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Abstract

This paper describes the identification and molecular cloning of the earthworm metalloenzyme pre-
procarboxypeptidase. It was possible to approximate the putative pre-pro cleavage sites, which after removal
activates a 35.7 kDa mature peptide with a length of 317 amino acids. The primary, secondary and predicted
tertiary structure of the mature chain is highly homologous to other carboxypeptidases from diverse phylogenetic
origin. Using a fully quantitative PCR, we were able to assess relative expression of this gene in earthworms
exposed to different heavy metal contaminated substrates. In summary, cadmium on its own or in combination
with lead and zinc, did not trigger transcriptional up-regulation of carboxypeptidase. In contrast, copper exposed
earthworms were assessed to have a 4-fold increase in carboxypeptidase transcript numbers. A hypothetical model
is presented to explain how the exposure to heavy metals may influence transcriptional control and/or function
of this enzyme. Finally, the significance of these observations in terms of risk assessment and biomonitoring of
contaminated soils is discussed.

Introduction The activity of this family of enzymes is therefore de-
pendant on their ability to retain a zinc ion within the
Carboxypeptidases form a major family of digestive catalytic site.
enzymes responsible for the release of essential amino  The complex regulation of metal ions within cells
acids from proteins and peptides within the alimen- ensures the delivery and incorporation of specific
tary tract. The catalytic mechanism of these enzymes metal ions into cytosolic metallo-proteins and prevents
centres around a zinc ion which is tetrahedrally co- competition for metal binding sites (Sarkar 1999).
ordinated by a water molecule, a glutamate and two However, when carboxypeptidases are released into
histidines (Barretet al. 1998). This zinc ion is ex-  the digestive system they are exposed to an environ-
posed to the surrounding environment and displace- ment where the metal content is tightly controlled by
ment by other metal ions may compromise the activity the dietary constituents. This phenomenon may be par-
of the enzyme. For example, carboxypeptidase U ac- ticularly exacerbated in soil or sediment feeders, such
tivity may be inhibited by cobalt (Hendrilet al. 1989) as the earthworms or lugworms, which by their very
or indeed stimulated by cadmium (Campbell & Okada nature ingest large quantities of the surrounding matrix
1989). Moreover, the substitution of zinc in lysosomal (Chen & Mayer 1998). Earthworm populations have
carboxypeptidase A by heavy metals such as cop- been identified to inhabit a wide spectrum of metal
per, silver and mercury generates an enzyme with a contaminated environments which may contain high
markedly reduced enzymatic function (Chikuetaal. levels of cobalt, cadmium or copper (Morgan & Mor-
1996; Itohet al. 1993; Tranchemontagre al. 1990). gan 1990; Streit 1984). If these conditions effect the
activity of the earthworm digestive carboxypeptidase

The sequence data reported in this paper has been submitted to ; ; ; i
the EMBL/Genbank libraries under the accession number Y09625. homomgueS’ it may impact on the absorptlon eff
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ciency of amino acids from the alimentary system. Itis

unclear whether a negative feedback mechanism may
compensate for any activity loss caused by competing

heavy metals within the digestive environment.

The present study describes an investigation to
identify metal responsive genes which has led to
the isolation of the first earthworm carboxypeptidase
gene. The expression of this gene is examined in
earthworms exposed to different metal loaded environ-
ments. Furthermore, the overall architecture, catalytic
components and specificity of this novel enzyme is
examined by comparative molecular modelling.

Materials and Methods

Earthworms

Adult earthworms I(umbricus rubellus were sam-
pled from a heavy metal uncontaminated site (Dinas
Powys, Wales, UK, O.S. Grid reference: ST 149 723).
Earthworms were either directly sacrificed for subse-
guent experimentation or maintained on artificial soil
(made in accordance to OECD guidelines) for a 2-
week acclimatization period and then transferred for
a further 2 weeks to artificial soil supplemented with
2509 CdCh kg dry artificial soil. In addition, earth-

worms (same species) were sampled from spoil heaps
of abandoned mines. Sites included a predominantly

copper &800ug Cu g dry weight) contaminated mine
(South Caradon, Wales, UK, O.S. Grid reference: ST
149723), and a lead-2300ug Pb g dry weight), zinc
(>5900u9 Zn g dry weight) and cadmium-600 g

Cd g dry weight) contaminated mine (Rudry, Wales,
UK, O.S. Grid reference: ST 149 723).

