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Abstract The 70-kDa heat shock protein (Hsp) family is composed of both environmentally inducible (Hsp) and con-
stitutively expressed (Hsc) family members. We sequenced 2 genes encoding an Hsp70 and an Hsc70 in the Pacific
oyster Crassostrea gigas. The Cghsc70 gene contained introns, whereas the Cghsp70 gene did not. Moreover, the
corresponding amino acid sequences of the 2 genes presented all the characteristic motifs of the Hsp70 family. We
also investigated the expression of Hsp70 in tissues of oysters experimentally exposed to metal. A recombinant Hsc72
was used as an antigen to produce a polyclonal antibody to quantify soluble Hsp70 by enzyme-linked immunosorbent
assay in protein samples extracted from oysters. Our results showed that metals (copper and cadmium) induced a
decrease in cytosolic Hsp70 level in gills and digestive gland of oysters experimentally exposed to metal. These data

suggest that metals may inhibit stress protein synthesis.

INTRODUCTION

The cellular stress response is involved in protecting or-
ganisms from damage due to exposure to a variety of
stressors, including temperature, heavy metals, and other
xenobiotics. The stress response entails the rapid synthe-
sis of heat shock proteins (Hsps) to protect cellular pro-
teins against denaturation (Lindquist and Craig 1988;
Sanders 1993; Feder and Hofmann 1999). Hsps were first
described in Drosophila busckii (Ritossa 1962), and the
genes encoding the Drosophila Hsps were among the first
eukaryotic genes to be cloned (Livak et al 1978; Craig et
al 1979). Molecular studies on Hsps indicated a high de-
gree of conservation during evolution, especially in their
protein-coding sequences (Lindquist 1986). The major,
most highly conserved, and best studied of the Hsps is
the 70-kDa protein family (Hsp70) because of its role in
protein chaperoning (Gething and Sambrook 1992) and
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in acquired tolerance processes (Clegg et al 1998; Lind-
quist and Craig 1988). The genes encoding the Hsp70 are
highly conserved and include both heat-inducible (Hsp)
(Ingolia and Craig 1982; Craig et al 1983) and constitutive
(Hsc: heat shock cognate) genes. The constitutive genes
encode stress proteins under normal conditions (Craig et
al 1983; Lindquist and Craig 1988; Hightower 1993).
The results of the studies on stress proteins in aquatic
organisms are highly variable (Sanders 1993). In marine
organisms, particularly in bivalves, molecular approach-
es, such as gene sequencing, are not greatly developed.
To our knowledge, only 3 complete or partial sequences
of hsp70 complementary deoxyribonucleic acid (cDNA)
from marine bivalves are available: Crassostrea gigas
(Gourdon et al 2000), Crassostrea virginica (Rathinam et al
2000), and Mytilus edulis (Luedeking et al, in preparation).
Nevertheless, the stress response has been studied in bi-
valves (reviewed by Sanders 1993 and Gourdon et al
1998) where the synthesis of Hsp and induction of ther-
motolerance have been demonstrated in the Pacific oyster
C gigas (Clegg et al 1998; Gourdon et al 2000) and in
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Fig 1. Combinations of primers (ar-
rows) used to sequence hsc70 and

hsp70 genes in the Pacific oyster C gi-
gas. Specific primers used to amplify
the Cghsc70 gene were designed from
the hsc72 complementary deoxyribon-

Genes Sense primers

Antisense primers

ucleic acid sequence of C gigas. Spe-
cific primers used to amplify the

hsc70 1: 5GGAATAGATCTTGGAACCACATAZ’
2: ’ACTGCAGAAGCATATCTTGGCAAS
2: ’ACTGCAGAAGCATATCTTGGCAAZ
3: ’AGGACGATGTCGTGGATCTGGGC3

4: 5’5CTGACTGGAATTCCCCCCGCACCY

2: 5TTGCCAAGATATGCTTCTGCAGTS'

Cghsp70 gene were designed from the
Cghsc70 sequence.

4: 5GCGGGGGGAATTCCAGTCAGCTC3
3: ’AGGACGATGTCGTGGATCTGGGCS'
4. 5GCGGGGGGAATTCCAGTCAGCTC3

5: 5TCGACCTCCTCAATGGTGGGTCC3

hsp70 1: 5GGAATAGATCTTGGAACCACATA3Z
6: 5’GCTGTTGCTTATGGAGCAGCTGTS

6: 5AATGGCGGCCTGGACAGCTGCS
5: 5TCGACCTCCTCAATGGTGGGTCC3

mussels M edulis and Mytilus galloprovincialis (Sanders
1988; Snyder et al 2001).

In the present study, the genes encoding an Hsc70 and
an Hsp70 from a marine bivalve, the oyster C gigas, are
described. We also quantified the expression of soluble
stress proteins 70 in different organs of oysters exposed
to several concentrations of metals under experimental
conditions. For that purpose, we used an enzyme-linked
immunosorbent assay (ELISA) with a polyclonal anti-
body developed in the laboratory against a recombinant
C gigas Hsc72.

