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Abstract A large amount of calcium is required for mollusk biomineralization. Sarco/endoplasmic
reticulum Ca?-ATPase (SERCA) is a well-known protein with the function of sustaining the calcium
homeostasis. How does it possibly function in the process of pearl oyster biomineralization? Three SERCA
isoforms, namely PSERA, PSERB, and PSERC were cloned from the pearl oyster, Pinctada fucata. The
cDNAs of the three isoforms were isolated by reverse transcription-polymerase chain reaction (RT-PCR)
and rapid amplification of cDNA ends. PSERA consisted of 3568 bp encoding 1007 amino acids, PSERB
included 3953 bp encoding 1024 amino acids, and PSERC comprised of 3450 bp encoding 1000 amino acids.
The three isoforms showed high homology (65%—87%) with SERCAs from other species. Consistent with
the results from other invertebrates, Southern blot analysis revealed that the three isoforms originated from a
single gene that was also related to SERCAL, SERCA2, and SERCAS of vertebrates. The splicing mechanism
of the three isoforms was similar to that of isoforms of vertebrate SERCA3. Semiquantitative RT-PCR was
carried out to study the expression patterns of the three isoforms. The results showed that PSERB was
ubiquitously expressed in all tested tissues and was a potential “housekeeping” SERCA isoform; PSERA was
expressed in the adductor muscle and foot and was likely to be a muscle-specific isoform, and PSERC was
expressed in the other tissues except the adductor muscle or foot with the highest expression levels in the gill
and mantle, indicating that it was a non-muscle-specific isoform and might be involved in calcium homeosta-

sis during pearl oyster biomineralization.
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Ca?* is not only a regulatory element in various physi-
ological processes, but also the primary cation used for
the biomineralization of shell and nacre in pearl oysters
[1]. In the process of biomineralization, various tissues
play different roles, including absorption, transport, and
storage of calcium. A large amount of Ca?* was absorbed
from ambient and transported to mineralization sites by
paracelluar or transcellular pathways [2,3]. During
transcellular movement, calcium homeostasis is especially
important to the oyster cell. In the pearl oyster, the con-
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centration of extracellular Ca?* (approximately 10 mM) is
10,000-fold more than that of intracellular Ca?*
(approximately 1 uM). To keep the low intracellular free
calcium concentration, Ca?* may be buffered by Ca?*-bind-
ing proteins or sequestered into vesicles [4]. Sarco/endo-
plasmic reticulum is a compartment for Ca?* storage [5].
Sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) is a
pump which sequesters intracellular calcium into the sarco/
endoplasmic reticulum [6].

SERCA belongs to the family of P-type ATPases and it
actively transports Ca?* across sarco/endoplasmic reticu-
lum membranes through ATP hydrolysis [7]. SERCA con-
sists of a single polypeptide chain, forming three globular
cytoplasmic domains connected by a helical stalk segment
to ten transmembrane o helices (M1-M10). Mammalian
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SERCA is encoded by three homologous genes: SERCAL,
SERCAZ2, and SERCAS. By alternatively splicing, the three
genes have multiple isoforms [8—12]. In invertebrates, such
as Caenorhabditis elegans, Drosophila melanogaster,
Procambarus clarkia, and Patinopecten yessoensis, many
SERCA isoforms have been isolated and characterized [13—
16].

This paper intends to isolate and identify the cDNAs of
isoforms from the pearl oyster and examines the tissue
distribution patterns of different isoforms, with which we
may further understand the function of SERCA during
oyster biomineralization.

Materials and Methods

Animal material

Live adult Pinctada fucata were obtained from the Beihai
Pearl Farm (Beihai, China). After collection, the oysters
were transported to the laboratory and kept in a filtered
flow-through system with aerated seawater at 20 °C for
48 h.

RNA preparation and cDNA synthesis

Total RNA was extracted from the tissues by using the
Trizol reagent (Invitrogen, Carlsbhad, USA). The integrity
of RNA was determined by the fractionation on 1.2% form-
aldehyde denatured agarose gel and staining with ethidium
bromide. The quantity of RNA was determined by mea-
suring Ae nm With an Ultrospec 3000 UV-visible spectro-
photometer (Amersham, Piscataway, USA). To avoid ge-
nomic DNA contamination, total RNA was digested by
RNase-free DNase | (Promega, Madison, USA) and puri-
fied according to the manufacturer’s instructions. Puri-
fied total RNA (5 ng) was used to synthesize single-strand
cDNA using SuperScript 11 RNase H-Reverse transcriptase
(Invitrogen) and adaptor-oligo(dT),s primer according to
the manufacturer’s instructions.

