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Abstract Heat shock protein 90 (HSP90) is a highly
conserved molecular chaperone that plays a key role in
protein synthesis, folding, denaturation prevention, and
signal transduction. We cloned the complete complementa-
ry DNA (cDNA) sequence of the Laternula elliptica
HSP90. The full-length cDNA was 2,823 bp in size and
contained an open reading frame of 2,190 bp that was
translated into 729 amino acids with a calculated molecular
weight of 83.4 kDa. The deduced amino acid sequence of
HSP90 showed the highest homology to Haliotis
tuberculata HSP90 (83%). Reverse-transcriptase poly-
merase chain reaction analysis revealed the presence of
HSP90 transcripts in all of the tissues examined. We also
studied the transcriptional expression pattern of HSP90
exposed to thermal stress with real-time polymerase chain
reaction. The relative expression level of HSP90 messenger
RNA was upregulated and peaked at 12 h in the digestive
gland and at 24 h in the gills, then dropped progressively.
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Introduction

Heat shock proteins (HSPs) are ubiquitous, highly con-
served proteins found in all eukaryotes and prokaryotes.
They play an important role in protecting organisms from

damage following sublethal noxious stimuli, including
oxygen radicals, toxicants, and inflammatory stress
(Lindquist 1986; Lindquist and Craig 1988). HSPs can
be divided into five families based on their molecular
weight: HSP100, HSP90, HSP70, HSP60, and the small
HSP20 (Nover and Scharf 1997). The mechanism of
HSP70 molecular chaperones has been well characterized
(Gething and Sambrook 1992; Johnson and Craig 1997;
Saibil 2008), while the HSP90 family is the least
understood in cellular function.

HSP90s are highly conserved molecular chaperones that
account for 1% to 2% of all cytosolic proteins in most cells
under non-stress conditions (Parsell and Lindquist 1993).
They are ATP-dependent molecular chaperones, absolutely
essential for cell viability under all growth conditions
(Borkovich et al. 1989), especially for the refolding of
denatured proteins; moreover, they prevent protein dena-
turation and assist in protein transport across organellar
membranes (Schatz and Dobberstein 1996; Young et al.
2001). They also play key roles in the maturation of signal
transduction proteins, such as hormone receptors, protein
kinases, and nitric oxide synthase, by forming specific
complexes (Csermely et al. 1998; Garcia-Cardena et al.
1998; Imai and Yahara 2000; Richter and Buchner 2001).
Although more than 100 genes belonging to the HSP90
family exist in various organisms (Chen et al. 2006), little is
known about HSP90 genes in mollusks (Tomanek and
Somero 1999; Ochoa et al. 2002; Farcy et al. 2007; Gao et
al. 2007). To the best of our knowledge, full-length
complementary DNA (cDNA) sequences of HSP90s have
been cloned from only five mollusk species, Haliotis
tuberculata, H. asinina, Chlamys farreri, Crassostrea
gigas, and Argopecten irradians (Farcy et al. 2007; Gao
et al. 2007, 2008; Gunter and Degnan 2007; Choi et al.
2008).
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The bivalve Laternula elliptica, which is endemic to the
Antarctic, is one of the most abundant macro-benthic
species in the Antarctic coastal region and has evolved
under a cold and thermally stable environment for many
millions of years (Ahn et al. 1996). In this paper, we report
the molecular cloning of a full-length cDNA encoding
HSP90 from L. elliptica and compare the expression
patterns in transcriptional induction of HSP90 by semi-
quantitative real-time reverse transcriptase-polymerase
chain reaction (RT-PCR).