MATERIALS AND METHODS
Cloning and sequencing of hsc70 and hsp70 genes

Total DNA was extracted, using standard procedures,
from gills of 1 freshly opened C gigas. Polymerase chain
reaction was performed using combinations of primers
(Fig 1) designed from the C gigas hsc72 cDNA sequence
(Gourdon et al 2000). Part of the hsc70 and hsp70 genes
was coamplified with the combination of primers #2 and
#4. Specific primers (#6 forward and reverse) were de-
signed from the hsc70 gene sequence obtained to specif-
ically amplify the remaining sequence of the hsp70 gene
(Fig 1). The reaction mixture included 20 pmol of each
primer, 20 ng of DNA template, 100 uM of dinucleotide
Tri Phosphat (ANTPs), 2 mM MgCl,, 1X Tag polymerase
buffer, and 1 unit of Tag polymerase (Promega, Madison,
WI, USA) in 50 p.L total volume. After an initial 5-minute
denaturation at 94°C, 2-minute annealing at 57°C, and 2-
minute elongation at 72°C, 35 amplification cycles were
performed as follows: 30 seconds at 94°C, 40 seconds at
57°C, and 1 minute 30 at 72°C, and then a final 10 minutes
at 72°C. Resulting products were isolated, gel purified us-
ing the QIAEX® II Gel Extraction Kit (Qiagen, Hilden,
Germany), cloned in pGEM-T vector (Promega), and se-

quenced by extension from both ends using T7 and Sp6
universal primers (T7 sequencing kit; Amersham Phar-
macia Biotech, Uppsala, Sweden).

Southern blot

DNA of C gigas was isolated as above. Ten micrograms of
DNA was digested to completion with 3 restriction en-
zymes (BamHI, EcoRI, and HindIll; Promega) and sepa-
rated by agarose gel electrophoresis (0.8% TAE gel). The
fragments were then transferred onto a Hybond N+ ny-
lon membrane (Amersham). Hybridization was carried
out with a randomly primed Cghsc72 cDNA-labeled
probe using the ECL kit (Amersham) according to the
manufacturer’s instructions.

Recombinant DNA manipulations

The hsc72 cDNA was amplified from the ATG start codon
to the GAC terminal codon, and the resulting product
was isolated, gel purified using the QIAEX® II Gel Ex-
traction Kit (Qiagen), and ligated with the plasmid
pBAD-TOPO® (pBAD-TOPO TA cloning® kit; Invitrogen,
Groningen, Netherlands). The ligation product was then
used to transform TOP10 One Shot® Escherichia coli com-
petent cells (Invitrogen) according to the manufacturer’s
instructions. The transformation mixture was plated on
Luria-Bertani medium (LB) with agar containing ampi-
cillin at 100 wg/mL. Correct insert orientation was deter-
mined by sequencing alkaline lysis plasmid miniprepar-
ations (T7 sequencing kit; Amersham). One positive clone
was then cultured in LB medium containing ampicillin
at 100 pg/mL, and the expression of the recombinant
protein was induced with the addition of L-arabinose at
a final concentration of 0.02% for 4 hours, when the cul-
ture reached an optical density, OD,,, = 0.5.
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Recombinant CgHsc72 purification

The induced bacterial culture was centrifuged at 5000 X
g, and the pellet was suspended in 100 pL of sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
sample buffer (0.5% B-mercaptoethanol and 1% SDS) per
milliliter of culture. After a 5-minute denaturation at
100°C and a 30-minute centrifugation at 12 000 X g at 4°C,
the supernatant fraction containing proteins was run
through a denaturing acrylamide gel (12% and 4% total
acrylamide for the running and the stacking gel, respec-
tively, with 0.4% bisacrylamide in each) using the buffer
system of Laemmli (1970). The recombinant protein
CgHsc72 was then isolated using a modified protocol de-
scribed by Amero et al (1996). After a brief staining with
Coomassie® Brilliant Blue R-250 (Bio-Rad Laboratories,
Hercules, CA, USA), the band corresponding to the re-
combinant CgHsc72 was collected and stored at 4°C be-
fore being used for rabbit immunization.

Production of a polyclonal antibody

Rabbits were immunized 2 times at 1-week intervals with
about 250 g of CgHsc72 homogenized in complete
Freund’s adjuvant (Sigma, St Louis, MO, USA) at 1 mL:
1.5 mL protein-adjuvant ratio. A booster injection in in-
complete Freund’s adjuvant (Sigma) (about 250 g of pro-
tein at the same protein to adjuvant ratio as above) was
given after 2 months. On week 9, rabbit blood was col-
lected by carotid puncture. Serum was collected and
stored at —80°C.

Purification and biotin labeling of rabbit IgG

The immunoglobulin G (IgG) fraction from rabbit serum
was purified by affinity chromatography on a protein-A
column (HiTrap® 1 mL protein-A; Pharmacia, Uppsala,
Sweden) using a fast protein liquid chromatography sys-
tem pump (Pharmacia) as described by Page and Thorpe
(1996). N-Hydroxysuccinimidobiotin (Sigma), dissolved
in dimethyl sulfoxide (Sigma) at 1 mg/0.1 mL, was then
added to purified IgG at 0.25 mg of biotin per milligram
of IgG. The mixture was incubated at room temperature
with gentle agitation for 2 hours before dialysis against
3 changes of phosphate-buffered saline (PBS) (pH 7.2) at
4°C. The conjugates were diluted in 50% glycerol and
stored at —20°C until used.

