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Expression of heat shock protein 70
in the thermally stressed Antarctic
clam Laternula elliptica
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Abstract Heat shock protein 70 (designated Laternula elliptica Hsp70 (LEHsp70)) expression was investigated in an
Antarctic mud clam to see whether or not the inducible heat shock response has been conserved throughout over 25
million years of adaptation to constant low environmental temperatures. LEHsp70 cDNA was cloned and sequenced
from the Antarctic clam Lafernula elliptica. We used degenerated primers designed in the highly conserved regions of
Hsp to amplify the corresponding mRNA, and full-length cDNA was obtained by rapid amplification of cDNA ends
(RACE). The full length of LEHsp70 cDNA was 2470 bp, with a 5’ untranslated region (UTR) of 92 bp, a 3" UTR of
416 bp, and an open reading frame (ORF) of 1962 bp encoding a polypeptide of 653 amino acids with an estimated
molecular mass of 71.266 kDa and an estimated isoelectric point of 5.20. LEHsp70 contained highly conserved func-
tional motifs of the cytosolic Hsp70 family. Expression of the LEHsp70 gene was quantified by quantitative reverse
transcriptase—polymerase chain reaction (RT-PCR) of digestive gland and gill tissues. Heat shock (10°C for different
time periods) caused rapid induction of LEHsp70. A significant 4.6 = 0.14-fold increase in the LEHsp70/B-Actin mBNA
ratio occurred in the gill at 12 hours, which returned to baseline after 48 hours. In contrast, the maximum expression
in the digestive gland (3.6 = 0.36) was reached at 24 hours and was still significant after 48 hours (1.89 = 0.21). This
indicates that LEHsp70 may play an important role in mediating thermal stress and tolerance in this clam.

INTRODUCTION lutionarily conserved mechanism for maintaining cellular
homeostasis following sublethal noxious stimuli, includ-
ing oxygen radicals, toxicants, and inflammatory stress
(Lindquist 1986; Lindquist and Craig 1988). Disruption
of normal cellular processes can cause rapid increased

The Antarctic clam Laternula elliptica, which is endemic to
the Antarctic, is one of the most abundant macrobenthic
species in the Antarctic coastal region. It has been rec-
ognized as an important sentinel species for monitoring

changes in coastal ecosystems (Ahn et al 1996; Choi et al
2007; Park et al 2007). Isolated from the rest of the world,
L elliptica has evolved under a cold and thermally stable
environment for many millions of years. To understand
the process of evolution and adaptation of this bivalve
species that has survived under extremely cold environ-
mental conditions, it is necessary to understand its bio-
chemical and molecular mechanisms of thermal tolerance.

In the current period of global warming, temperature
likely is a major factor affecting the growth and survival
of L elliptica and possibly many other Antarctic organ-
isms. Almost all organisms react to thermal stress by in-
creasing the expression of a set of proteins known as heat
shock proteins (Hsps). The heat shock response is an evo-
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synthesis of a group of proteins belonging to the Hsp
families. These proteins have been classified into several
families based on their molecular mass, such as Hsp90
(85-90 kDa), Hsp70 (68-73 kDa), Hsp60, Hsp47, and low
molecular mass Hsps (16-24 kDa). Functionally, the
Hsp90 family is involved in steroid receptor formation
and protein folding (Zhao and Houry 2005); Hsp60 me-
diates protein stability and folding (Fink 1999); and the
Hsp70 family is necessary for protein folding, multimer
dissociation and association, translocation of proteins
across membranes, and regulation of the heat shock re-
sponse (Hartl et al 1992; James et al 1997). Many other
specific functions, including a role in immunological pro-
cesses, have been characterized for particular Hsp types.