Isolation of RNA

Total RNA was extracted using Tri-Reagent (Sigma)
with a subsequent poly-A RNA isolation (Pharmacia,
Biotech.). Transcript quantification was performed on
reverse transcribed mRNA obtained using the poly-A
RNA isolation kit (Pharmacia, Biotech.). All isola-
tions consisted of the posterior alimentary canal and
its surrounding tissue from a pooled sample of 4
earthworms.

Directed differential display and RACE-PCR

A directed differential display reaction was performed
using primers encoding for metal-binding motifs. The
resulting differential bands were excised, re-hydrated,
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Fig. 1. Directed differential display of carboxypeptidase in the
earthwormL. rubellus Differential display and reamplification of
carboxypeptidasePanel A shows the band that was excised from
the differential display gel of mRNA derived from heavy metal con-
taminated earthworms as described in Sturzenbatial. 1998d)

The product was reamplified and subjected to electrophoresis on a
2% agarose gel, containing ethidium bromide (@dg¥ml). Nucleic
acids were visualized under ultraviolet ligitahel B). M = Nucleic

acid molecular weight markers (310 bp, 281 bp, 271 bp and 234 bp).

re-amplified, cloned and sequenced essentially as
described elsewhere (Stlrzenbaweh al. 1998a).
The full length sequence was obtained by design-
ing sense (BTACCTAGCGGGAACTGCTCCA-3
and anti-sense (BCACCAGCCCAATTTTCAGCA-

3) primers to the fragment obtained by directed dif-
ferential display and performing a RACE PCR (Clon-
tech) utilizing a Marathon RACE cDNA mini library
synthesized from earthworms native to Rudry mine
(see Stirzenbaumt al. 1998b). PCR products were
ligated into the pGEM-T vector (Promega) as recom-
mended by the manufacturer.

Sequencing and database searches

Recombinant plasmid clones were sequenced using
the thermosequenase cycle sequencing kit (RPN 2438,
Amersham) with infrared-labelled universal forward
and reverse sequencing primers. Electrophoresis, band
detection and data processing were performed using a
Li-cor 4000LS sequencer. Sequence identity and relat-
edness was confirmed accessing the DNAsis analysis
program (Hitachi Software) and database homology
searches (BlastX and BlastN).

Modelling of tertiary structure

Protein molecular modelling was performed on a Sil-
icon Graphics O2 R5000 workstation (Phoenix Com-
puters Ltd.) with the Insightll suite of software (Mole-

cular Simulations Inc.). The predicted structure of
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Fig. 2. Schematic diagram of the amplification strategy to obtain the gene encoding for earthworm carboxypeptidase. Indicated are the approx-
imate positions of RACE-PCRs/(&nd 3 RACE) as well as the final (confirmative) amplification of the entire coding region (CDS). Note that

the 3 RACE required a nested (3 PCR to increase the specificity of amplification.2¥¢ nucleic acid molecular weight marker (1352 bp,
1078 bp, 872 bp, 603 bp, 310 bp, 281 bp, 271 bp, 234 bp).

earthworm carboxypeptidase was modelled from the (Promega), buffered with 50 mM Tris, 25@ mlI BSA
known crystal structure of the bovine carboxypepti- and supplemented with 2-4 mM MgC(Biogene).
dase using the ‘Homology’ module and refined by ap- The PCR reactions were performed in microvolume
plying molecular dynamics performed by ‘Discover3’. capillaries and subjected to 9€ for 1 sec (ramp rate:

20 °C sec), 60°C for 3 seconds (ramp rate: 2C
Quantitative microvolume rapid PCR sec), and 72C for 10 sec (ramp rate: & sec), for 40

cycles. Product formation was monitored at the end of
Syb® Green's specific fluorescence, when bind- each 10 sec extension step.
ing to the minor groove of double stranded DNA Dilutions of plasmid stocks were prepared and
molecules, can be exploited to monitor product analysed in duplicates as described earlier (Stiirzen-
formation during polymerase chain reaction (PCR). baumet al. 1998d) thus allowing the generation of
Gene specific fluorescent profiles were determined 5 regression line by plotting cycle number needed to
by quantitative PCR using a LightCyclét (Idaho  attain threshold fluorescence pertaining to the mid-
Technology Inc.). In addition, the specificity of |ogarithmic portion of the amplification against lag
each amplified end product was assessed by melt-|molecules of target gene]. The number of target mole-
ing point analysis (as described in Stirzenbaum cyles present in each reverse transcribed cDNA were