Oyster conditioning

Oysters were collected from a non-metal-contaminated
site, La Pointe du Chéateau (Brittany, France), and main-
tained for 1 week in aerated, filtered seawater before ex-
perimentation. All experiments were carried out in a tem-
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perature-controlled room (15°C) at a salinity of 34%o.
Groups of 20 oysters were exposed to 2 metals, one es-
sential (Cu** as CuCl,) and the other toxic (Cd** as
CdCl,). Each metal was applied from a stock solution (100
mM) at each of 2 final concentrations (0.4 and 4 wM) and
also in a mixture (0.2 pM each) for 15 days. A group of
20 oysters was maintained in seawater, without metal, as
a control. Seawater was renewed every day, and oysters
were fed with microalgae every 2 days. The metals were
reapplied at the appropriate concentrations after every
water change.

Protein extraction and metal analysis in oyster tissues

On days 0, 1, 2, 3, 5, 7, and 15, the gills and digestive
gland from exposed and control oysters (n = 3 for each
sample) were collected and homogenized in protein ex-
traction buffer according to the protocol described by
Tendengren et al (1999) (150 mM NaCl, 10 mM
NaH,PO,, 1 mM phenylmethanesulfonyl fluoride, pH
7.2). Samples were then centrifuged at 12 000 X g for
15 minutes at room temperature. Total soluble protein
was quantified by the D, Protein Assay kit (Bio-Rad)
using dilutions of bovine serum albumin (BSA) (Sigma)
as the standard. OD was measured at 620 nm using a
microplate reader.

Insoluble proteins contained in the pellet were sus-
pended in a SDS-containing buffer described by Buckley
et al (2001) (50 mM Tris-HCl, pH 6.8, 4% SDS, 1 mM
phenylmethanesulfonyl fluoride). The Hsp70 content was
estimated by spectrophotometry according to the formula
given by Gill and von Hippel (1989): A,y (1 mg/mL) =
(5690 n,, + 1280 n, + 120 n.)/M, where n,, n,, and n_ are
the number of tryptophan, tyrosin, and cystein residues
in the protein of mass M, and 5690, 1280, and 120 are the
respective extinction coefficients for these residues.

Pools of gills excised from 3 oysters were mineral-
ized with suprapure nitric acid. Concentrations of cad-
mium and copper were measured in each tissue sample
using the potentiometric stripping method (Riso et al
1997).

Western blot analysis

The cross-reactivity of the anti-CgHsc72 antibody de-
veloped in our laboratory was tested by Western blot
as follows. Samples of C gigas (control and cadmium
exposed) proteins were electrophoresed on SDS-poly-
acrylamide gel and electrotransferred onto polyvinyli-
dine difluoride membrane (Bio-Rad). The membrane
was blocked for 1 hour with blocking buffer (0.1 M
Tris-HCl, 5% nonfat dry milk, pH 7.4) and then incu-
bated with Tris-HCI (0.1 M, pH 7.4) buffer containing
anti-CgHsc72 antibody (1:125 diluted) for 1 hour with
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M S K P A Q QATIGTIDTILGTTTYSCV GV FQHGE KT YVTETITZI Fig 2. The nucleotide sequence of
ATGAGCAAGCCAGCACAGCAAGCCATTGGAATAGATCTTGGAACCACATATTCCTGTGTTGGAGTTTTCCAGCATGGGAAGGTGGARATCATC :
the Cghsc70 gene and the predicted
A NDOQGNZ RTTTZPSTYTVATFTTDTTET RTILTVYVTGT DA AA-BATEKTNTOGQTV A amino acid sequence: introns are in
GCCAACGATCAGGGTAACCGAACCACCCCCAGTTATGTAGCGTTCACAGACACAGARAGGCTGGTCGGCGACGCAGCCAARAACCAAGTCGCC lowercase letters and exons are in up-

percase, bold characters indicate the
predicted amino acid sequence (at the
first base of the codon), and character-

A KRLTIGRZKTHNTDASYV istic motifs of the Hsp70 family are un-
cgtcttgccagaattagagtgttaaccattgttggecttecteat tgtagATGCCAAGCGTCTGATCGGCAGAAAATTCAACGATGCTTCAGTA derlined

M N P N N T I F D
ATGAACCCCAACAACACAATTTTTGgtgaggagcttgttcatgtgtcagtttatctgataaacatgttectecttecatttteccattagtaateee

Q $S DM K HWUPF TV INGQA ASI KUPMTIZ KU YVETYZ KUGETEIKTF
CAATCCGACATGAAACATTGGCCATTCACAGTGATCAATCAAGCAAGTAAACCCATGATCAAAGTAGAGTACAAAGGGGAAGAAAAGACCTTC

8§ A G E V 8 S M V L. N KM KETATEAZYTL G K
TCTGCTGGGGAAGTCTCATCCATGGTCCTCAATAAAATGAAGGAAACTGCAGAAGCATATCTTGGCAAGgtatgcatgatgcgecatatgtactt
tnacaaataaatgaattttaattttgaaaatgtactgaanaaagggcgcactttcactttcggtacagacccttcacaccgaatggecaatttet