Cloning of pearl oyster SERCA cDNAs

The cDNA fragment F1 of the pearl oyster SERCA from
the adductor muscle was amplified by reverse transcrip-
tion polymerase chain reaction (RT-PCR) using Tag DNA
polymerase (TaKaRa, Kyoto, Japan). A pair of degenerate
oligonucleotide primers was designed based on the con-
served regions of SERCA nucleotide sequences. These are
the forward primer L1 (5'-CTSACMACMAACCAGAT-
GTC-3', where S=C/G, M=A/C) corresponding to the se-
guence from nucleotides 1066 to 1085, and the reverse

primer L2 (5-ACVGCVGTDCCDGADCCCAT-3', where
V=A/C/G, D=A/G/T) corresponding to the sequence from
nucleotides 2158 to 2177. PCR was performed on a
TGradient thermocycler (Biometra, Gottingen, Germany)
with the following settings: denaturation at 95 °C for 5
min, followed by 33 cycles at 95 °C for 45 s, 53 °C for 30
s, and 72 °C for 75 s, then a final extension at 72 °C for 10
min. The PCR products were then subjected to
electrophoresis, and the bands of the expected size were
excised (1112 bp) and purified with the Wizard PCR prep
DNA purification system (Promega). The purified PCR
products were then subcloned into a pMD18-T vector
(TaKaRa) and sequenced.

The full-length sequence of SERCA cDNASs were ob-
tained by using 5' and 3' rapid amplification of cDNA ends
technique (RACE). Single-stranded cDNA for all RACE
reactions was prepared from the above total RNA from
the mantle or the adductor muscle using PowerScript re-
verse transcriptase (Clontech, Palo Alto, USA). 5'-RACE
and 3'-RACE were conducted according to the manu-
facturer’s protocol, using the SMART RACE cDNA am-
plification kit (Clontech) and Advantage 2 DNA polymerase
mix (Clontech). The gene-specific primers 5'-TGGTGA-
CGGTGTGAATGATGCCCCG-3' for 5'-RACE and 5'-TA-
GCCATCTCCTCAAGTCCAGCATAATC-3' for 3'-RACE,
respectively, were prepared based on the nucleotide se-
quence of the cDNA fragment F1. The adaptor primers
for 5-RACE and 3'-RACE were both a universal primer
mix. The RACE reactions were performed in a thermocycler
(Biometra) under the following conditions: 5 cycles of 30
sat 94 °C, 3 minat 72 °C; 5 cycles of 30 sat 94 °C, 30 s
at 70 °C, 3 min at 72 °C, and 28 cycles of 30 s at 94 °C, 30
sat 68 °C, 3 min at 72 °C, followed by a final extension of
10 min at 72 °C. All the amplified products were cloned
into a pMD18-T vector for sequencing. To confirm clon-
ing and sequencing accuracy, the entire cDNA, including
the start codon and stop codon, was re-amplified with
high fidelity polymerase (TaKaRa) using three pairs of gene-
specific primers: L3 (5'-GCTGCG AAACGGTGGCTG-
CTCG-3') and L4 (5'-ATTATACCTTTTACATTCATAA-
GTG-3"); L3 and L5 (5'-ATTTACGTTTTGATTCCTGT-
CTG-3'); L3 and L6 (5'-GCGGAATTCGATTTAATCG-
ACTC-3"). The purified PCR products were subcloned
into the pGEM-T easy vector (Promega) followed by se-
guencing three individual clones respectively.

Sequencing and analysis

All recombinant DNA was sequenced, and sequence
similarity searches were performed using the BLAST pro-
gram in GenBank, National Center for Biotechnology In-
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formation (http://www.ncbi.nlm.nih.gov/). Multiple align-
ments and the phylogenetic tree were created using the
Clustal X program [17]. The hydrophobic analyses of the
deduced proteins were achieved by the method of Kyte
and Doolittle [18] using a window of 13 residues (http://
cn.expasy.org/tools/protscale.html).

