA, CvMT-IIIA, or CvMT-IVA cDNA. Each lane contains 7.5 μg of gDNA.

3.2. Characterization of CvMT gene expression in D-veliger larvae

Preliminary studies of CvMT-III expression in 26-hour D-veliger larvae indicated significant expression in both control and metal-treated larvae, as compared to a low basal level of expression of CvMT-III in adult hepatopancreas, gills, and hemocytes regardless of metal exposure (Fig. 3A). Therefore, an experiment was designed to determine both the stage of larval development at which expression begins, and the inducibility of CvMT-III by metals exposure. The 8-, 12-, 16-, and 26-hour time points chosen for sampling coincide with specific developmental stages; rotating blastula, gastrula, trochophore, and D-veliger larvae, respectively. Northern blot analysis demonstrated that low levels of expression of CvMT-III were detectable as early as 8-h post fertilization, and that expression levels continued to rise during early developmental stages, i.e. up to 26-h post fertilization (Fig. 3B). This contrasts with the lack of detectable expression of CvMT-I & II at both 16-h and 26-h post-fertilization in the absence of metals challenge, although metals challenge (especially with cadmium) induced the expression of both CvMT-I & II at 16- and 26-h time points. Metals challenge (particularly with zinc and cadmium) also increased the expression levels of CvMT-III, although this induction was not strong (Fig. 3C). The response of CvMT-III to cadmium was weak when compared to the significant increase in expression of both the CvMT-I & II isoforms seen in response to cadmium challenge (Fig. 3C). The expression of CvMT-IV in larval tissues was low, and a comparison of CvMT-III and CvMT-IV expression during larval development and with metals challenge was conducted using RT-PCR. The results of this analysis (Fig. 6) show higher expression of CvMT-III than CvMT-IV at 12-, 16- and 26-h time points, and demonstrate the moderate response of CvMT-IV to metal exposure at 26 h (Fig. 4).
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Fig. 3. Ontogenic expression of CvMT isoforms. (A) Reverse transcriptase-PCR was performed on the metal-treated larvae and adult tissues to compare ontogenic expression of CvMT-III. Results suggest a high level of constitutive expression of CvMT-III during larval development and very low expression in adult tissues regardless of metal exposure. (B) Northern blot analysis reveals temporal expression of CvMT-III during early developmental stages. Expression of CvMT-I & II was not detectable until the 16-hour time point and only in metals-treated samples using comparable amounts of total RNA. (C) Densitometric analysis of the CvMT-III Northern blots indicates minimal metals-responsiveness compared to control samples at various time points for all three metal treatments (normalized to β-actin). In strong contrast to CvMT-III, CvMT-I & II are much more responsive to metal challenges.
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Fig. 4. PCR-based analysis of control and metal-treated C. virginica during various larval stages. Reverse transcriptase-PCR was performed on the metal-treated larvae (Fig. 3) to determine the expression of CvMT-IV isoforms in comparison to CvMT-III. Results suggest a low level of constitutive expression of CvMT-IV during larval development as well as increased expression in response to metal exposure.

3.3. Differential expression of CvMT isoforms to a non-metal stressor

The CvMT-IV sequence was discovered in an SSH cDNA library enriched for genes down-regulated in hemocytes by immune challenge (Supplemental Data). SSH, although a useful technique for novel gene discovery, is not a reliable indicator of relative expression levels. Thus, Northern blot analyses were performed to test, independently, the down regulation of CvMT-IV by immune challenge (Fig. 5A). Although substantial variation in message levels is seen between individuals and a small sample size limits the statistical analysis, the combined relative expression of CvMT-IV was down-regulated to approximately one-third of control levels by both sterile wounding (saline injection) and immune challenge (Fig. 5B).
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Fig. 5. Differential expression of CvMT-IV after immune challenge. (A) Adult oysters were injected with 100 μL of saline or 2 × 108 bacterin. Hemocyte samples were collected at 4- and 24-hour post-injection. 7.5 μg of amplified RNA was analyzed by Northern blot using probes for CvMT-IVA and β-actin cDNA. (B) Densiometric analysis (normalized to β-actin) of Northern blots indicates a relative reduction in CvMT-IV expression following sterile wounding (saline injection) or immune challenge (4- and 24-hour post-bacterin injection) (n = 3, p-value ≤ 0.1 for all treatments).