T I N N A V V T V
tattttttatacccaattagagaaagtgtacgttcaattaataaaatagtggacttcacttgcagACAATTAACAATGCCGTCGTCACAGTC

P A Y F ND S Q Q Q AT KD AGTTISGLNJUVYVILUZ RTITINEUZPT
CCAGCTTATTTCAATGATTCCCAGCAACAGGCTACCAAGGACGCTGGTACTATCTCTGGTTTAAATGTACTACGTATCATCAACGAGCCAACA

A A A I A Y G L D KKV G N Q S
GCAGCCGCCATTGCTTACGGTCTTGACAAGAAAGTTGGCAACCAATCGgtaagtttgcatggtaaattgaacttatgtttttecttaaattety

Q G E RNV L I F D L
ttgaccattgtttgtgaagtagttctctttgtgatgtacattacttcctggtttttgtagCAAGGTGAACGCAACGTTCTGATCTTTGACTTG

¢ G 6 T F D VL IULTTIZEUDTSGTITFETVI K ST S G DTHTULGGE
GGAGGAGGAACCTTTGATGTCTCAATTCTCACCATTGAGGACGGAATCTTTGAGGTGAAATCCACATCTGGAGACACTCACTTGGGTGGTGAA

D F DNR MV NI HTFIOQETFI KR RI KU HIE KIE KDTISENIZ KU RATYVRR
GACTTCGACAATAGAATGGTGAACCACTTTATTCAGGAATTCAAGCGCAAACACAAGAAGGACATTTCTGAAAACAAGCGAGCTGTCCGACGT

L R T ACEURA AIKTETULS S S S QA S I EIDSULFEGTITDTF
TTGAGGACAGCCTGTGAAAGGGCAAAAGAGACCCTGTCCTCAAGCTCTCAGGCCAGCATTGAGATTGACTCTCTGTTCGAGGGTATCGATTTC

Y T S I T R AR VFEETULNADULVFRGTMMEUPVEIZ KA AILTRIDA
TACACAAGTATCACCAGGGCTAGGTTTGAGGAGCTGAATGCCGATTTGTTCCGAGGCACCATGGAGCCGGTGGAGAAGGCTCTGAGAGACGCC

K L D K A Q I HD I VULV GG S TRTIUPIEKTIUGQGIZ KU LTLUGQDTFFN
AAGCTAGACAAGGCCCAGATCCACGACATCGTCCTGGTCGGAGGATCCACACGTATCCCAAAGATTCAGAAACTACTTCAGGACTTCTTCAAC

G K E L N K S I NP DEA AV A Y G A A
GGCAAGGAACTGAACAAATCCATCAACCCTGACGAGGCTGTTGCTTATGGAGCAGgtaggtcatgcaaatgaaatgagttatgtttgtcattt

v e
tatgaaaaatgattttgaaaaataaaaaacaagttttctttttgagcaattaaatgtttaactctactgtatgcttgtacttcagCTGTCCAG

A A I L S G DK SGEVQDVLULULULDVYVT?P?PULSTULSGTIZETAG
GCCGCCATTCTGTCCGGAGACAAATCCGGGGAGGTACAGGACTTGCTCCTGTTGGATGTCACCCCCCTGTCCTTGGGTATTGAAACAGCCGGA

G VM TNULTII K RNTTTTIUPTIE KSOQTQTTFTTY S DDNIQZPGYV
GGAGTGATGACCAATCTCATCAAGAGAAACACCACCATTCCAACCAAACAGACGCAGACCTTCACCACATACTCGGACAACCAGCCGGGTGTG

L I Q VY E G E R AMTIEKUDNNULTLGI K FETULTGTI P P A P R
TTGATTCAGGTGTACGAGGGAGAGCGAGCCATGACCAAGGACAACAACCTACTCGGAAAGTTCGAGCTGACTGGAATTCCCCCCGCACCCAGG

G VvV P Q I EV T F DI DA ANGTITULNVYV S AV DI K S TG KE NK
GGTGTCCCCCAGATTGAGGTCACATTTGACATTGATGCCAACGGTATCCTGAACGTGTCAGCTGTCGACAAGAGCACAGGAAAGGAGAACAAA

I T I T N D K
ATCACCATTACCAATGACAAAgtaaataaaagttttgagttgtatatccctgttttgtttggtaatgtagtgatgaaaactctttctecatteg
cagtttccaccagagggcatttcatgtccgaagatggettaatecttecttggatgtctgagcattgecaagtcaaattattgtgaaatacaaa

K T I L D K ¢ E E I I K W
ttgaaagaggaactttgtctaatgtatattaataacattgtattcacattccagAAGACAATCCTTGACAAGTGTGAGGAGATCATCAAGTGG

M D Q NQ L A DKETETFEUHIZ KU QI KEULEGYVCCNZPTITITIZ KTILY
ATGGACCAGAACCAACTGGCCGACAAGGAGGAGTTCGAGCACAAACAGAAGGAACTGGAGGGAGTCTGTAACCCCATCATCACCAAGCTGTAC