Of these proteins, the Hsp70s are among the mostly
highly conserved proteins known (Boorstein et al 1994).
A major inducing factor for Hsp70 upregulation is the
occurrence of damaged cellular protein (Feder and Hof-
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Table 1 Sequences, directions, and positions of polymerase chain reaction (PCR) primers used
for the cloning of a full Hsp70 cDNA of Laternula elliptica

Gene target Oligo Primer DNA sequence® (5'-3')
Hsp70
Cloning primer HspF GATGCNGCYAAGAACCARGTRGC
HspR ACGACCTTTGTCRTTRGTGATGGTGA
5' RACE® HspGSF CCATCGCTCAAGACAGTAARAGGCC
3' RACE HspGSR TATTCTCAACGTCTCTGCCGCTGAC
Real-time PCR F AGATGAGGCTGTTGCATACG
R GGTGACGTCAAGARGAAGCA
B-Actin
Real-time PCR ACTF GGTCGTACCACAGGTATTGT
ACTR CATCAGGTAGTCGGTCAAAT

2N, A/IC/G/T; Y, C/T; R, A/G.
® RACE, rapid amplification of cDNA ends.

mann 1999), and the regulation of Hsp70 gene expression
occurs mainly at the transcriptional level. It is likely that
Hsp70 contributes to the protection of cellular proteins
by functioning as a molecular chaperone. Although little
is known about the specific contribution of Hsp70 and its
chaperone activity to the development of thermal toler-
ance, the level of this resistance correlates to the level of
Hsp70 expression in individual clonal cell lines (Smith
and Yaffe 1991; Li et al 1992; Parsell and Lindquist 1993).
Hsp70 genes have been cloned from several bivalve
species, including the oysters Crassostrea gigas (Gourdon
et al 2000; Isabelle et al 2003), C virginica (Rathinam et al
2000), and Ostrea edulis (Boutet et al 2003); a mussel, My-
tilus edulis (Luedeking and Koehler 2004); and a scallop,
Chlamys farreri (Wu et al 2003). Also, recent studies in
different species of mollusks have reported the relevant
physiological roles of heat shock gene expression in ther-
mal tolerance (Buckley et al 2001; Rossi and Snyder 2001;
Hamdoun et al 2003; Tomanek and Sanford 2003; Piano
et al 2005). Interestingly, the absence of inducible Hsp
gene expression by thermal stress was reported in an
Antarctic fish, Trematomus bernacchii (Hofmann et al 2000),
and an Antarctic ciliate, Euplotes focardii (La Terza et al
2004), which suggest that the inability of heat shock to
induce Hsp supports the loss of the regulation pathway
in the Hsp gene expression during evolutionary history;
therefore, the characterization of the heat shock response
in Antarctic ectothermal organisms is likely to be essen-
tial for elucidating their evolution and adaptation. Here
we report the full Hsp70 cDNA sequence and its deduced
amino acid sequence in L elliptica. In addition, we ex-
amine whether L elliptica has at all preserved capacities
for inducing a heat shock response and the relative pat-
tern of Hsp70 mRNA expression on acute warming.

MATERIALS AND METHODS
Organisms and heat exposure experiments

Laternula elliptica (shell length ~ 80 mm) were hand col-
lected by scuba divers from depths of 20 to 30 m in Mar-
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ian cove near King Sejong Station on the northern Ant-
arctic Peninsula (62°13'S, 58°47'W) in January 2006. After
acclimation to experimental conditions (ca. 1.0°C) for 2
days, the clams were thermally challenged at 10°C over a
48-hour period without feeding.