et al. 1998c) and agarose gel electrophoresis. Spe-quantified by regression analysis, extrapolating each
cific primers (5-CTGTTCGCTGTGCCAAATCA-3 ‘unknown’ over the standard range. All quantifications

and 3-GGGTGGTGTGTGGGTGCCTCT-B were  were performed in triplicates. It is also worth noting

designed to amplify fragments avoiding mis-match that earthworms chosen for analysis were of com-
and the formation of primer artifacts. Amplifica- parable size, weight and developmental age. Genes
tions were optimised for Mgg) Syb® Green |  qguantified included carboxypeptidase and actin (opti-

and variable annealing temperatures. Amplification mised as described previously in Stiirzenbaetnal.
reactions consisted of 0,51 cDNA template (plas- 1998d).

mid cloned DNA preparation or reverse transcribed
MRNA), 1 pM of each primer (synthesised by MWG-
Biotech GmbH), 0.2 mM dNTPs, 1:30000 dilution
of Syb® Green | and 1 unit of Taq polymerase
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1 80
CGAGTGTCAAGAAAATCCTATCGTCATGCGCTTACTAATTTTGCTAAGCATTTTTCTGCAAATTGCAAATACGCAGAAGT
M R L L I L L 8 I F L Q I A N T Q K 8§

81 160
CGTATGATGGAGACGTAGTACTGAAACTTGAGATATTCCAGAAAGATGCAAATTGGAATATATTTATGGATATTCTTAAC
Y D ¢ D VvV Vv L K L E I F 0 K D A N W N I F M D I L N

16l 240
AAACATATTCCTGTACAGGATCAAGATATTTGGAAGTTTCCATCARAAACAAGGCCAGCATATGTTCTAATTAGAGAGAA
K H I P VvV 0 D Q0 D I W K F P 8 K T R P A Y V L I R E K

241 320
GTTCTTGACTGAAATCCTGCGAGATTTAGATTTTTCCGAGATCGTGTACAGCGTGCACATAGACAATGTTGGCAGTTTAA
F L T E I L R D L D F 8 E I Vv Y 8 v H I D N V G 8 L I

321 400
TCGCACGTGCGGAAGAATCAAACAACAGAATAAAGGAACTTAGAGAACCATCTGAATTCAAAAGCATTGTTGGAACATTT
A R A E E S NN R I K E L RE P S EVF K s I V e TF

401 480
CCAAGATATGACGAGGTCGTCGCTTGGATGAATGAAACTTCTCAGCTATATCCAGACCTAGCAAGCACTTTTAGTATAGG
P R Y D E V VvV A W MUNET S Q L Y P D LA S T F 8 I G

481 560
CTACACAGTGTTAGGGAGGCCAATGCAGATCCTTAAGCTTGGATTGAACGGCGGAAATAAGTGGCGTGTCTGGATGGATG
Yy T v L 6 R P M Q I L K L 6 L NG G N KWU R V W MD A

561 €640
CCGGTGTTCATGCTAGAGAATGGCTAGCTCCGACCACGGCTATTTATATAGCTGACCAGCTCATTCAAGGTTATGTAAAT
G V H A R EW L A P T T ATI Y I A DOQUL I Q G Y V N

641 720
AGCGATCCGGAAGTTCTGAATTATTTATCATTTTTGGACTTCGAGATCTTGGCTGTCGCGAATCCTGATGGTTATGAATT
§s D P E V L N YL 8 F L D F EI LAYV A NUPDG Y E F

721 800
TTGCTTTACTGACGACCGACTGTGGAGAAAAAACAGGCGACCAATAACATCAGATTGCACCGGTGTTGATCTCAACAGAA
¢ F T D D R L WURI KUNURURUPTITS D CTGV DULNTU RN

801 880
ATTTTGGCTTTGAATGGGGTGGTGTGGGTGCCTCTGCAAATCCGTGCGACAACACCTATATGGGCCCTTATGCTGAATCA
F 6 F EW 6 G V 6 A S A NPCUDWNT Y MGUP Y A E §

881 960
GAACGCGAAGTTTTAAATATAATCAATCACGTTCTGCCTGAATCGCAAAAGTACATCTGGTATATGGCATATCACACATG
E R E V L N I I N H V L P E 8 Q K Y I W Y M A Y H T W

961 1040
GGGCGAACTATTTTTCACGCGATGGGACTACACCAGTGACGTGCCACCAGATCACGTCGAAAGGCTTGATTTGGCACAGC
¢ E L F F T R WD Y T S DV P P D HV EURTULDUL A Q R

