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is the major protein component of high density lipoprotein (HDL) particles in
serum and participates in the reverse transport of cholesterol from tissues to the liver for excretion. 2DE gel
and protein identification by MALDI-TOF-MS revealed that an apoA-I-like molecule was significantly
decreased in the liver of ayu transferred from freshwater (FW) to brackish water (BW). A full-length cDNA
clone of this protein was subsequently isolated. It contains 1209 bp with an open reading frame of 825 bp,
coding for 275 amino acids with MW 31.1 kDa and pI 5.25. Ayu apoA-I had highest similarity (88.6% amino
acid identity) to that of rainbow smelt. Phylogenetic analysis showed that vertebrate apoA-Is formed two
major groups, representing mammalian–bird–amphibian (M–A) and fish apoA-Is respectively. Ayu apoA-I
was most closely related to rainbow smelt apoA-I. In FW ayu, apoA-I transcripts were present in all tested
tissues including brain, spleen, liver, kidney, gill, muscle, heart and intestine, and highest in liver, brain and
intestine. In BW ayu, the expression levels of apoA-I gene were significantly decreased and almost totally
inhibited in spleen, kidney, gill, heart and muscle. Significant down-regulation of proteins and mRNA in ayu
transferred from FW to BW suggests an involvement in hyperosmotic regulation in this species.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Apolipoprotein A-I (apoA-I) is the major protein component of high
density lipoprotein (HDL) particles in serum and participates in the
reverse transport of cholesterol from tissues to the liver for excretion
(Fielding et al., 1972) as the major activator of lecithin: cholesterol
acyltransferase (LCAT). Since most fish utilize lipids as themajor energy
source in contrast to mammals which mainly use carbohydrates
(Watanabe, 1982), lipid metabolism appears more important for
homeostasis maintenance in fish than that in homeotherms. In
mammals, apoA-I is synthesisedpredominantly in the liverand intestine
(Lamon-Fava et al.,1992;Oku et al.,1997), although it is also found in the
muscle and brain of certain fish and birds (Kondo et al., 2005). The level
of apoA-I mRNA is controlled by hormonal and nutritional factors
(Ribeiro et al., 1991). It is synthesised as a preprotein, proapoA-I, and
cleaved in the plasma to form the mature protein (Gordon et al., 1983).
apoA-I genes have been isolated from a variety of mammalian and non-
mammalian species (Law and Brewer, 1984; Powell et al., 1991;
Magnadóttir and Lange, 2004; Kondo et al., 2005; Kim et al., 2008).

Several other functions have been attributed to apoA-I. It is, for
example, involved in infection and chronic inflammation. ApoA-I has
technology, Ningbo University,
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antibacterial activity (Johnston et al., 2008), and can bind LPS to interrupt
activation of macrophage (Ma et al., 2004). The decrease of plasma levels
of HDL-associated apo A-I upon acute inflammation may be a sign of the
possible development of chronic inflammation (Burger and Dayer, 2002;
Li et al., 2008). ApoA-I is a possible regulatory protein in the fish
complement system acting as an inhibitor of the membrane attack
complex (Magnadóttir and Lange, 2004). In rainbow trout (Oncorhynchus
mykiss), no significant difference in the hepatic expression and plasma
levels of apoA-I was found in groups of healthy and diseased fish
(Villarroel et al., 2007). This is in clear contrast with mammals where
apoA-I has been considered a negative acute response protein (ARP).