Hsp70 cDNA cloning

Total RNA was extracted from the digestive gland and
gill using Trizol reagent (Invitrogen Co, Grand Island,
NY, USA). Concentration of total RNA was determined
by measuring ultraviolet (UV) absorbance at 260 nm.
RNA purity was checked by determining the Auq/Ass
ratio, and its integrity was checked by formaldehyde aga-
rose gel electrophoresis. Single-strand cDNA was synthe-
sized from 1 mg total RNA in a final volume of 20 pL
containing 50 pM Oligo-dT,, 50 mM Tris-HCI (pH 8.3),
75 mM KCl, 3 mM MgCl,, 50 mM DTT, 0.75 U Rnasin,
0.2 mM of each dNTF, and 1 U MMLYV reverse transcrip-
tase (Promega, Madison, WI, USA). Reactions were in-
cubated for 90 minutes at 42°C and terminated by heating
at 95°C for 5 minutes. Degenerated primers for amplify-
ing an LEHsp70 cDNA fragment of about 1300 bp from
L elliptica were designed on the basis of known mollusk
Hsp70s (Table 1). A polymerase chain reaction (PCR) was
performed with 0.1 ug of cDNA as a template in PCR
buffer containing 3 mM MgCl,, 0.2 mM dNTPs, and 0.2
uM of each primer in 50 WL PCR was carried out at 94°C
for 2 minutes, followed by 30 cycles of 94°C for 30 sec-
onds, 58°C for 30 seconds, 72°C for 2 minutes, and a final
extension at 72°C for 10 minutes. The PCR products were
gel-purified and subcloned into pCR2.1-TOPO (Invitro-
gen).

Rapid amplification of cDNA ends

Sequences obtained by reverse transcriptase (RT)-PCR
were used to design specific oligonucleotides to perform
3" and 5' rapid amplification of cDNA ends ([RACE], Ta-



ble 1). The RACE reactions were performed according to
the instructions of the Capfishing full-length cDNA kit
(Seegene, Seoul, Korea). Full-length first-strand ¢cDNA
was synthesized with oligo (dT)-annealing control prim-
er (ACP) with the following amplification conditions: 0.2
mM each of dANTP, 10 mM Tris-HCI (pH 8.8), 50 mM
KCl, 1.5 mM MgCl,, 0.2 pM of genespecific primers, 0.2
uM of 5'/3'-RACE primers, and 1 unit of Taqg DNA poly-
merase. The program for PCR amplification was as fol-
lows: 1 cycle at 94°C for 5 minutes, 50°C for 1 minute, and
72°C for 2 minutes; 35 cycles at 94°C for 30 seconds, 58°C
for 30 seconds, 72°C for 2 minutes; and a final extension
at 72°C for 10 min. The resulting RACE products were
separated on a 1.5% agarose gel and subcloned into
pCR2.1-TOPO (Invitrogen).

Real time RT-PCR

The mRNA levels of LEHsp70 were measured by real-
time quantitative RT-PCR amplification. PCR amplifica-
tions were performed in 25-uL reactions containing
cDNA generated from 2.5 ng of original RNA template,
0.2 uM each of gene-specific forward and reverse primer
(Table 1), and 12.5 pL of 2X QuantiTect SYBR Green PCR
Mix (Takara, Tokyo, Japan). The amplified signals were
detected continuously with the Smart Cycler System II
(Cepheid, Sunnyvale, CA) and were detected with SYBR
Green as a double-stranded DNA-specific fluorescent dye
that is included in the SYBR Green qPCR premix (Taka-
ra). The amplification protocol was as follows: initial 15-
second denaturation and enzyme activation at 95°C, 45
cycles of 95°C for 5 seconds, 52°C for 15 seconds, and
72°C for 15 seconds. The B-actin gene of L elliptica was
used as a reference to normalize the expression levels be-
tween samples. All data were expressed relative to B-ac-
tin to compensate for any difference in reverse transcrip-
tase efficiency. All experiments were analyzed in tripli-
cate. Data were collected as Ct (PCR cycle number where
fluorescence is detected above a threshold and decreases
linearly with increasing input target quantity) using
Smart Cycler optical system software version 2.0 (Cephe-
id, Sunnyvale, CA, USA). The Ct of each sample was used
to calculate ACt values (target gene Ct subtracted from
B-actin Ct). The relative gene expression—fold change was
determined by the 2-ddCt method (Livak and Schmittgen
2001). All data were expressed as the means * standard
deviation (SD) and analyzed by an unpaired Student
t-test after normalization. Differences were considered
statistically significant at P < 0.05.