Q A S G G A PG GGMUPGGMZPNTFGGG AP GG GAUP G G G
CAGGCCAGCGGTGGCGCCCCAGGGGGTGGCATGCCTGGAGGAATGCCCAACTTTGGTGGTGGAGCCCCAGGAGGTGGTGCCCCCGGCGGTGGT

S G 6 G P T I E E V D Stop
AGCGGTGGTGGACCCACCATTGAGGAGGTCGACTAA

gentle agitation at room temperature. The membrane  ture. Again the membrane was washed twice with
was washed twice for 10 minutes with washing buffer = washing buffer, and the reactive band was visualized
(0.1 M Tris-HCI, 0.02% Tween 20, pH 7.4) and incu- by staining with 2.4 mM of 3-amino-9-ethyl-carbazole
bated with Tris-HCI buffer containing 1:1000 diluted (Sigma) dissolved in 50 mM acetate buffer (0.2 M acetic
anti-rabbit IgG horseradish peroxidase conjugated (Sig-  acid, 0.2 M sodium acetate, pH 5) containing 5% of
ma) for 1 hour with gentle agitation at room tempera-  N,N-dimethyl formamide (Sigma) and 12%. of H,O,.
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Enzyme-linked immunosorbent assay

The recombinant Hsc72 was quantified by spectropho-
tometry in crude bacterial lysate according to the formula
described above.

Microtitre plates were coated with 0.01, 0.05, 0.25, 0.5,
0.75, and 1 pg of recombinant Hsc72 by overnight incu-
bation at 4°C. Active sites remaining on the plates were
blocked with 200 wL per well of PBS (pH 7.2) containing
0.1% Tween 20 (PBS-T) and 1% BSA. After 3 washes with
PBS-T, 120-, 160-, 240-, 480-, and 1200-ng quantities of
biotin-labeled IgG in 100 pL of PBS-T were added and
incubated for 1.5 hours at 37°C. All combinations of
Hsc72 and labeled IgG doses were tested to determine
the appropriate reaction concentrations and to obtain a
standard curve. A volume of 100 pL of ExtrAvidine per-
oxidase conjugate (Sigma) diluted 1:1000 in PBS-T was
added after 3 washes with PBS-T and incubated for 1.5
hours at 37°C. After 2 washes with PBS-T and 3 washes
with PBS, 100 pL of phosphate-citrate buffer (0.045 M
citric acid, 0.11 M Na,HPO,, pH 5.45) containing o-phe-
nylenediamine (Sigma) and H,O, at a final concentration
of 0.06% and 0.001%, respectively, was added. The reac-
tion was stopped after 20 minutes with 2 N H,SO,, and
OD,,, was measured with a microplate reader.

Hsps were then quantified in samples of 20 pg of total
protein extracted from the digestive gland and gills of
experimental oysters using the conditions determined
above and the standard curve obtained (Hsc72,, = 11.873
X OD,y, — 0.5367, R? = 0.9953).

Nucleotide sequence accession number

The sequences of Cghsc70 and Cghsp70 genes reported in
this study will appear in the DDJB/EMBL/GenBank da-
tabase under accession numbers AJ305315 and AJ318882,
respectively.

Statistical analysis

The variations in Hsp level during the experiment were
analyzed by analysis of covariance (« = 0.05) using CSS
Statistica (Statsoft, Tulsa, OK, USA).

RESULTS
Organization of the C gigas hsc70 and hsp70 genes

The sequence of the Cghsc70 gene contains 6 coding exons
of 184, 206, 168, 553, 401, and 257 bp length. All the in-
tron borders of Cghsc70 start and end with the consensus
GT and AG splicing signals (Fig 2). The sequence of the
Cghsp70 gene did not contain introns (Fig 3). The corre-
sponding amino acid sequences of the 2 genes contained
the 3 characteristic motifs of the Hsp70 family: IDLGT-
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TYS, DLGGGTFD, and EEVD (Figs 2 and 3). The C-ter-
minal region contained 2 repeats of the tetrapeptide and
pentapeptide motifs, GGMP and GGGAP. A search for
amino acid sequence homologies using the ALIGN pro-
gram (Myers and Miller 1988) showed a degree of ho-
mology with other species of about 70%.

Southern blot analysis

Southern blot analysis of C gigas DNA extracted from 1 oys-
ter, digested with various restriction enzymes and probed
with Cghsc72 cDNA, revealed several fragments with high-
or low-intensity reactions, possibly reflecting differential de-
gree of homology to the probe (Fig 4). Restriction analysis
of our 2 sequences showed that only 2 enzymes (EcoRI and
BamHI), among the 3 used, presented 1 or 2 restriction sites.
Figure 4 shows that the digestion by HindlIIl (lane 3) re-
vealed 2 bands, suggesting that 2 different Hsp70 genes are
present in oyster genome.

Cross-reactivity of anti-CgHsc72 antibody with
C gigas proteins

Western blot revealed a high cross-reactivity of our anti-
CgHsc72 antibody with C gigas Hsp70 (Fig 5). One band
appeared on the membrane at a molecular weight of 70
kDa, confirming the specificity of the antibody to Hsp70
of this oyster species.