3.4. Differential expression of CvMT isoforms to metal stress

To gain a better understanding of the metal-responsiveness of the CvMT genes, their up-regulation by exposure to cadmium or zinc was examined by Northern blot analysis of amplified RNA from the gill tissues of individual oysters (Fig. 6A). Densitometric scans of the Northern blots were corrected for background and normalized relative to the expression of β-actin (Fig. 6B). As expected, CvMT-I & II demonstrated a strong response to cadmium induction. In contrast, whilst CvMT-III showed weak inducibility of a similar magnitude to both cadmium and zinc, CvMT-IV was more responsive to zinc than to cadmium. CvMT-III expression levels, in both control and metal-exposed oysters, were an order of magnitude lower than those observed for CvMT-I & II and CvMT-IV (Fig. 6B).
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Fig. 6. Differential response of CvMT isoforms to metal treatments. (A) Adult oysters were exposed to either 0.5 μM cadmium (Cd) and 10 μM zinc (Zn) for 96 h and 15 μg of amplified RNA from gill tissues was analyzed by Northern blot using probes for CvMT-IA, CvMT-IIIA and CvMT-IVA cDNA. (B) Densitometric analysis of the CvMT Northern blots (normalized to β-actin) demonstrates some level of metal-responsiveness of all CvMT isoforms in adult gill tissue. CvMT-I & II appear to have a much stronger response to Cd (0.5 μM) compared to Zn (10 μM). In contrast, CvMT-IV appears to be more responsive to Zn exposure than CvMT-I & II. CvMT-III was up-regulated upon exposure to Cd and Zn but densiometric analysis demonstrates an order of magnitude lower level of expression compared to CvMT-I & II and CvMT-IV.

3.5. Analysis of CvMT promoter regions

In an effort to highlight the potential differences in regulatory mechanisms that might help explain the different patterns of expression observed for the CvMT isoforms, the upstream flanking (putative promoter-containing) regions for each CvMT gene were cloned by PCR techniques. The regions extending 336 base pairs upstream of the transcription start site of a CvMT-I/II gene, 563 bp upstream of the transcription start site of a CvMT-III gene, and 874 bp upstream of the transcription start site of a CvMT-IV gene were cloned and sequenced (NCBI accession #s DQ354065, DQ354066 and DQ354067).

Sequence alignments failed to reveal any highly conserved regions between the promoters for the three CvMT genes (data not shown), and additional methods ([Bailey and Elkan, 1995] and [Bailey and Gribskov, 1998]) were employed to identify common repetitive motifs within the promoter sequences and between the different genes. Although several motifs greater than or equal to 6 nucleotides in length were identified, as shown in Fig. 7A, no evidence for the conservation of specific motifs, or patterns of motifs, was evident in the three MT gene promoter regions.
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Fig. 7. Motif analysis of CvMT promoter regions. (A) Schematic of the promoter regions of the CvMT genes highlighting common motifs. The promoters are described from the point of transcription initiation (+ 1) to the upstream limit achieved by gDNA cloning techniques (− #). (B) Schematic of the promoter region nearest the TATA box containing all MREs with the core motif TGCRCNC. The orientation of the MREs is demonstrated by the (+) or (−) arrows. (→) indicates the sense DNA strand; (←) indicates the antisense DNA strand; (−) indicates a reverse complement orientation.

Based on homology to the core motif TGCRCNC (Chen et al., 1998) three MREs were identified in the promoter regions for CvMT-I/II and CvMT-IV (Fig. 7B). Although the position of the MREs are fairly well conserved between these two genes, there are obvious differences in the variable nucleotides within the core motif (Fig. 7B). In contrast, the CvMT-III promoter contained only a single conserved MRE (Fig. 7B). Additional potential binding sites based on similarity with known promoter elements from the TRANSFAC database for many transcription factors associated with MT gene expression are listed in Supplementary Table 2.