DNA sequence analysis

The sequences of RT-PCR and RACE products, cloned in
pCR2.1-TOPO, were sequenced on a fluorescent automat-
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ed sequencer from both the 5" and 3’ ends with the ABI
PRISM dye terminator cycle sequencing ready reaction kit
(Applied Biosystems, Foster City, CA, USA). Complete se-
quences were analyzed by searching for similarities using
the BLASTX search program in the National Center for
Biotechnology Information (NCBI) GeneBank.

RESULTS

cDNA cloning and sequencing of the LEHsp70 gene of
L elliptica

Hsp70 ¢DNA was amplified by degenerated primers
HspF and HspR (Table 1). Primers were based on regions
that are highly conserved in mollusk Hsp70. The se-
quence comparison of the cDNA fragment obtained con-
firmed the close similarity to known Hsp70 genes. The
complete coding sequence of L elliptica was obtained by
3" and 5 RACE-PCR. The partial Hsp70 sequence was
used to design new specific primers (HspGSF and
HspGSR) to perform these amplifications (Table 1). The
complete cDNA of the L elliptica Hsp70 gene was depos-
ited in GenBank under accession number EF198332.

The full length of LEHsp70 ¢cDNA from L elliptica is
2470 bp, with a single open-reading frame (ORF) of 1962
bp that encodes a protein of 653 amino acids (Fig 1). The
theoretical molecular weight of LEHsp70 based on the
deduced amino acid sequence was calculated to be 71.266
kDa with an isoelectronic point (pI) of 5.20. LEHsp70
cDNA includes a 5’ untranslated region (UTR) located 92
bp upstream of the putative start codon (ATG) and a 3’
UTR of 395 nucleotides that ends in a poly (A) tail. A
possible consensus signal sequence for polyadenylation
(AATAAA) is located 14 bp upstream of the poly(A) tail.
The deduced amino acid sequence of LEHsp70 cDNA in-
cludes 3 typical motifs of the Hsp70 family at residues
9-16 (IDLGTTYS), 199-206 (DLGGGTFD), and 334-339
(IVLVGG). The putative ATP-GTP binding site motif is
located at position 131-138, and the putative bipartite nu-
clear localization signal involved in the selective translo-
cation of LEHsp70 into the nucleus (KK and RRLRT at
positions 250-251 and 261-265, respectively). Also highly
conserved, the cytoplasmic Hsp70 carboxyl terminal re-
gion of EEVD is included at position 650-653 (Fig 1).

Primary structure comparison

The BLAST program analysis showed that the nucleotide
sequence of the LEHsp70 gene shares homology with
other known Hsp70 genes, indicating that the cloned gene
encodes Hsp70 protein. The predicted amino acid se-
quence from this cDNA revealed that it was highly con-
served, and the conservation of the N-terminus was high-
er than that of the C-terminus (Fig 2). Compared to other
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Fig 1. Nucleotide and deduced amino
acid sequences of Laternula elliptica
heat shock protein (Hsp) 70 cDNA. The
consensus polyadenylation signal
(AUUAAA) is double underlined. The
characteristic motifs of the Hsp70 fam-
ily are underlined: three signatures at
positions 9-16, 199-206, and 334-—
339; a putative ATP-GTP binding site
at 131-138; a putative bipartite nuclear
localization signal at 250-251 and
261-265; and the cytoplasmic Hsp70
carboxyl terminal region at 651-654.
The 3’ and 5’ untranslated regions are
in lower case. Positions of the probes
used in semiquantitative reverse tran-
scriptase—polymerase chain reaction
(RT-PCR) to amplify the 97-bp frag-
ment are shown in gray.

invertebrate Hsp70 genes, the nucleotide sequence had
64%—-76% identity, but its deduced amino acid sequence
had 71%-87% identity. LEHsp70 shows greatest homol-
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that of C farreri and an oyster, Ostrea edulis. The relation-
ships displayed in the phylogenic tree were in general
agreement with traditional taxonomy.