Quantification of Hsps by ELISA

ELISA developed in this study was sufficiently sensitive to
detect 50 ng of recombinant CgHsc72 and 21.7 mg Hsp/g
protein using 480 ng of purified biotin-labeled IgG. Appli-
cation of this assay to protein samples extracted from gills
and digestive glands of experimentally exposed oysters
showed that soluble Hsp levels decreased significantly (P <
0.05) in the gills and in the digestive gland (compared with
control) in all treatments (Figs 6 A-F). The exception was
with the exposure to 0.4 pM of cadmium (Fig 6E), which
did not induce a decrease in Hsp in the digestive gland of
oysters. No significant differences were observed between
metal doses. The quantification by spectrophotometry of
Hsp70 contained in the pellet showed that about 1% to 2%
of these proteins remained in the pellet, this value being
constant in the control and metal-exposed samples and in
the 2 tissues tested.

Metal quantification in oyster tissues

Measurement of metal contents showed a significant in-
crease of copper and cadmium in gills of oysters exposed
to these 2 metals. Copper and cadmium concentrations
in nonexposed individuals are 12 and 0.5 ng per gram



Molecular identification and expression of Hsp70 in oyster 81

M S K P A Q Q A I G I DL G T T Y S CVV GV F Q HG KV EITI
ATGAGCAAGCCAGCACAGCAAGCCATTGGAATAGATCTTGGAACCACATATTCCTGTGTTGGAGTTTTCCAGCATGGGAAGGTGGAAATCATC

A ND QGNUZRTTUP S Y V A F TDTEUZ RTULVYVGD A AIZKNZGQV A
GCAAACGATCAGGGTAACCGAACCACCCCCAGTTATGTAGCGTTCACAGACACAGAAAGGCTGGTGGGCGACGCAGCCAAAAACCAAGTCGCC

M N S NNT I F DA KU RUILTIGRI KT FNDA AS VYV Q S DMIEKHWP
ATGAACTCCAACAACACAATTTTTGATGCCAAGCGTCTAATCGGCAGAAAATTTAACGATGCTTCAGTACAATCTGATATGAAACATTGGCCA

F T V I D A S K P M I KV E YK GEEI KTV F S AEEV S S M
TTCACAGTGATCGATCAAGCAAGTAAACCCATGATTAAAGTTGAGTACAAGGGGGAAGAAAAGACCTTCTCTGCAGAAGAAGTCTCATCCATG

V L N KM K ETAEA AYTULGI XKTTINNAVYVVYVY TV P AYFNUD S
GTCCTCAATAAAATGAAGGAAACTGCAGAAGCATATCTTGGCAAAACAATTAACAATGCCGTCGTCACAGTCCCAGCTTATTTCAATGATTCC

Q R Q A T K D AGTTI S GL NUVL RTITINEUZPTA AA AA ATIA ATYG
CAGCGACAGGCTACCAAGGACGCTGGTACTATCTCAGGATTAAATGTACTACGTATCATCAACGAGCCAACAGCAGCCGCCATTGCTTACGGT

L D K K VGG NQ S QG ERNUVLTIV FUDILGGGTF DV S I L T
CTTGACAAGAAAGTTGGCAACCAATCGCAAGGTGAGCGCAACGTTCTGATCTTTGACTTGGGAGGAGGAACCTTTGATGTCTCAATTCTGACC

I E DG I F EV K ST S G D THULGGEDVFUDNU RMV VNI HTFI
ATTGAGGACGGAATCTTTGAGGTGAAATCCACATCTGGAGACACTCACTTGGGTGGTGAAGACTTTGACAATAGAATGGTGAACCACTTTATT

Q E F K R KHIKI KDTISENI KU RA AV RIRTILIRTATCEURAIKIT RT
CAGGAATTCAAGCGCAAACACAAGAAGGACATTTCTGAAAACAAGCGAGCTGTCCGACGTTTGAGGACAGCCTGTGAAAGGGCAAAGAGAACC

L S S s s @ A s I VIDSULU FEGTIDTFYTSTITU R ARTFEE
TTGTCCTCAAGCTCTCAGGCCAGCATTGTGATTGACTCTCTGTTCGAGGGTATCGATTTCTACACAAGTATCACCAGGGCTAGGTTTGAGGAG

L NADULVF R G TMEPV E KA AL RUDA AIKIULDI KA AU GQTIUHHDTIZV
CTGAATGCCGATTTGTTCCGAGGCACCATGGAACCCGTGGAGAAGGCTCTGAGAGATGCCAAGCTGGACAAGGCCCAGATCCACGACATCGTC

L VvV 6 6 S TR TIUPIKTIOQI KULULAO QDT FT FNSGI KETLUDI K STINUZPY
CTGGTCGGAGGATCCACACGTATCCCAAAGATTCAGAAACTACTTCAGGACTTCTTCAACGGCAAGGAACTGGACAAATCCATCAACCCGTAC