4. Discussion

4.1. Novel CvMT isoform characteristics

While the prototypical structure of gastropod MTs seems to consist of 18 cysteines implying a ββ-domain structure ([Berger et al., 1997], [Berger et al., 1995] and [Dallinger et al., 1993]), most bivalve MT sequences have contained a minimum of 21 cysteines arranged in the canonical αβ-structure ([Barsyte et al., 1999], [Tanguy et al., 2001] and [Mackay et al., 1993]). However, additional studies have demonstrated that bivalve MTs show a diversity of structure in which the canonical structure has been modified, e.g. as in the αββ MT seen in the Pacific oyster, C. gigas (Tanguy and Moraga, 2001), and the multiple α-domain MTs in C. virginica (Jenny et al., 2004). The results reported here, combined with our previous study of CvMT-I & II (Jenny et al., 2004), demonstrate that the American oyster (C. virginica) has a greater structural diversity of MTs than previously documented in any other species.

Transcriptomic approaches were successful in identifying two novel oyster MT isoforms (CvMT-III and CvMT-IV) that do not share significant identity at the nucleotide level to CvMT-I & II. One of these families (CvMT-IV) has a canonical αβ-domain structure. However, the addition of four cysteine residues has resulted in the presence of three Cys–Cys–Cys motifs in the β-domain. The other family (CvMT-III) is unique among molluscan MTs in that it contains a total of 18 cysteines in two highly conserved β-domains, an observation that should provide important new insights regarding the evolution of this important family of proteins. All molluscan MTs identified to date have a highly conserved core motif, C–x–C–x(3)–C–x(5)–C–x–C–x(3)–C–x–C–K, in the β-domain consistent with class I and family 2 MTs (Binz and Kagi, 1999). To date the only exception is the CvMT-III isoforms which contain a core motif (C–x–C–x(3)–C–x–C–x(2)–C–x–C) more similar to the β-domain of many other vertebrate, invertebrate and fungal species (Nemer et al., 1985). These observations suggest that CvMT-III is a unique molluscan MT isoform as the differences between CvMT-III and other molluscan MT isoforms are not easily explained by divergence from a common ancestor. Although CvMT-III isoforms are phylogenetically distant from the canonical αβ-molluscan MTI, CvMT-IV appears to represent a novel, functionally-derived sub-family of molluscan MTs that are paralogous to CvMT-I isoforms.

4.2. Ontogenic expression of CvMT isoforms

The presence of CvMT-III transcripts in unfertilized eggs (data not shown) and the constitutive expression in developing larvae (Fig. 3) is consistent with other studies that demonstrate the fundamental role MTs play in embryogenesis and cellular differentiation ([Cserjesi et al., 1997], [Angerer et al., 1986] and [De et al., 1991]). CvMT-III is the dominant isoform expressed during early larval development compared to the low basal level of expression of CvMT-I & II and CvMT-IV. These distinctions in expression profiles imply fundamental differences in cellular function between the various CvMT isoforms. The ontogenic expression of CvMT isoforms is further contrasted by the reversal of expression levels where CvMT-I & II and CvMT-IV become the dominant isoforms expressed in adult tissue as demonstrated here and previous studies (Jenny et al., 2004). Similar observations have been reported in Drosophila, in which the MTo isoform is expressed during early embryogenesis (Silar et al., 1990) and MTn is not expressed until later and becomes the dominant isoform in larvae (Bonneton and Wegnez, 1995) and adults where it is believed to play a prominent role in metals detoxification and tolerance ([Durliat et al., 1995] and [Maroni et al., 1987]).

4.3. Differential CvMT expression in response to stress

Our previous study demonstrated a strong up-regulation of CvMT-I & II transcripts in adult tissues after cadmium exposure, but not by exposure to comparable concentrations of copper or zinc (Jenny et al., 2004). While the sensitivity to cadmium of CvMT-I & II is further demonstrated in this paper, in contrast CvMT-IV displays a moderate response to cadmium exposure and greater responsiveness to zinc. Additional gene expression and metal-binding affinity studies are needed before the full implications of this observation can be understood, but the differences between the CvMT-I and CvMT-IV isoforms may represent an example of functionally divergent paralogous MTs. Although CvMT-III demonstrates responsiveness to metal exposures, the difference in expression profiles compared to those observed for CvMT-I & II and CvMT-IV supports the hypothesis that it may play a different physiological role in metal homeostasis.