ogy with Hsp70 from the scallop Chlamys farreri (76%

cDNA identity, 87% protein identity; 94% protein simi-
larity). Based on the sequence of LEHsp70, a phylogenetic
tree was constructed using the programs CLUSTAL X1.83
and PAUP 4.0 (Fig 3). LEHsp70 clustered together with

Expression of Hsp70 in response of thermal stress

Semiquantitative RI-PCR was used to examine the time-
dependent expression pattern of LEHsp70 in the diges-
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tive gland and gill of L elliptica under thermal stress. The
mRNA expression of LEHsp70 at different time points
after thermal treatment (10°C) are shown in Figure 4. The
mRNA transcript of LEHsp70 could be detected both in
the control and treatment groups. In previous work
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cloned the B-actin mRNA partial sequence from L elliptica  level.

(Park

EF198331), and we used B-actin as an internal standard

et al, unpublished data, accession number

DISCUSSION

and normalization to verify the successful transcription

and to calibrate the cDNA template for corresponding
samples. After 6 hours of heat treatment, the expression
of the LEHsp70 gene was upregulated and reached the
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Fig 2. Multiple alignments of the de-
duced amino acid sequences of
LEHsp70 with heat shock protein (Hsp)
70s of other known bivalves. The Hsp ab-
breviations, species, and the GenBank
accession numbers are as follows:
CFHsp70, Chlamys farreri, AY206871;
MYHsp70, Mizuhopecten yessoensis,
AY485262; AlHsp70, Argopecten irradi-
ans, AY485261; OEHsp70, Ostrea edu-
lis, CAC83010; CGHsp70, Crassostrea
gigas, AAD31042; CVHsp70, Crassos-
trea virginica, CAB89802; MGHsp70, and
Mytilus galloprovincialis, CAE51348.

highest level at 12 hours in the gill. After 24 hours, the
expression of LEHsp70 decreased gradually and returned
to the control level. However, the expression of the
LEHsp70 gene reached its highest point at 24 hours in
, we the digestive gland where it maintained a relatively high

Antarctic clams are thought to have gained a unique
adaptive mechanism to extremely cold environments dur-
ing several million years of evolution. To address the pos-
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Fig 3. Phylogenetic tree of heat shock protein (Hsp) 70 family
members constructed with the neighbor-joining method. Numbers at
each branch indicate the percentage of times a node was supported
in 1000 bootstrap pseudoreplications by neighbor joining. The Hsp
abbreviations, species, and the GenBank accession numbers are as
follows: SCHsp70, Saccharomyces cerevisiae, AAA63574;
RNHsp70, Rattus norvegicus, AAA17441; HSHsp70, Homo sapiens,
AAA52697; BTHsp70, Bos taurus, AAA03451; DRHsp70, Danio re-
rio, AAH56709; OTHsp70, Oncorhynchus tshawytscha, Q91233; the
other abbreviations are as in Fig 2.