Ayu, Plecoglossus altivelis, the sole member of the Osmeriformes
family Plecoglossidae, is an osmerid-like fish found only in streams
and coastal waters of regions in Asia. Possessing a special smell and
good taste, they are considered a popular and highly valued edible fish
in Asia. Moreover, the ayu culture industry is rapidly growing in China.
As the life cycle of ayu spans river, brackish and sea waters, this would
be a suitable fish model for studying the biological responses to
environmental salt changes in aquatic animals. Fish have been shown
to undergo a typical ‘stress response’ under salinity changes, and both
acute and chronic stress can induce many problems including the
susceptibility of fish to disease (Wendelaar Bonga, 1997). In order to
eliminate the influence of stress response induced by salinity changes,
the first step should be to identify proteins involved in this procedure.
In this paper, we report characterization of the ayu apolipoprotein A-I
(apoA-I) protein and show that it is down-regulated when fish are
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transferred from freshwater (FW) to brackish water (BW). Subse-
quently, the full-length cDNA encoding ayu apoA-I was sequenced,
and its phylogenetic relationships with known homologues from
other species were determined. The mRNA expression profiles of ayu
apoA-I gene in BW and FW fish were also analyzed by semi-
quantitative RT-PCR.

2. Materials and methods

2.1. Fish and experimental conditions

About 60 specimens of healthy ayu (Plecoglossus altivelis, Pleco-
glossidae, Osmeriformes), weighing 20–25 g, were obtained from a
Fig. 1. Coomassie brilliant blue G-250-stained 2DE gel of (a) FWayu and (b) BWayu livers. A t
the first dimension, and SDS-PAGE (12%) in the second dimension. Numbers refer to the sel
commercial farm in Ningbo city, China. Fish were kept in freshwater
tanks at 20–22 °C in a recirculating system with filtered water, fed
with commercial pellets once a day, and acclimatized to laboratory
conditions for two weeks before experiments. Then the fish were
subjected to a progressive salinity change to 10 (BW) in four tanks or
to 0 (FW) in the other four tanks over a period of 3 weeks, and fedwith
commercial pellets once a day.

2.2. Sample preparations of two-dimensional gel electrophoresis

Liver tissues of BWand FW fish were quickly washed in a cold rinse
buffer containing 0.2 mM protease inhibitor cocktail (Roche, New
Jersey, USA) to remove cell debris and blood, and were then frozen by
otal of 2.5 mg of proteinwas loaded, and 2D-E was performed using a pH range of 5–8 in
ected protein spot.
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immersion in liquid nitrogen. Sample preparation and solubilization
was performed by slight modification of the SWISS-2D PAGE sample
preparation procedure.

Pooled BW and FW samples were obtained by combining equal
amounts of extracted protein from the 4 fish in each treatment
respectively. Pooled samples are suitable for comparative proteomics
and can avoid the influenceof individual differences (Welch et al., 2005).
Frozen BW and FW samples (approximately 10 mg per group) were
crushed in amortar containing liquid nitrogen, andmixedwith1.0mL of
a solution containing 7 M urea, 2 M thiourea, 4% CHAPS (w/v), 65 mM
DTT, 0.2% v/v Ampholyte and a cocktail of protease inhibitors. The
protein concentration of BW and FW sample groups was determined
according to Bradford (1976) using BSA as a standard curve.

2.3. Electrophoresis and spot analysis

Samples containing 2.5 mg of total protein were loaded in the
rehydration step and separated in horizontal 2DE using ReadyStrip IPG
strips (Bio-Rad, Richmond, CA, USA). Isoelectric focusing (IEF) was
performed using nonlinear immobility pH gradient (IPG) strips
(0.5×180 mm, pH 5.0–8.0), run at 50 V for 14 h; 250 V for 1 h; 500 V
for 1 h; 1000 V for 1 h; 8000 V for 5 h using a Bio-Rad Protean IEF Cell
(Bio-Rad). After equilibration, reduction, and alkylation, the IPG strips
were transferred onto 12% second-dimension gradient slab gels, and
Fig. 2. MALDI-TOF mass spectra of tryptic peptides from the selected spot 4 (Fig. 1), identifi
sequence EL543662) are underlined; sequences covered are shown in bold.
then run on an SDS discontinuous system at 60 mA for 5 h using a Bio-
Rad Criterion Dodeca Cell. Buffers at the anode and cathode were Tris-
CAPS buffer plus 15% methanol and Tris-CAPS buffer plus 0.1% SDS,
respectively. After this second-dimension separation by SDS-PAGE, the
gelswere stainedwith Coomassie brilliant blue G-250. Therewere three
replicates for each sample and the 2DE pictures were analyzed by
PDQuest 2-D analysis software (Bio-Rad).