E A V A Y G A AV Q AATITL S GDIKSEEV QDILTZLULULUDUVT
GAGGCTGTTGCTTATGGAGCAGCTGTCCAGGCCGCCATTCTGTCCGGAGACAAATCCGAGGAGGTACAGGACTTGCTCCTGTTGGACGTCACC

P L S L G I ETAGG YV MTNIULTII KU RNTTTIUPTIKGQTQT F
CCCCTGTCCTTGGGTATTGAAACAGCCGGAGGGGTGATGACCAATCTCATCAAGAGAAACACCACCATTCCAACCAAACAGACGCAGACCTTC

T T Y S D NQ PG VL I Q VY E G E R AMTZ XKUDNNIULTULGIK F
ACCACATACTCCGACAACCAACCAGGTGTGTTGATTCAGGTGTATGAGGGAGAGCGAGCCATGACCAAGGACAACAACCTACTCGGAAAGTTC

E L T G I P P A P R GV P QI E V TF DI D ANGTITULUHYV S A
GAGCTGACTGGAATTCCCCCCGCACCCAGGGGTGTCCCCCAGATTGAGGTCACATTTGACATTGATGCCAACGGTATCCTGCATGTGTCAGCT

VvV DK 8§ T G K ENK I TTITTNDI KU KTTITZLDI KT CETETINIZ KUWM
GTCGACAAGAGCACAGGAAAGGAGAACAAAATCACCATTACCAATGACAAAAAGACAATCCTTGACAAGTGTGAGGAGATCAACAAGTGGATG

D Q NQ L A DI KEETFEU HI K QI KETLEGVCNU®PTITITI KTULTYQ
GACCAGAACCAACTGGCCGACAAGGAGGAGTTCGAGCACAAACAGAAGGAACTGGAGGGAGTCTGTAACCCCATCATCACCAAGCTGTACCAG

A S GG A PG GGMZPGGMUPNTFGGGAUPGG GG AUZPGGG S
GCCAGCGGTGGCGCCCCAGGGGGTGGCATGCCTGGAGGAATGCCCAACTTTGGTGGTGGAGCTCCAGGAGGTGGTGCCCCCGGCGGTGGTAGC

G 6 G P T I E E V D Stop
GGTGGTGGACCCACCATTGAGGAGGTCGACTAA

Fig 3. The nucleotide sequence of
the Cghsp70 gene and the predicted
amino acid sequence (bold charac-
ters). The characteristic motifs of the
Hsp70 family are underlined.

weight of wet tissue (gwwt), respectively. An exposure
to 4 and 0.4 uM of Cd** entailed an increase of cadmium
concentration in tissue from 0.4 to 60.5 ng Cd/gwwt and
from 0.4 to 15.7 ng Cd/gwwt, respectively. Copper con-
centration varied from 14.5 to 68.6 ng Cu/gwwt and from
14.5 to 37 ng Cu/gwwt in oysters exposed to 0.4 and 4
uM of Cu**, respectively. In animals exposed to a mix-
ture of these 2 metals, cadmium concentration increased
from 0.4 to 5.6 ng Cd/gwwt, whereas copper concentra-
tion did not vary.

DISCUSSION

In this study, we report the sequence of 2 Hsp70 genes
Cghsc70 and Cghsp70 from a marine bivalve, the oyster C
gigas. The coding region of the Cghsc70 gene was inter-
rupted by 5 introns, which is suggestive of constitutive
expression (Giinther and Walter 1994). It was suggested

that the lack of introns in heat-induced hsp70 members
may help to circumvent the block in ribonucleic acid
(RNA) splicing by heat shock and allow the rapid syn-
thesis of proteins (Kay et al 1987; Jie et al 1996). This
characteristic enables preferential expression of these pro-
teins during periods of stress, with the nuclear export
signal probably being provided by the messenger RNA’s
secondary or tertiary structure (Huang et al 1999). The 2
genes have an open-reading frame coding for proteins
possessing the same characteristics as those described in
other species and contain the 3 characteristic motifs
(IDLGTTYS, DLGGGTEFD, and EEVD) of the Hsp70 fam-
ily (Gupta and Singh 1994), confirming that the gene se-
quences obtained encode Hsps70. Moreover, our sequenc-
es present a high degree of homology with amino acid
sequences of Hsp70 from other species. A notable feature
of the protein is the presence of 2 consecutive repeats of
the tetrapeptide motif GGMP (Demand et al 1998) and
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Fig 4. Southern blot of gill genomic deoxyribonucleic acid (DNA)
from a single adult oyster, digested with BamHI (1), EcoRlI (2), and
Hindlll (3), then electrophoresed and probed with Cghsc72 cDNA at
high stringency. Marker is a 1-kb DNA Ladder (Eurogentec, Bel-
gium).