sibility that such cold-adapted species retain a highly
conserved cellular response to heat stress, we determined
the full-length sequence of Hsp70 cDNA from Laternula
elliptica, the first Hsp70 gene sequence reported for an
Antarctic clam. The full-length cDNA of the LEHsp70
gene is 2470 bp, which encodes a polypeptide of 653 ami-
no acids with several highly conserved functional motifs,
such as 3 conserved Hsp70 family signatures, an ATP/
GTP binding motif, and a bipartite nuclear targeting se-
quence. In addition, a notable feature of LEHsp70 is the
presence of 2 consecutive repeats of the tetrapeptide mo-
tif GGMP and cytosolic Hsp70-specific motif EEVD at the
C-terminus. Structural and phylogenetic features of
LEHsp70 suggest that it encodes cytosolic Hsp70. Al-
though regions of homology extend throughout the
Hsp70s, the C-terminal region has greater divergence.
The variation in sequences in the C-terminus has func-
tional consequences in proteins that may determine the
functional specificity of individual Hsps. Biochemical and
structural analyses showed that Hsp70 consists of a high-
ly conserved N-terminal, 44-kDa, ATP-binding and
ATPase activity domain, a less well conserved, 18-kDa,
peptide-binding domain involved in the interaction with
cochaperones, and a C-terminal, 10-kDa, variable domain
that may form a lid over the peptide-binding pocket (Ru-
diger et al 1997; Zhu et al 1996). Remarkably, the C-ter-
minal domain of LEHsp70 from residues 546 to 653 has
a high glycine content (18.52%). The variations in se-
quence in the C-terminal region have functional conse-
quences in proteins, as they drastically modify the posi-
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Fig 4. mRNA expression level of LEHsp70 at different time points
after heat treatment. Transcript levels for all samples were assessed
by semiquantitative reverse transcriptase—polymerase chain reac-
tion (RT-PCR) with SYBR Green, and the relative expression of
Hsp70 was obtained relative to B-actin expression. Values are ex-
pressed as means * standard deviation of the relative variations
(fold induction) between each treatment and control sample; aster-
isks above the bars indicate differences from the control sample that
are statistically significant (*P < 0.05).

tion of the helical subdomain that appears to function as
a latch for access to the binding site (Fuertesa et al 2004).
Although the function of the C-terminal 10-kDa domain
has not been revealed, this may indicate that the C-ter-
minal domain of glycine-rich repetitions of the tetrapep-
tide GGMP of unknown function and the EEVD motif at
the extreme C-terminus together form a structural entity
that mediates cofactor binding. Unfortunately, few studies
of the molecular or biochemical characterization the
Hsp70 gene of Antarctic bivalves are available, and we
do not know whether such a C-terminal feature is re-
sponsible for their evolutionary cold adaptation.

Several studies have confirmed the rapid expression of
proteins of the Hsp70 family in aquatic organisms as a
result of osmotic (Smith et al 1999), heavy metal (Geraci
et al 2004), and thermal (Piano et al 2002, 2004) stress.
Franzellitti and Fabbri (2005) showed that Hsp70 isoforms
were induced immediately after 1 hour of heat shock in
a mussel. Also, Piano et al (2002) reported that Hsp ex-
pression in response to heat shock was detectable up to
14 days in elevated protein levels. The analysis of
LEHsp70 expression showed that LEHsp70 was ex-
pressed ubiquitously in both gill and digestive gland, in-
dicating that LEHsp70 also is synthesized under un-
stressed conditions. LEHsp70 expression significantly in-
creased after thermal exposure of L elliptica to 10°C and
remained at a steady level or decreased after 24 h.
LEHsp70 mRNA clearly was detectable in both tissues 6
hours after heat stress, whereas a lag time was needed
for its expression in the digestive gland. Although it is



difficult to distinguish whether the transcript can be si-
multaneously or differentially modulated by stress, the
gill is likely the most sensitive organ in that it is directly
exposed to the external environment. Thus, the organ-
specific response to thermal stress found in this study is
in good agreement with previous studies in other mol-
lusks (Franzellitti and Fabbri 2005; Piano et al 2005).

Global warming is one of the major factors affecting
survival, especially of Antarctic species like L elliptica that
live in thermally stable environments. Hsps have received
the most attention in organisms as part of a suite of stress
indices because their expression is highly variable in the
presence or absence of stimuli. Our study demonstrates
the first complete unit of the Hsp70 gene in an Antarctic
clam. Our findings suggest that the LEHsp70 gene is ex-
pressed in response to thermal stress, and therefore may
play an important role in thermal tolerance. Furthermore,
comparative studies between Antarctic species with and
without inducible Hsp genes can provide clues to under-
standing adaptation and evolutionary processes in this
extremely harsh environment.
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