Southern blot analysis

The Southern blot analysis was performed to determine
whether these isoforms originated from one or multiple
genes. Total genomic DNA was extracted from the oyster
adductor muscle using the Universal genomic DNA ex-
traction kit (TaKaRa) according to the manufacturer’s
introductions. The quantity and content of DNA was de-
termined by measuring Ay . With an Ultrospec 3000 UV-
visible spectrophotometer (Amersham). Genomic DNA (20
ug) was digested with EcoRV and Xhol, respectively. Af-
ter digestion for 12 h, the digested DNA was separated on
a 0.7% agarose gel, then transferred to a nitrocellulose
membrane, and hybridized with a DNA probe. Negative
control was performed without adding genomic DNA. The
DNA probe labeling and hybridization were completed us-
ing DIG high prime DNA labeling and detection starter kit
I (Roche, Solna, Sweden) according to the manufacturer’s
protocol.

Semiquantitative RT-PCR

Semiquantitative RT-PCR was performed to measure
the expression levels of these SERCA isoforms in differ-
ent oyster tissues, including the mantle, gill, gonad, diges-
tive gland, adductor muscle, and foot. The primers for
semiquantitative RT-PCR were designed according to the
different 3' terminals of the three isoforms. The forward
primer L7 (5'-CATAGCCCGCAAATTTACTGAC-3") was
common in the three isoforms; the reverse primers were
L8 (5-ATTATACCT TTTACATTCATAAGTG-3'), L9 (5™
ATTTACGTTTTGATTCCTGTCTG-3"), and L10 (5'-
GCGGAATTCGATTTAATCGACTC-3"). An equal quan-
tity (2 ug) of total RNA from various tissues was tran-
scribed into the cDNA in 20 ul reaction mixtures using
SuperScript 11 RNase Hreverse transcriptase. Preliminary
PCR experiments were carried out to explore the amount
of cDNA and the number of cycles needed for
semiquantitative PCR. Quality controlled cDNA was then
used as the template for the semiquantitative PCR, which
was performed in a reaction system with 2.5 mM MgCl,,
0.2 mM dNTP, 2.5 U Ex Tag DNA polymerase (TaKaRa),
and 20 pM of each forward primer and reverse primer,
with 26 cycles according to the preliminary PCR study.
After amplification, the PCR products were subcloned into

a pMD18-T vector and confirmed by sequencing. An equal
volume of the PCR products was applied to 1.5% agarose
gel stained with ethidium bromide. To avoid sample cross-
contamination, a negative RT-PCR control reaction was
performed in the absence of the cDNA template. Two gene-
specific primers L11 (5-GCCGAGTATGTGGTAGAATC-
3" and L12 (5-CACTGTTTTCTGGGTAGCTG-3') were
designed according to the nucleotide sequence of GAPDH
of P. fucata (GenBank accession No. AB205404) to am-
plify the 252-bp product as the internal control.

Results

Isolation and sequence analysis of cDNA sequence
encoding SERCA

A 1112-bp cDNA product F1 was obtained by RT-PCR
with two degenerate oligonucleotides (L1 and L2) using
total adductor muscle RNA as the template. Based on the
sequence, two gene-specific primers were synthesized for
5'-RACE and 3'-RACE, respectively, and were used to
amplify the 5 and 3" nucleotide sequence of putative SERCA
cDNA by touchdown PCR. The product of 5'-RACE was
a fragment of 1510 bp, while the products of 3'-RACE
contained three fragments with different sizes: 1298 bp,
1680 bp, and 1176 bp. To confirm the sequence obtained
by RACE, three pairs of specific primers (L3 and L4, L3
and L5, L3 and L6) corresponding to the 5" and 3'
untranslated sequences of putative SERCA cDNA were
designed and used in RT-PCR with LA Taqg (TaKaRa). The
PCR products were cloned and sequenced, which matched
the sequence expected from the results of 5'- and 3'-RACE.

As shown in Fig. 1, the cDNA sequences of the three
isoforms, namely PSERA, PSERB, and PSERC were 3568
bp, 3953 bp, and 3450 bp in length, respectively. PSERA
had a 3021 bp open reading frame (ORF) encoding 1007
amino acids with a calculated molecular mass of approxi-
mately 111.2 kDa and a 325 bp 3' untranslated region;
PSERB had a 3072 bp ORF encoding 1024 amino acids
with a calculated molecular mass of approximately 112.8
kDa and a 659 bp 3" untranslated region; PSERC had a
3000 bp ORF encoding 1000 amino acids with a calcu-
lated molecular mass of approximately 110.3 kDa and a
228 bp 3' untranslated region. The three isoforms have a
common 219 bp for 5' untranslated region. These cDNA
sequences have been submitted to GenBank with acces-
sion No. EF488285, EF488286, and EF488287, respectively.