Materials and methods

Animal collection and heat exposure

Specimens of L. elliptica (shell length, ca. 80 mm) were
hand-collected by SCUBA divers from depths of 20–30 m
in Marian Cove, near King Sejong Station on the northern
Antarctic Peninsula (62°13′ S, 58°47′ W) in January 2006.
The temperature treatment experiment was performed as
described previously (Park et al. 2007). Briefly, the samples
were divided into two groups and acclimated under
conditions equivalent to those of the field temperature (ca.
1.0°C) with a constant air supply. After acclimation for
2 days, one group was transferred to water at 10±1°C to
induce acute heat stress, and the other group was kept at the
control temperature (1.0±1°C) with well-aerated natural
seawater and without feeding.

cDNA library construction and nucleotide sequencing
analysis

Total RNA was isolated using the TRIzol procedure
(Invitrogen, Frederick, MD, USA) and then precipitated in
ethanol. The messenger RNA (mRNA) was isolated from
total RNA using Oligotex mRNA spin columns (Qiagen,
Valencia, CA, USA). The cDNA library was constructed
using the ZAP-cDNA synthesis kit and ZAP-cDNA Giga-
pack III Gold Cloning Kit (Stratagene, La Jolla, CA, USA)
following the manufacturer’s instructions. In total, 2,592
randomly collected clones were sequenced using an ABI
Prism 3730 automated sequencer (Applied Biosystems,
Foster City, CA, USA). The partial HSP90 cDNA sequen-
ces were obtained from this expressed sequence tag (EST)
library (Park et al. 2008).

Cloning the full-length HSP90 cDNA

Sequences obtained from the EST library were used to
design specific oligonucleotides to perform 3′- and 5′-RACE
for HSP90 (5′-CCT CGA GCT CAA CCC CGA CCA-3′
and 5′-TCT CCT CTA GGT ACT CGG CCT GAT-3′,

respectively). The RACE reactions were performed accord-
ing to the instructions provided with the Capfishing full-
length cDNA kit (Seegene, Seoul, South Korea). Full-length
first-strand cDNAs were synthesized using an oligo (dT)-
annealing control primer (ACP) under the following ampli-
fication conditions: 0.2 mM of each dNTP, 10 mM Tris–HCl
(pH 8.8), 50 mM KCl, 1.5 mM MgCl2, 0.2 μM of gene-
specific primers, 0.2 μM of 5′/3′-RACE primers, and 1 U
Taq DNA polymerase. The program for PCR amplification
was as follows: 1 cycle at 94°C for 5 min, 50°C for 1 min,
and 72°C for 2 min; 35 cycles at 94°C for 30 s, 65°C for
30 s, 72°C for 3 min, and a final extension at 72°C for
10 min. The resulting products were separated on a 1.5%
agarose gel and subcloned into pCR2.1-TOPO (Invitrogen).

Phylogenetic analysis

Phylogenetic trees were constructed using the amino acid
sequences from various organisms, including vertebrates
and invertebrates. The amino acid sequences were aligned
using Clustal W software (Thompson et al. 1997).
Molecular phylogenetic trees were constructed using the
neighbor-joining method from the phylogenetic component
of the MEGA4 software (Center for Evolutionary Func-
tional Genomics, Tempe, AZ, USA). Support for major
nodes was evaluated by bootstrapping; 1,000 bootstrap
replicates of the whole data set were generated.

Tissue expression analysis

The expression of HSP90 mRNA in various tissues was
examined by RT-PCR. Samples (2 μg) of total RNA from
the gonads, digestive gland, mantle, gill, and intestine were
reverse-transcribed with an oligo (dT) primer. The ampli-
fication of HSP90 mRNAs, and of β-actin mRNA
(GenBank accession number EF198331), which was used
as an internal PCR control, was performed using two pairs
of specific primers: HSP90F (5′-AGA GAA CCG CAC
AAT GAC CA-3′) and HSP90R (5′-TTG TCG GCA ACA
AGG TAA GC-3′); and actF (5′-GGT CGT ACC ACA
GGT ATT GT-3′) and actR (5′-CAT CAG GTA GTC GGT
CAA AT-3′). The PCR products were visualized on a UV
transilluminator after electrophoresis on a 1.5% agarose gel
that contained ethidium bromide (0.5 μg/μl).