T ——— o

66,2 —

M 1 2

Fig 5. Western blot of digestive gland protein sample from control
(1) and cadmium-exposed (2) oyster electrophoresed and probed
with anti-Cghsc72 antibody. Marker (M) is sodium dodecyl sulfate—
polyacrylamide gel electrophoresis standard broad range (Bio-Rad).

the pentapeptide motif GGGAP at its C-terminal region.
Similar sequences have been observed in hsp70 genes
from other organisms such as Rattus (O’Malley et al
1985), Homo sapiens (Dworniczak and Mirault 1987), Plas-
modium (Sheppard et al 1989), and Setaria digitata (Jayas-
ena et al 1999). Identification of GGMP repeats, as well
as the presence of the cytosolic Hsp70-specific motif
EEVD at the C-terminus (Freeman et al 1995; Demand et
al 1998; Vayssier et al 1999) of the CgHsc70-Hsp70 se-
quences, strongly suggests that these proteins are cyto-
solic 70-kDa Hsp.
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A recombinant Hsps70-CgHsc72 from the Pacific oys-
ter C gigas was synthesized for use as an antigen in the
development of antibodies and an immunochemical de-
tection procedure. This protein was obtained by induction
of Cghsc72 cDNA in a protein expression system. The
cross-reactivity of the rabbit anti-CgHsc72 IgG with
Hsp?70 of C gigas supported the suitability of the antibod-
ies as reagents to quantify soluble Hsp70 in samples col-
lected from animals exposed to different stress. ELISA
developed in this study permitted the specific and sen-
sitive quantification of soluble Hsp70 in protein extracts
from molluscs exposed to metals in the laboratory. Our
results showed that the Hsp70 level is not significantly
different in the 2 organs studied (gills and digestive
gland). Quantities of 63.4 = 3.6 mg Hsp/g and 63.1 =
3.9 mg Hsp/g protein, about 6% of total protein, in the
gills and the digestive gland, respectively, were measured
in control oysters. Feige and Polla (1994) reported a figure
of about 5% under normal conditions (without stress) in
other organisms. We showed that the Hsp70 level de-
creased significantly in oysters during experimental met-
al exposure. We also observed that metal concentration
increased significantly in oyster tissues during the ex-
posure experiments. Several studies carried out in mol-
luscs showed a significant Hsp70 induction in animals
exposed to xenobiotics and heat for a short period (no
longer than 24 hours and 2 hours, respectively). An in-
crease in Hsp70 was observed in heat-shocked C gigas
(Clegg et al 1998, Gourdon et al 2000) and in heat-
shocked and oil-contaminated mussels, M galloprovincialis,
and abalones, Haliotis rufescens (Snyder et al 2001). An
increase in Hsp70 concentration was also observed in
cadmium-contaminated mussels, M edulis, and limpets,
Collisella pelta (Sanders 1988). Conversely, Veldhuizen-
Tsoerkan et al (1991) found no variation in Hsp70 levels
in sea mussels, M edulis, caged in seawater with various
concentrations of cadmium. Our results showed an in-
verse relationship between contaminants and Hsp70,
which contrasted with those described by Sanders (1988).
The disparity may be attributed to our use of metal con-
centrations 4- to 40-fold greater than those used by Sand-
ers (1988). A hypothesis could be made: it is possible that
at these concentrations, the average degradation rate of
Hsp70 will exceed its synthesis rate because of cytopatho-
logical damage, such as ruptured membranes in many
cells (Pawert et al 1996; Triebskorn and Kohler 1996; Quig
1998). We previously described a similar phenomenon in
C gigas collected from metal-contaminated sites, in which
the metallothionein concentrations decreased in gills and
digestive gland of oysters collected from the most con-
taminated site (Boutet et al 2002). A similar Hsp70 syn-
thesis inhibition was observed in the earthworm Lumbri-
cus terrestris exposed to a variety of metals (lead, cadmi-
um, and copper) (Nadeau et al 2001). An inhibitory effect
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Fig 6. Quantification of soluble heat shock proteins 70 (mean = SE) by enzyme-linked immunosorbent assay in the gills (A, B, and C) and
in the digestive gland (D, E, and F) of C gigas exposed to copper and cadmium (A and D), cadmium (B and E), and copper (C and F).

of metals, particularly copper, was also described in the
seaweed Enteromorpha intestinalis (Lewis et al 2001). These
authors observed that high copper concentrations ap-
peared to damage protein synthesis, therefore impairing
the Hsp70 response. The decline in Hsp70 levels was a
result of a decreased total protein content of the algae.
Such inhibition of protein metabolism by copper has been

reported by other authors (Steinert and Pickwell 1988;
Fernandes and Henriques 1991; Lage et al 1994). Steinert
and Pickwell (1988) found that mussel tissues exposed to
150 wg/L copper before metabolic labeling failed to in-
corporate any radiolabel and suggested that it was the
result of translational inhibition.

In this study, we characterized, for the first time, hsc70

Cell Stress & Chaperones (2003) 8 (1), 76-85
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and hsp70 genes in the oyster C gigas. These 2 genes ex-
hibit the characteristic motifs of the Hsp70 family. ELISA
developed in this study allowed us to specifically and
rapidly quantify soluble Hsps70 in tissues from a marine
mollusc. This immunological method has the advantage
of quantifying the protein of interest, unlike the com-
monly used Western blot analysis (Clegg et al 1998; Na-
deau et al 2001), which gives only a semiquantitative es-
timation of Hsp70 quantities. Finally, ELISA developed in
this study showed that Hsp70 synthesis was inhibited by
high metal contamination, as described earlier (Nadeau
et al 2001).
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