PSERA had a stop codon TAA and a poly(A) tail, but it
had no poly(A) addition signal AATAAA; PSERB had a
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(A0 GRCCAT ARG T A Ao IO TS TEC TECGARACGETEE  ~18]
CTGC T GCA T T T TGARA T AR G TR GR AR TT T TS TG T T T TS TT AR TTTOSTTRAT TR TC TRRA TCC TTTRRRC TTARGGATTTT 91
ACTEGACTAG TGO O GEE T AR TA T T T ARG EAR T T T TA TR A TG AT I TS TSR TATT IO S TEATA TTTTCARACCRCCATTOR AR —]
ATGEAMAA CEC TCATAC TR T TAOSERARGRGETE A RS AR R T P T AR TS T TSR TS ARG TO TGS TTACREATERTC ARGTEARR B0

MW ENAHTEKSS TEEVYTEHTFNYDPEES GLTODDGQV E D

A A T TR A AR TR TR OO AR TERRA T TG O T T R R A R ARG TTTRATEERATTRATC TTRERACRCTTTERCERCCTT 18D
KE A L D K Y G P N ELPKRETETGSGEKUFPLW®WETLTITLEG®QQFDODL 60

CTAGTGARGATC TTATTG TIAGCAGCTAT TA T ToAT TS T T T TR GCAT S TT TGN R GR G ERGENG ANGTCRCAGCATTIGTAGRA 270
L ¥ EK£E I L L L AR TITI S F VL AW EFETEU®SSEEO®G@WVTHRTEWVE

CC T TG T A T T T A O A T O T A T T TG TAR S SO O ST TS ThEE ST ET S AGER ARG AR TEC RGRGRETEC AT TCERGECCTTRARL 360
F F ¥ I LTTIULTIOCMNURATYTYGTYV ¥ gQET RUEN®SEZTES S SHTITETHSETLE |20
GAA TR TRAAC OO A GG TT GO AR TR TTAGGAAR AR TR O TG TETAC AR R GER TR FERCTRETRACTTEETRCCTEETERTATT 450
E ¥ E P E VvV A KV I E K HNHEGWV 9 FKKTIERKHKSE NL WV EF D I 150
GTGEAGGTGTCAGTTEGAGACANGE TTO TGO EA A TTOSTA TG A AT TR T T oA TR CCTCRGEATAGATCRATCCATCCTE 540
Y BE VY 2 ¥YWG&E& D EKEWY P ARDIETIOS EKTIHSSTTTIULRTIUDGRS3 I L @ IBD
ACCEEAGARAMGTCETCRGCGTCATCARACACAOOGACO AT OO EACCCTRGEEOOETCRRCCRGGRCRAGRAARA TR TACTCTTCTCT 430
TG E S ¥ 85 ¥V I KHTODETLIEDEPEERMRTYTDENEI RDEKEEBNTIILE 5 320
GETACAARACATATC TG TG TARR TGO TGETATTGTTATTGERACT GECC TTARCAC TGAAR TTEEARAGATCOGTGATGAGATGAT. 720
E T N I % A & K C R & I ¥ I & T & L N TETI G EKE I B I E M M 240
GACACCGAGACEGAGAAGACCOC IO TACARCAGAA AT TTEA GG TT TGS T AR ST T A SETEATCACAGTAATTTETETGEECT  RID
o TETEETVPLSQ2Q XKL DEF G Q QL 8 KWV I TV I OV AR 2
GTA TG AN TTAA TR T G AT A T T T TAR OGO O O T A TEGATC AT A TC ARG A TC TATTRC TICARGATTCOGETR O
¥ @ A I N I 6 HF N D P R H G G § W I ¥ &6 A I ¥ ¥ F E I & ¥ 300
GCTTTGGC O TA G R TAT OO R GRA GG T TR OO T T A TR R AT T T T TR R T TEFTRCRRGERGRA TR CRAGRAGRAT Q00
A L A Y A R I P EGL P AV ITTCUL ARILOGETHERRMAEEE N 330
G CATAGTGAGAAGC TTACCA TCAG TAEA A T IGEA TS TA T I T A T AN TS T TG T AT TEEAAC TOTEACARC CANTCAG 1R
A I ¥V R 8 L F 8 % E TL G C TGS I T © 8 D KT T L TT N @ 360