1041 1120
GAACAGTAAATGCAATTAACCAAGTCAATGGAGARAATATACCTAGCGGGAACTGCTCCAGAACTTATGTACGCATTTTCT
T vV N A I N Q V N G E I ¥ L A ¢G T A P EL M Y A F 8§

1121 1200
GGCAGCTCGTCGGATTGGTCTCGAGGCACTGCCAATATAAATTATCCATATCTCGTGGAGCTCCGTGATAGCGATGGATC
G 8§ 8§ 8§ D W S R ¢ T A NI N Y P Y L V EL RD S D G 8

1201 1280
TTACGGATTTGTTGCTCCTCCGGAAGAAATCATACCATGTGGTGCTGAAAATTGGGCTGEGTGCTAAAATAATACTTAACG
Y ¢ F v A P P E E I I P C G A E NWA GA I K I I L ND

1281 1360
ACATCATTGCCAATTATGGTGGAACAACTCCTCCCTAGTGCATGAAATATGTTCCATGCGAATTGACAGTCGGTCTAATC
I I A N Y 66 G T T P P *

1361 1440
AAAAAGAAACTAAATTTAATAAATACAAATTTATAAATATAAATTCTGACTGTTCTACTTGAATAAAGATCTTTTCATGG

1441 1463
TGGAAAAAAAAANAAAAARNAARN

Fig. 3. The gene encoding for pre-procarboxypeptidase in the earthworm. Depicted is the base sequence with the amino acid translation of the
encoded protein. Deduced from the known cleavage sites of human pre-procarboxypeptidase (&beth986) the putative regions of the
pre, pro and mature peptides are indicated. The sequence was submitted to international genetic databases under accession number Y09625.
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Fig. 4. Phylogenetic tree of carboxypeptidase isoforms. Sequences include human carboxypeptidase-A, Baan@li s PID accession
numbers 9115878, g115882 and 9115891 respectively), rat A, B aR&tiI§ norvegicysPID: g1345702, g115886 and g115893), as well
as an enzyme with undefined isoform classification from nematGdeslegans PID: G3786502), bacteriaS{reptomyces capreolu®ID:
g729062) and earthwornbimbricus rubellusPID: g2624198). Similarity scores are expressed as % homology at the amino acid level.

Results Transcript quantification

Elucidation of nucleotide and amino acid sequence  In order to quantify carboxypeptidase expression in
earthworms, a differential Southern procedure was ap-

The sequence of a small 250 bp unidentified fragment plied, essentially as described in (Stirzenbaairal.
obtained from a directed differential display reaction 1998c). Although the technique was performed suc-
(Figure 1A and B) was utilized to design primers cessfully per se(as judged by the positive signals
to elucidate the full-length sequence of the gene de- obtained from actin), the expression patterns of car-
scribed in this paper. Using an adapter ligated mini boxypeptidase failed to show up on the autoradiog-
library, it was possible to determine thé énd, the raphy film (data not shown), thus indicating that its
translated coding region, as well as theudtrans- transcriptional message was below the detection range
lated region of the gene (see Figure 2 for sequencing of 32P radiolabelled quantitative approaches. In con-
strategy). In detail, the sequence was deduced bytrast, transcript quantification by PCR is far more
performing a 5 RACE (Figure 2 i) and a’3RACE sensitive and because of its stable and rapid amplifica-
(Figure 2 ii). Furthermore, the overlap region was tion, it provides a powerful means of evaluating gene
confirmed by conventional PCR, designed to amplify expressionin a true quantitative manner. Indeed, it was
the coding region of the gene (Figure 2 iii). The se- possible to quantify the expression of carboxypepti-
guence encompasses 1463 base pairs, translating intalase in earthworms acclimated to four different soils
a 430 amino acid product with a molecular weight of (Figure 5A & B). Basal levels of carboxypeptidase
43.3 kDa (Figure 3). Concurrent database homology were determined in earthworms sampled from a heavy
searches confirmed the successful amplification of the metal unpolluted control site and measured to 4e<8
gene encoding for carboxypeptidase. Based solely on10-1 + 0.2 (molecules of carboxypeptidase per mole-
circumstantial evidence (Laetheshal. 1996), it was cule of actin (an invariant control gene) ind reverse
possible to approximate the putative pre-pro cleav- transcribed cDNA+ standard errorN = 3). Car-
age sites, which after removal activates the remaining boxypeptidase levels remained remarkably constant in
35.7 kDa mature peptide with a length of 317 amino control earthworms post-transferral to artificial soil,
acids (Figure 3). Therefore, this enzyme should be re- supplemented with 250g CdCb kg dry soil as well
ferred to (in true taxonomic terms) as an earthworm as earthworms sampled from Rudry, the Pb, Zn and
pre-procarboxypeptidase. A phylogenetic tree analy- Cd contaminated mine site. Carboxypeptidase tran-
sis to homologous mature carboxypeptidase protein scripts were quantified to be®8x 101 4+ 0.3 and
sequences from other organisms clearly showed both7.3 x 10~1 4+ 0.1, respectively. However, a signifi-
the earthworm and th€. eleganenzymes to be dis-  cant up-regulation was observed in earthworms native
tinct from the well defined subdivisions A, B and E to South Caradon, the predominantly copper con-
(Figure 4). taminated mine site, where carboxypeptidase levels
increased, in relation to the basal levels, in excess
of four fold to 301 x 10~! + 1.9 molecules of
carboxypeptidase per molecule of actin (Figure 5 C).
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Fig. 5. Quantitative amplification of the carboxypeptidase gene. Panel A depicts the exponential amplification of a dilution series of car-
boxypeptidase standards £ 10* molecules) and one sample of cDNA with an unknown carboxypeptidase concentration. Panel B illustrates