Quantification of HSP90 mRNA expression by real-time
PCR

The levels of HSP90 mRNA were measured by real-time
quantitative RT-PCR. Amplifications were performed in 25-
μl reactions containing cDNA generated from 2 μg of the
original RNA template, 0.2 μM each of the gene-specific
forward and reverse primers, HSP90F and HSP90R, and
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12.5 μl of Brilliant II SYBR Green QPCR mix (Strata-
gene). The amplified signals were monitored continuously
with the Mx3000P QPCR System (Stratagene), and the
amplification protocol was as follows: initial denaturation
and enzyme activation at 95°C for 15 s, followed by 45
cycles at 95°C for 5 s, 52°C for 15 s, and 72°C for 15 s.
The β-actin gene of L. elliptica was used as a reference to
normalize the expression levels between samples. All data
are expressed relative to β-actin to compensate for any
difference in reverse transcriptase efficiency. All experi-
ments were performed in triplicate. The relative fold change
in gene expression was determined by the 2-ddCt method

(Livak and Schmittgen 2001). All data are expressed as the
mean ± SD and were analyzed by an unpaired Student’s t
test after normalization. Differences were considered
statistically significant at P<0.05.

Results

Identification and characterization of HSP90

Based on the EST sequences, two specific primers, 5′
HSP90 and 3′HSP90, were designed to clone the full-length

Fig. 1 cDNA and deduced amino acid sequences of Laternula
elliptica heat shock protein (HSP) 90. An asterisk marks the
termination codon. The 3′- and 5′-untranslated regions are in

lowercase. Five ATTTA sequence motifs in the 3′-untranslated region
are underlined and the polyadenylation sequence (AATAAA) is
double-underlined

Molecular characterization and induction of HSP90 in L. elliptica 365



cDNA sequence of the HSP90 gene. Using a RACE PCR
approach, two fragments corresponding to the 5′- and 3′-
ends of the HSP90 cDNA were amplified. The full-length
HSP90 cDNA of L. elliptica (designated as leHSP90) was
2,823 bp in size and contained an open reading frame
(ORF) of 2,190 bp, which translated into 729 amino acids
(Fig. 1). The theoretical molecular weight of leHSP90

based on the deduced amino acid sequence was calculated
to be 83.435 kDa, with an isoelectric point (pI) of 4.86. The
leHSP90 cDNA included a 5′-untranslated region (UTR)
located 90 bp upstream of the putative start codon (ATG)
and a 3′-UTR of 563 nucleotides that ended in a poly(A)
tail. The 3′-UTR region contained a consensus signal
sequence for polyadenylation (AATAAA) and five ATTTA

Fig. 2 Alignment of the leHSP90 amino acid sequence of known
HSP90s. The five HSP90 family signature sequences and the
consensus sequence MEEVD at the C-terminus are in shadow. The
amino acids are numbered along the right margin. The common
names, species names, and GenBank accession numbers are as
follows: oyster, Crassostrea gigas, ABS18268; Zhikong scallop,
Chlamys farreri, AAR11781; bay scallop, Argopecten irradians,

ABS50431; abalone, Haliotis tuberculata, CAK95235; zebrafish,
Danio rerio, NP_571403 (HSP90α), O57521 (HSP90β); chicken,
Gallus gallus, CAA49704 (HSP90β); human, Homo sapiens,
NP_005339 (HSP90α), NP_031381 (HSP90β); rat, Rattus norvegi-
cus, NP_786937 (HSP90α), P34058 (HSP90β); bovine, Bos taurus,
NP_001012688 (HSP90α)
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consensus sequence elements. The cDNA sequence of the
leHSP90 gene was deposited in GenBank (accession
number EU831278).