phosphorylation =ite
AT T A T T TG A G GA T T T TR T TTAGTRRGA T TR GGG AR TR TR TR T R T TR TR T T TR TCRC T RER T CRC CTRTGRCC 1170
H & ¥ C R M F TV F % KI E & NI ILTDOGSR@UEFETITIEESS T YT A 390
COAGATGECERCHR T TROCACAR THEEARGAARATAAR G CRRGTERTTATGE TEGAC TTCRGEREATGEC TRC TATTTGTGTGATETET 136
P DGDI Y HNTGEGETEKTLIEHET S STDTYATEGTILTETEHMH A ATTITOGCTVMC 44
ARTGAC TCCAGTSTAGRCTAC AN THRGECRARGERC A TTTA TERSAR RS TAGS TEAR GO AR ASAGACAGE To TRACSSTACTTG TAGAS 1350
N D=3 3 VvDp Y HNEARTEKETDTIOYETEDYOGSGEA ATETATLTWYIL V E 44
ARG TGAAC T TR TR RO G GA CARR T S TEA G TAAR DG TERGA AR GE TACC GOAGCC A TCA TG TCATC TCTCAGATG TGEARG 1440
E M HW F ¥ H T D E § N L 5 E R E K &G T AR B H HY I 5 9O M @08 E 4%
ARAGGAATTCACEITEEAATTC TC OO GLERCRGEARARG TA TERGTETGTAC TG TCCCC TRRCAAROCAR CACGLETADDDGEECGETEET 153
K EF TLETF S R DREKSMHS 3 ¥ ¥ C 3 P N KE TR P G G A 50
PR TS T T T R S T T A G AR SR T I T TR GA SR GG TS TR A AOG TTAGA G TR RS AR AR GTOC OO RTETTACCOGEE 162
K M F ¢ K & A P E &2 L L ODRCTHWVERUVYV G HNEWVPMILTFPF & M
FITC

ATCAARAC CORGRTCATEAAGCA TRCC ARG T T TATGR AR C TR IO TR CACA TTRRGR TETTTRGRC TTTRRC CROCATTERCAGC OO 1710
I K TE I M K HAUEK S ¥ G TG RDTULERTGCILBSAETILATTITDZS S F 5
G G AGRRER TR DG A TG AR R T TR GEARA TTC A T R LA TGAGA L TAR A TR TTTTG TIGE I TIEIIGEAR TETTE 18
F 8 R EDMDILEUD?SSREZFTIZ Y ETWMNMTF Y GV V G H L &M
GRTCCACC CCGRACTERGE TG TTTCAC TCCA TCRAGGAA TETOGTEEAGCRGE TA TC CETETCR TS TCA TCAC TEETERCARCARGGCS 59
b P P BT E V F MW 5 I K E G B 6 A 6 I B ¥ I % I T 6 D N K A &M
A TGCCGA G TR TT T OO G TAGGA TT TG TTTGE TEAGARA TERA T TAC CERGEETCTEECTTTCACA GERCEOEACTTTGATGAT 1980
T A EAICRRAETIGOY F G EMNTES S TETGLUSRTEFTGHRTETF D D &l
TTATCGAL GEREEARCRGAGE TOAGC TE T A IG0G TG TC GG TE T IO TOGGE TAGARC CTACACA TAAGAGCAGANT TG TAGAATAT 20T
L 2 TEZE 2 R 5 A VvV MESMNMETLTFARYEUFPTMHESZ EI WV E ¥ &40
CTACARAGGGGARGERGERGATC TC GG TATEACTGETEA DG G TETEAATEA TGO OO OGO CCTERARARAGCC GAGATCGETATTGOCATS 2146
L ¢ G E G E I 5 A M T G D G ¥ N D A P A L K K A E I G I A H TH

F78A
GEATCGGETACAEIOETAGE TAAGAC TEOETCAGAGA TG TEC TR TGAOGACAAS TTCACSTCTATTE TEGCAGCCETRGAGEARGEE  T25)