One of the common observations of vertebrate MTs is their role as an acute phase response protein and inducibility by immune challenge ([Iszard et al., 1995] and [Liu et al., 1991]). The current data on molluscan MT expression in response to non-metal challenges is very limited but data suggest differential responses to temperature, oxygen stress and hydroxyl radicals ([David et al., 2005], [English and Storey, 2003], [Piano et al., 2004] and [Dondero et al., 2005]). There appears to be clear evidence that CvMT-IV expression is negatively regulated by non-metal stress. Not only was this isoform isolated from an SSH cDNA library selected for genes down-regulated by immune-challenge, but Northern blot analysis indicates a general stress response by reduction in expression following sterile wounding and immune challenge. Overall, the different expression profiles of the CvMTs are interpreted to reflect differences in the regulatory mechanisms of these three gene families and a divergence in cellular function.

4.4. Transcriptional regulation of CvMT isoforms

MTF-1, which binds to the MREs, is the major transcription factor required for both basal and metal-induced expression of MTs (Heuchel et al., 1994). Basal expression of MT is usually associated with minimal binding of MTF-1 to high affinity MREs (Daniels and Andrews, 2003). Upon exposure to metals, MTF-1 is recruited to the nucleus to bind additional MREs, both high and low affinity, resulting in increased expression (Daniels and Andrews, 2003). The identification of several conserved MREs in the promoters of the various CvMT isoforms reveals some interesting insight into potential mechanisms that affect the regulation of these genes in control and metal-induced situations. The core motif of an MRE contains two variable nucleotides at the fourth and sixth positions of the 7 base pair motif (TGCRCNC). Studies have indicated that having an A at the fourth position is capable of significantly raising the basal activity of a synthetic MRE and increases the binding affinity of MTF-1 ([Searle et al., 1987] and [Searle, 1990]). This is particularly interesting considering that all three MREs in the CvMT-I/II promoter have an A at both variable positions, which is in direct contrast to the CvMT-IV promoter which has a G in the fourth position of its three MREs. Although both cadmium and zinc-exposure will result in the nuclear localization of MTF-1, this observation is concentration dependent for each metal, i.e. lower cadmium concentrations are required for complete nuclear localization (Smirnova et al., 2000). In addition to nuclear localization, phosphorylation of MTF-1 by one of several kinases is necessary for transcriptional activation (Larochelle et al., 2001). Thus, metal-specificity is not only influenced by stoichiometry but also by different kinases and signal transduction cascades ([Saydam et al., 2002] and [Larochelle et al., 2001]). The fact that CvMT-I/II has the putatively higher affinity MREs could explain its greater sensitivity to cadmium exposure, as compared to the CvMT-IV isoforms. The differences in zinc sensitivity between CvMT-I/II and CvMT-IV are a little more difficult to explain simply based on MREs and it is likely that other contributing factors are playing a role in the observed specificity.

Multiple copies of MREs act cooperatively to regulate the transcription of MT genes and a minimum of two is usually required for high transcriptional activity (Imbert et al., 1990). The presence of a single MRE in the CvMT-III promoter may explain the lower basal level of expression in adult tissues and the more moderate response to metal exposure, but it does not explain the strong basal expression in larval tissues. Other factors, such as USF-1 and -2, SP1, fos/jun, and AP-1 participate in the transcriptional control of MT genes (Daniels and Andrews, 2003). Similarity comparisons of the CvMT promoters have identified several putative USF and AP-1 binding sites in all three genes, as well as some other common motifs (Supplementary Table 2). Interestingly, the promoter region of CvMT-III contains a conserved site for the protooncogene c-Ets1 (Supplementary Table 2), a transcription factor with a well established role in development and extracellular matrix remodeling ([Luton et al., 1997] and [Wernert et al., 1994]). Although these observations provide potential insight into the functional differences between isoforms, only promoter characterization studies will fully elucidate the mechanisms of transcriptional control. To conclude, although the expression studies presented in this paper demonstrate obvious differences in regulatory mechanisms they are still a preface to what is actually needed to fully understand and appreciate the unprecedented diversity of MT genes in C. virginica.
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Supplementary Fig. 1. Protein Sequence Alignments of CvMT Isoforms.