The alignments of the deduced amino acid sequence of
leHSP90 with HSP90s of other species are shown in
Fig. 2. The deduced amino acid sequence of leHSP90 was
highly similar to HSP90s of invertebrates and vertebrates
(more than 76% similarity in all cases), in particular H.
tuberculata (83%), C. farreri (82%), and C. gigas (81%).
The multiple sequence alignment of leHSP90 with other
known HSP90 amino acid sequences revealed that they
were highly conserved, especially in the regions of HSP90

family signatures. All five conserved amino acid blocks
defining the HSP90 protein family signature (NKE[V/I]
F LREL I SN [ S / A ] SDALDK IR , LGT IAKSGT,
IGQFGVGFY[A/S]AYLVAD, IKLYVRRVF, and
GVVDSEDLPLNISRE) and the consensus sequence
MEEVD at the C-terminus were highly conserved in the
leHSP90 sequence (shadow in Fig. 2). An unrooted
phylogenetic tree was created based on the amino acid
distances of the aligned sequences using the neighbor-
joining method with 1,000 bootstrap replications. The
phylogenetic tree exhibited clustering of all vertebrates
into two branches (HSP90α and HSP90β isoforms) and a

Fig. 2 (continued)
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cluster containing all mollusks (Fig. 3). The relationships
displayed in the phylogenetic tree were in general
agreement with traditional taxonomy.

Tissue distribution of leHSP90 mRNA

To examine the tissue distribution profile of the leHSP90
gene, 2 μg of total RNA from the gonads, digestive gland,
mantle, gill, and intestine was reverse-transcribed with an
oligo (dT) primer. The leHSP90 mRNAs were then
amplified sequentially using RT-PCR analysis of different
tissues with primers HSP90F and HSP90R. As an internal
PCR control, the primers actF and actR were used to
amplify a fragment of the housekeeping β-actin gene. A
189-bp fragment of the HSP90 gene was amplified in all
tissues examined (Fig. 4).

Quantification of leHSP90 mRNA expression
after temperature treatment

Real-time RT-PCR was employed to measure the temporal
expression of leHSP90 mRNA in response to external
temperature stimulus. As shown in Fig. 5, the leHSP90
transcript was significantly upregulated (1.7-fold) in the

digestive gland at only 12 h of thermal exposure (P<0.05).
With prolonged exposure time, the expression level of
leHSP90 mRNA dropped back down to the control level.
However, significant differences in the expression levels of
leHSP90 in the gills were observed at 12, 24, and 48 h
compared to the control. The expression of leHSP90
transcripts was gradually upregulated and reached the
highest level (2.7-fold) at 24 h in the gills, and then
dropped to 1.5-fold at 48 h of thermal exposure.

Discussion

The heat shock proteins are a group of proteins that respond
to sudden increases in temperature or exposure to a variety
of other stresses. The HSP90 family is ubiquitous and its
sequences are highly conserved among all species. Hence,
the HSP90 family provides a useful model system for
evolutionary studies (Gupta 1995). In addition, the response
of these proteins to environmental stresses, such as changes
in temperature (Palmisano et al. 2000; Hermesz et al. 2001;
Landais et al. 2001), hyperosmotic shock (Pan et al. 2000),
hypoxia (Li et al. 2008), metal ions (Ali et al. 1996),
polychlorinated biphenyls (Wiens et al. 2000), and also
diseases (Ramaglia et al. 2004) has been examined. Despite
of these various studies, only five complete cDNA
sequences have been reported from mollusks (Farcy et al.
2007; Gunter and Degnan 2007), including three HSP90
cDNA sequences in bivalves (Gao et al. 2007, 2008; Choi
et al. 2008).