2.4. Mass spectrometry

The spot of interest was excised from 2DE gels and was sent to the
Research Center for Proteome Analysis, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences for MALDI-TOF-MS
analysis using standard protocols with trypsin as the proteolytic
enzyme. It was then identified by Mascot search against the
EST_chordata chordata_20080308 and peptide mass tolerances
were±150 ppm. A minimum of two additional samples of the same
spot were analyzed in order to confirm the identification.

2.5. Characterization of the cDNA clones encoding ayu apoA-I

Total RNAs were extracted from the liver of a healthy ayu fish using
RNAiso regents (TaKaRa, Kyoto, Japan) and mRNA was obtained using
Oligotex-dT30bsuperN (TaKaRa). The TaKaRa cDNA Library Construction
ed as fish Apo-AI. Tryptic peptides assigned to rainbow smelt Apo-AI (predicted from



Fig. 3. Phylogenetic (Neighbor-joining) analysis of complete Apo-AI amino acid
sequences using the MEGA4.0 program. The values at the forks indicate the percentage
of trees in which this grouping occurred after bootstrapping (1000 replicates; shown
only when N60%). The scale bar shows the number of substitutions per base. Accession
numbers of sequences used are ayu (Plecoglossus altivelis), FM865535; rainbow smelt
(Osmerus mordax), EL543662; brown trout (Salmo trutta), AAA88542; Atlantic salmon
(Salmo salar), NM_001123663; rainbow trout (Oncorhynchus mykiss), NM_001124247;
zebrafish (Danio rerio), NM_131128; rock bream (Oplegnathus fasciatus), EU812516;
European flounder (Platichthys flesus), AJ844288; gilthead seabream (Sparus aurata),
AF013120; torafugu (Takifugu rubripes), NM_001078632; zebra finch (Taeniopygia
guttata), DQ216462; chicken (Gallus gallus), NM_205525; Japanese quail (Coturnix
coturnix japonica), D85133; duck (Anas platyrhynchos), U86131; African clawed frog
(Xenopus laevis), NM_001085930; tropical clawed frog (Xenopus tropicalis),
NM_001005127; Chinese rare minnow (Gobiocypris rarus), EU327775; human (Homo
sapiens), NM_000039; pig (Sus scrofa), NM_214398; mouse (Mus musculus),
NM_009692; horse (Equus caballus), XM_001502469 and rat (Rattus norvegicus),
NM_012738.
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Kit (TaKaRa) was used according to the manufacturer's protocols for
cDNA library construction. A random set of 287 clones were detected
using degenerate primers dApoA-I(+): 5'- GCXGCXATGGCXGTXTAYC
TXGG -3' anddApoA-I (−): 5'-TTXGTYTCYTCXACRTTXGCXAC -3' (A=A,T,
G,C; Y=T,C; R=A,G) which were designed from the result of Mascot
search and were expected to give an amplification product of 440 bp.
The clones with positive amplification were then sequenced and used
for BLASTP searches (http://www.ncbi.nlm.nih.gov/BLAST/). The longest
insert was auto-sequenced by an ABI 3730 automated sequencer
(Invitrogen, Shanghai, China).

2.6. Sequence analysis

The cleavage site of signal peptides was predicted by the SignalP
3.0 program (http://www.cbs.dtu.dk/services/SignalP/). Multiple
alignment was done using ClustalW (http://clustalw.ddbj.nig.ac.jp/).
Phylogenetic and molecular evolutionary analyses were conducted
using MEGA version 4 (Tamura et al., 2007).