the computer-generated regression, which allows the extrapolation of the unknown concentration over the diluted series of standards and thus
an accurate quantification of transcript number (Panel C). Note: The experimental analyses were performed on amplifications free of primer
artifacts, including all standards (in duplicates) and all ‘unknowns’ (in triplicates).
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OO0

Fig. 6. Prediction of 3-dimentional tertiary structure of earthworm mature carboxypeptidase. The earthworm enzyme was modelled on the
bovine Bos tauru} carboxypeptidase A, previously identified by X-ray diffraction (MMDB accession number 4876). Note that earttaworm
helices (Panel A) and bovine helices (Panel B) as well as earthwofhsheets (Panel C) and bovigesheets (Panel D) are conserved.

Prediction of tertiary structure ure 8). One further significant structural difference
exists, namely the enlarged C-terminal extension of

Based on the known crystal structure of bovine car- the earthworm protein (Figure 6A and C).

boxypeptidase, it was possible to predict the tertiary

structure of the earthworm homologue. The predicted

overall architecture is very similar with all structurally  piscussion

significant features conserved. These entail the loca-

tion and folding of the central sheet (Figure 6Aand C) This paper describes the isolation, molecular cloning

whichiis encapsulated by numerous helices (Figure 6B and initial characterization of a copper-responsive

and D), the location of the two cysteine residues re- carboxypeptidase in the earthwoimrubellus Car-

sponsible for the formation of disulphide bonds as poxypeptidases belong to the group of zinc-containing

well as the zinc co-ordinating residues of the catalytic exopeptidases and are essential in the degradation of

site (Figure 7A and B). The key residues of the ac- (food-) proteins resulting in the release of amino acids

tive site (Try248 and Glu270) are conserved, however (ayld 1998). The enzyme is stored as an inactive

the enzyme specificity defining residues are not (Fig- precursor form and is activated by an N-terminal pro-
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Fig. 7. Important residues of carboxypeptidases are conserved, including the zinc co-ordinating residues of the catalytic site (Panel A), the
cysteine residues implicated in disulphide formation (Panel B) and the active site (Panel C). The numbering of the amino acids is based on the
mature chain of bovine carboxypeptidase A.

teolytic process. The earthworm cDNA sequence is Given that the earthworm sequence is no exception
just under 1.5 kb long and encodes a pre-proenzymesuggests analogous structure-function relationships.
of 402 amino acids, including a putative signal pep- The molecular modelling of the molecule, which
tide (pre region) and activation peptide (pro region) showed an exceptional similarity to the extensively
of 16 and 97 amino acids, respectively. Notably, all studied bovine structure, supports this assumption.
amino acid residues previously implicated in enzyme Furthermore, the majority at-helices ands-sheets
function and Zn chelation (Colombet al. 1995) are are conserved, with residues involved in the Zn ion
conserved throughout the animal phyla (see Figure 4). coordinating catalytic site, disulphide bond formation



93

and the active site of the enzyme all being perfectly

conserved (Figures 6 and 7). Two notable differences \

can be identified, firstly the C-terminal of the earth-

worm 317 amino acid mature enzyme is marginally

larger than its closest homologues (see Figure 6). The f A

significance of this finding is uncertain, but given its ol N

distant proximity to the active site, it is unlikely to f

be involved in metal binding properties. The second 7 ’ B

aspect concerns the specificity pocket of the enzyme.