Fig. 3 Unrooted phylogeny showing the relationships between the
leHSP90 and HSP90s of other organisms. Branch lengths are
proportional to estimates of evolutionary change. The number
associated with each internal branch is the local bootstrap probability,
which is an indicator of confidence

Fig. 4 Expression of leHSP90 mRNA in various tissues of Laternula
elliptica, as determined by RT-PCR. The β-actin RNA was used as an
internal control. Go gonad, D digestive gland, M mantle, G gill, I
intestine

Fig. 5 Relative leHSP90 mRNA expression levels at different time
points after heat treatment. Transcript levels for all samples were
assessed by semiquantitative RT-PCR with SYBR Green, and the
relative expression levels of leHSP90 were obtained relative to β-actin
expression. Values are expressed as means ± SD of the relative
variations (fold induction) between each treatment (10°C) and the
control sample (1°C); asterisks above the bars indicate statistically
significant differences (*P<0.05)
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In this study, the complete cDNA sequence of an
Antarctic bivalve HSP90 is reported. The full-length cDNA
was 2,823 bp in size, including an ORF of 2,190 bp that
encodes 729 amino acids. The leHSP90 sequence displayed
five ATTTA motifs in the 3′-UTR. The ATTTA consensus
sequence elements are reported to mediate RNA instability
(Sachs 1993), and these multiple ATTTA consensus
sequences suggest functional properties in maintaining
higher levels of HSP90 transcripts. The deduced amino
acid sequence from the leHSP90 cDNA showed high
homology with HSP90 sequences from other organisms,
including invertebrates and higher vertebrates. In bivalve
species, only three HSP90 sequences are known, which
belong to the Zhikong scallop (C. farreri), bay scallop (A.
irradians), and Pacific oyster (C. gigas). The HSP90 of the
Antarctic bivalve L. elliptica displayed high homology with
those of abalone and the Zhikong scallop at 83% and 82%,
respectively. The leHSP90 of the Antarctic bivalve
contained five well-conserved signature peptide sequences,
and the consensus sequence MEEVD at the C-terminus
shared by all cytosolic proteins was identified.

In vertebrates, two isoforms of HSP90, HSP90α and
HSP90β, were found, characterized by the structure of the
glutamine-rich sequence (QTQDQ) at the N-terminus (Gao
et al. 2007, 2008). To date, only one HSP90 isoform has
been identified in invertebrates and found to be close to the
vertebrate β-isoform. The leHSP90 is also more closely
related to the vertebrate β-isoforms due to its lack of
glutamine-rich sequences. Expression of leHSP90 mRNA
was observed in all five of the organs examined. HSP90 is
abundant at 1–2% of the cellular proteins within tissues
under normal, unstressed conditions (Parsell and Lindquist
1993), and HSP90 is deduced to have basic physiological
roles in various organs.

Fluctuation of the environmental temperature can lead to
induction of cellular stress responses, including the HSP
family in mussels (Hofmann and Somero 1995; Farcy et al.
2007; Park et al. 2007). Despite the intense interest in
HSPs, few studies have addressed the HSP90 response to
thermal stress by investigating the intracellular levels of
HSP90 transcripts. In comparison with other heat shock
proteins of this species, the expression of HSP70 at the
transcriptional level was greatly upregulated by thermal
stress in the Antarctic bivalve L. elliptica. Treatment of this
species at 10°C resulted in a 4.6- and 3.6-fold increase in
the mRNA for 12 and 24 h exposure, respectively (Park et
al. 2007). In this study, the HSP90 mRNA showed an
upregulation pattern similar to that of HSP70 when
subjected to acute temperature elevation, but to a lesser
extent (2.7-fold at 24 h in the gills and 1.7-fold in the
digestive gland) compared to the expression levels of
HSP70. However, Farcy et al. (2007) reported an 11-fold
increase in HSP90 transcripts in the hemocytes of heat-

shocked abalone H. tuberculata; in contrast, that of HSP70
increased 4-fold. The present study is the first to report the
upregulation of HSP90 transcripts in response to thermal
stress in molluskan tissues.

Our results demonstrated the relationship between
HSP90 transcriptional change and increases in temperature
in the Antarctic bivalve L. elliptica. The HSP90 transcrip-
tional upregulation following temperature stimulus suggests
that these genes are thermally inducible. Investigations are
in progress to determine the role of other HSPs and novel
mediated proteins in the adaptation and thermal tolerance of
L. elliptica.
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