2.7. Detection of the mRNA expression profiles of ayu apoA-I using Semi-
quantitative RT-PCR

50 nanograms of total RNA from the gill, brain, heart, kidney, liver,
muscle, and spleen of the FW and BW fish were collected and purified
using RNAiso regents. RT-PCR amplification was done using the RNA
PCR Kit (AMV) Ver.3.0 (TaKaRa) with primers aApoA-I(−): 5'-TGCTCCT
TGTACTCCTCAGC-3' and aApoA-I(+): 5'-GCCTAGACAACCTCCAGAAG-3'
for the amplification of a 439 bp fragment from ayu apoA-I gene. As an
internal PCR control, primers pActin2(+): 5'-TCGTGCGTGACATCAAG-
GAG-3' and pActin2(−): 5'-CGCACTTCATGATGC TGTTG-3' were used to
amplify a 231 bp fragment of the housekeeping β-actin gene.

Semi-quantitative RT-PCRwas optimized (Wong et al., 2007) and the
number of cycles that gave half-maximal amplification used for semi-
quantitative PCR assay of each gene. Semi-quantitative RT-PCR condi-
tions were: denaturing for 2 min at 94 °C, then a calculated number of
cycles (30 for apoA-I, 27 for ß-actin) of denaturing for 30 s at 94 °C,
annealing for 30 s at theoptimized temperature (59 °C for apoA-I, 60.5 °C
for ß-actin) and extension for 30 s at 72 °C; there was a final extension
step of 10 min at 72 °C. The products were electrophoresed on a 2.0%
agarose gel and stained with ethidium bromide. After gel electrophor-
esis, theband intensitieswerequantifiedandanalyzedwith theGelDoc-
It™ Imaging system (UVP, Upland, CA, USA).

2.8. Statistical analysis

Datawere expressed as means±SD and analyzed by one-way analysis
of variance (ANOVA). A Duncan multiple range test was used to identify
means that differed significantly (P≤0.05) from one another.

3. Results

3.1. 2DE gel and protein identification

The 2DE and Coomassie brilliant blue G-250 staining gave
reproducible and reliable results for the three replications. There
were many differentially expressed protein spots in the 2DE gel, and
the acidic part of the FWgel is generally stronger than the same area in
the BW gel (Fig. 1). For our research interests, low molecular weight
proteins in the acidic part were selected for subsequent study. Several
differentially expressed protein spots were subsequently analyzed by
MALDI-TOF-MS and four spots were successfully identified by Mascot
search. Spot 2, 3 and 7 were up-regulated, and identified as
peroxiredoxin 2 (2.0 fold), proglucagon I (1.5 fold) and Spi-1/PU.1
transcription factor (1.6 fold), respectively. Spot 4, the most signifi-
cantly down-regulated protein (98.1 fold), was identified as rainbow
smelt (Osmerus mordax) apoA-I (Fig. 2) with a significant (P b0.05)
expectation score (0.0001). Mascot score of spot 4 was 111 and
sequence coverage was 42%, suggesting that the result was believable.

3.2. Cloning of the full-length cDNA of ayu apoA-I gene

Using the degenerate primers designed from the result of the
Mascot search, 9 out of 287 clones were successfully amplified and
partial sequenced. Those clones showed high sequence similarity to
reported fish apoA-I and shared N99.0% nucleotide identity amongst
themselves. The full-length ayu apoA-I cDNA contains 1209 bpwith an
open reading frame of 825 bp, coding for 275 amino acids with MW
31.1 kDa and pI 5.25. The ATG initiating codonwas at nucleotides (nts)
16–18 and the 3'-UTR was 366 bp long.