Mammalian carboxypeptidase A, for example, has a

wide substrate specificity but prefers peptides with

aromatic or branched-chained C-terminal amino acids

(Auld 1998). This specificity can be explained by the . - B..: (i

presence of 1le243 and lle255 located on two perpen- B

dicul_ar alpha helices with Gly207 arrange ona stgnd Bovine A Gly e e

running through the cleft between the two isoleucine

residues (Figure 8). In contrast, carboxypeptidase B

specifically cleaves at C-terminal lysine and arginines

(Folk et al. 1960) a specificity defined by a Gly and y . . 2

Asp within the two helices and a Ser in the cleft. Close Earthworm : Asp Ala Ser

examination of the earthworm model reveals an Ala Fi9- 8- A schematic representation of the carboxypeptidase speci-
. . ficity pocket. The carbon backbone of residues 204-209 is black

and Ser located on two perpendlcular alpha helices whilst residues 242—-259 are given in grey. Indicated are the po-

with a charged Asp situated on the underlying stand. sitions (A, B and C) within the protein that are implicated in

The presence of the negatively charged amino acid enzyme specificity. Residue numbering refers to the mature bovine

highlights its similarity to carboxypeptidase B and Carboxypeptidase A protein.

may indicate its preference for similar lysine or argi-

nine side chains. However, the true enzymatic function dynamics or even render it inactive (Hofman 1985).
of earthworm carboxypeptidase can only be assessedag g result a transitional feedback mechanism may
by isolating the active protein, an undertaking we are e jnyoked and the direct cause of the observed tran-
currently pursuing in our laboratory. This will allow scription of carboxypeptidase. Clearly, more experi-
the evaluation of cleavage activity/specificity and thus ,entation is needed to clarify this hypothesis. Detailed
allow us to derive the true functionally classification g;,dies elaborating on the metal specificity as well as

of the earthworm enzyme. _ . true dose-responses are currently being pursued in our
But even without this type of information, some laboratory.

fascinating details have been forthcoming from the The increased expression of earthworm genes in
quantification of carboxypept?dasg tra_nscript numbers response to heavy metals has been shown previously.
in earthworms exposed to soils with different concen- g, example, elevated mitochondrial expression is a
trations of diverse heavy metals. It seems that exposure efiection of the increase in energy demand, due to
to Cd does not alter transcription of carboxypepti- nymerous triggers, including heavy metal detoxifica-
dase. Similarly, carboxypeptidase transcription was o (Stiirzenbaunet al. 1998d). On the other hand,
unchanged in earthworms native to a heavily pol- {he expression of metallothionein is a far more metal
luted mine site (Rudry), notably contaminated with  gpecific response. Indeed, metallothionein transcripts
Cd, Pb, but also Zn. A stark upregulation was mea- can pe elevated in excess of three orders of magnitude
sured in earthworms native to a copper contaminated during exposure to cadmium, but only one order in
mine site (South Caradon). Although copper is an yegponse to copper (Stiirzenbaeiral. 1998b). Whilst
essential metal,_lt is toxic in large quantities. _Further- metallothionein and carboxypeptidase show similar
more, the chemical stoichiometry of copper is vastly eyxpression characteristics in response to copper, it is
different to zinc and cadmium. Itis therefore conceiv- o rthwhile noting that, in contrast to metallothionein,
able that a copper substitution of the co-factor zinc carboxypeptidase seems to be unaffected by cadmium.

in carboxypeptidase will change the three-dimensional The penefits of monitoring two (or more) functionally
structure of the enzyme and thus may compromize its

Bovine B : =Er lu Asp
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distinct biomarkers have been highlighted by others
(Petersert al.1997). This notion has general implica-

tions in the ecotoxicological applications of molecular
genetic biomarkers, particularly in light of gene array
technology and its potential use as a powerful tool in
the assessment of soil quality and pollution impact.
The immediate challenge in environmental diagnos-
tics is to identify a suite of characterized genes that
show differential responses. The majority may be non-
specific indicators of stress that do not distinguish
between chemical, physical or, indeed, biological
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