3.3. Sequence analysis

Preceding the amino-terminal residue of mature apoA-I is a 24-
amino acid leader sequence which corresponds to an 18-amino acid
prepeptide and a 6-amino acid propeptide. The prepeptide is rich in
hydrophobic amino acids and exhibits other features characteristic of
a signal peptide cleaved between A18 and R19. The 6-amino acid
propeptide of ayu apoA-I (Arg-Ser-Phe-Trp-Gln-His) differs from that
of mammalian apoA-I (Arg-His-Phe-Trp-Gln-Gln), in contrast to
results reported from direct amino acid sequencing (Banerjee et al.,
1985). Therefore, the mature apoA-I is calculated to be 28.6 kDa in
mass and with a pI of 5.15, similar to that shown in 2DE. A common
feature of apolipoproteins is the presence of multiple repeats of 22
amino acids, each of them having an amphipathic α-helical structure.
Such internal repeats can be identified in ayu apoA-I which also
retains proline as the first amino acid of seven of the eight 22-mers
(Fitch, 1977).

http://www.ncbi.nlm.nih.gov/BLAST/
http://www.cbs.dtu.dk/services/SignalP/
http://clustalw.ddbj.nig.ac.jp/


Table 1
ApoA-I mRNA expression changes when ayu were transferred from FW to BW

Tissue Relative intensity of RT-PCR product of apoA-I per
β-actin

FW BW
Liver 1.61±0.31 0.39±0.10⁎
Spleen 0.10±0.07 Not detected
Kidney 0.52±0.13 Not detected
Brain 1.41±0.22 0.35±0.12⁎
Heart 0.17±0.06 Not detected
Gill 0.33±0.09 Not detected
Muscle 1.06±0.14 Not detected
Intestine 1.53±0.29 0.09±0.05⁎

ApoA-I expression is shown as the relative intensity of its RT-PCR product in comparison
to β-actin in a semi-quantitative RT-PCR assay (n=4).
⁎Significantly different.
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From the sequence analysis, ayu apoA-I had high similarity (88.6%
amino acid identity) to rainbow smelt apoA-I and 36.9–61.1% identity
to other fish apoA-Is. It also had 21.6–29.2% amino acid identity to bird
and mammalian apoA-Is Phylogenetic relationships between repre-
sentatives of different vertebrate lineages were evaluated (Fig. 3).
These animal apoA-I sequences fall into two major groups: the
mammalian–bird–amphibian (M–A) group and the fish group. TheM–

A group contained three subgroups including sequences from
mammals, birds and amphibians, respectively. There were also some
small subgroups within the fish group (Fig. 3). Ayu apoA-I is closest to
rainbow smelt apoA-I and relatively distant to that of Atlantic salmon,
brown trout and rainbow trout (Fig. 3) reflecting currently accepted
relationships.

3.4. mRNA expression profiles of ayu apoA-I gene

In FW fish, ayu apoA-I mRNA was found to be present in all tested
tissues including brain, spleen, liver, kidney, gill, muscle, heart and
intestine (Table 1, Fig. 4). The amplification was found to be highest in
liver, intestine and brain, moderate in muscle and weak in other
tisuses (Fig. 4). After transferral from FW to BW, the expression levels
of ayu apoA-I gene were significantly decreased in all tissues tested.
ApoA-I transcripts in many tissues including spleen, kidney, gill,
muscle and heart were almost completely inhibited (Table 1, Fig. 4),
and decreased to 1/12–1/3 in intestine, brain and liver, showing that
ayu apoA-I transcription was down-regulated when the fish were
subjected to BW.

4. Discussion

Changes in the protein composition of fish tissues and fluids have
been associated with different physiological conditions (Ky et al.,
2007). In this study, a proteomics approach was employed to observe
liver proteins whose levels change when ayu were transferred to BW.
In 2DE gel, spot 4 was highly expressed in the livers of FW ayu and
Fig. 4. RT-PCR analysis of apoA-I mRNA expression in various tissues of BWand FWayu.1. ayu
of the products is shown on the right.
significantly less in the livers of BW fish (Fig. 1). Based on the result of
MALDI-TOF-MS analysis and Mascot search, it was identified as
rainbow smelt apoA-I (Fig. 2). Subsequently, the nucleotide sequence
of the full-length cDNA clone encoding it was determined. Sequence
comparisons and phylogenetic analysis showed that ayu apoA-I was
most closely related to that of rainbow smelt (Fig. 3).

In mammals and birds both the liver and the intestine constitute
the major sites for apoA-I gene expression (Lamon-Fava et al., 1992;
Oku et al., 1997). In contrast, the liver has always been identified as the
main tissue involved in apoA-I synthesis in teleosts, with a more
variable expression in the intestine (Powell et al., 1991; Llewelyn et al.,
1998; Kondo et al., 2001), but no transcription of the apoA-I gene could
be detected either by northern blot or RT-PCR assays in the intestine of
carp (Concha et al., 2005). ApoA-I gene transcripts are also found in the
brain and skin of some fish (Concha et al., 2003; Kondo et al., 2005). In
rainbow trout, apoA-I expression was demonstrated in liver, epider-
mis, gills and intestinal mucosa, which constitute the main primary
defence barriers in fish (Villarroel et al., 2007). Our study revealed that
ayu apoA-I mRNA was expressed in various tissues including liver,
brain, intestine, muscle, spleen, kidney, heart and gill, but that mRNA
expression was significantly decreased in all tested tissues when ayu
were transferred to BW, and nearly inhibited completely in tissues
other than the liver, brain and intestine. Therefore, the tissue
expression profiles of apoA-I differs substantially between fish species.

An interesting finding of the present study is the differential
expression of apoA-ImRNAs andproteins in FWandBWayu.We report
here that liver apoA-I levels including both protein and mRNA was
significantly lower in BW than in FWayu. It was demonstrated that the
changes of ayu liver apoA-I in proteins levels are paralleled by changes
in mRNA levels. The level of apoA-I changes in serum was not
investigated directly. apoA-I was known to be involved in the process
called reverse cholesterol transport (RCT) which leads to lower
concentrations of total cholesterol (Kashyap, 1989) The concentration
of total serumcholesterol in FWayu (1.14±0.27mmol/L)was nearly the
same to that in BW ayu (1.09±0.15 mmol/L), suggesting that the
changes of serum apoA-Imight beminor. No significant changes of ayu
brain apoA-Iwere found inproteins levels by 2DE gel (data not shown),
while changes in mRNA levels were great. apoA-I protein might be
important forfish brains, andwould be replenished fromserumswhen
local expression was reduced. It was speculated that osmoregulatory
costs may be decreased in BW relative to FW, such that energetic
demands for lipids in osmoregulatory tissues might also decrease.

It was known that arginine vasopressin (vasotocin), angiotensin II,
natriuretic peptides, vasoactive intestinal peptide, urotensin II and
insulin are involved in acute (minutes and hours) alterations in ion and
water transport, while corticosteroids (through genomic actions),
prolactin, growthhormone (GH) and insulin-like growth factor I (IGF-I)
primarily control long-term (several hours to days) changes in
transport capacity (McCormick and Bradshaw, 2006). Some of them
are also found to influence apolipoprotein (apo) expression. Insulin is
reported to stimulate apoA-I promoter activity through a GC-rich
insulin response core element (IRCE) in rat (Murao et al., 1998), and a
genomic DNA as template. β-actin amplification included as an internal control. The size
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ubiquitous transcription factor Sp1 enhances this actin (Lam et al.,
2003). In apo transgenic mice, apo expression increased by adminis-
tration of recombinant human GH, but decreased by IGF-1 treatment,
strongly suggesting that these 2 hormones have independent effects
on the transcription of the apoA-I gene (Tao et al.,1999). Recently it has
been shown that the expression of apo genes decreased in GH
transgenic amago salmon (Oncorhynchus masou) (Mori et al., 2007).
Considering their roles in osmoregulation, the regulatory effects of
such factors on apoA-I in fish would be interesting to study.

The cDNA sequence of liver apoA-I gene in ayu reported here was
deposited in the EMBL/GenBank/DDBJ databases with the accession
number FM865535.
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