G &8 ¢ TRV AFKETH®R S EMWMY L RDDHNFTS§S IV AAYVEE & TH
RERGCCATC TATRA TR CA TEAAACAR TTTATC DS TTACC TEATC TOCTCCARCA TTGE TERRSTOSTC TG TATTTTCCTEROCEC TGCC 21
F A I ¥ W N M EKE @ F I FE Y L I 8 8§ N I & EV ¥ Cc 1 UFULTAA TR
CTCGECATTC CTERRG O CCTEA TTC COETRCAGC T TTA THF T TARC CTGE TCA L TEGRCEFTTTRCC GECCAC CROOCTOGEATTTAAT 1450
L6 I1I FEHRLIUPVQLILWEVNTLWYTDGULPFPFAT ATILIGF N SN
COCCCTEACCTTEACA TCA TRRAGARRACCA CC AR BGRACCOCARG BAIGEAC TCA TCAC TOGC TR TR TTTTTCAGATACA TGGCTATT 2520
F P DL DI M KK PF P R NVF EEUGLTITIG®H®ELETF® R Y XA I =
SEAA TTTACE TS5 TTE TEC TRCTETAGE TGEC TEC D30T TEETEE TTTATGATC TR TGAC CROGEACCCAARC TERACTACTATCARCTS 2614
& I ¥ % 6 C A T V¥ G A AR A W 0 FM I YD HG P EULHNZY YT @ L &M
AOCCATCATATGECAG TG T L OGRACCAARAA TETTCARA GG TETTEAT TG TAA TA TATT AR TGATCC TCATCCAATEACARTEECT  IHH
T HHM QC P A E PF EMF KOGV DCHNTITFMNDTPHUPFMTMBAE 9
CTGETCAGTCCTTSTCAL GATAGAAA TG TEAA TSCCCTTRACAGC TTERETEAGAA CCASTOSCTGA T TCCATEOODCCATEETCCRRC 3T
L § ¥V L v TIE®HMILMNRRILMNGS L § EW N 8§ L I 5§ M P F @ 58 N M
ARGTGEETECTEEEREC CATC T TG T TA TS TCRCTRACAC TTC TTCATCC TC TA TG TRGRATSTTA TG TC TRCAATTTTCCAGATCRET  IRRY
K @ L L & &% I AL % M 8 L HFF I LYWV DV MSTTIF @I T %l
COCC TCARCETGECTEAA TEGA T TGO ARG TAC TGARGRTCTC TR TACCRGTTRTTATAC TTGRACGRARC TC TCARGTTCATAGCCOGCRAR, IO
F L W v L, E W I B ¥ L K I 8 I FP ¥ I I L D E T UL K F I A RE K 54
TTIACTEAT L]
F T D 120

(to be continued)
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(continued)
(B} PSERA
G TETCTGA TERCAAGAGA TETAG TAGAGC THCAAR AR THEA TTAAALTS CARAAC TTCAGCCATTCATTTAAAC TCAGRC TACCCSAGE 306
¥ § DD KR Y 8 R ATEMTD * 123
TTTTTCTGAAAAGGGACACCTTCAACAGTGACAAC TOAGTGATC TIAGAAGOTTCTAAAGAC CATTARAGCAGTGTATACCROGAGCACA 1150
TCCRTCCACOCTTCCCTACTTTT AT AR CTGE TCCTATAC TRGHARRRARA TSTTRG TTETROSTATATRC RGO GTRGCAATACETCCARG 3240
GATATETERCARGC TRRGGAA TTAGRTATACAC TTATGAA TETRARAGETRATRATTCATFTRAG TTCCARARAAARELARARAREEBARR 1130
BRRAMMRARIA 1424
P3ERE
5 ETRRTACARETTCRTC TRCRCTRATTC TRGAR TC BC CAGTC A TR T TR TTTEGECAR T Th TR TTRCATTGECATATE TG TGCCCR. 1060
& M T &8 5 § T L I L E § P W M A L V W AR V ¥ I G L R ¥ W C P 025

ST TGATGR GGG T T e TA TRARARG TG TAAGAG T TAC C T T T T TGO AR TTTAA TG TSGR TTATC T TTTGTT T TG TRACDTRT

i i

CATTCCTTTARCATTAA TRCATGEC CARGT TTAACAGTGA TA TEERCCACAC CCAGTAGAA TAGRC AR TATRATG
SE G TG T A TG TAAET TR CAAAC T T T TEA TR AARAAA TR TOSECA G T T AGAGA TTC ST

CTEFTTROCACGERARCG
TAGCRTTTCAA TR T TAGCAGEFSCTATT

SORGCAT T AR CAARTT T T CARRGA TS T T T TAR A T T TRC RS SGRAA T ICAT T T T TARTC ST T TA TRARCAC TTETT T T T GG CAGRATT
TATTTATERTT TATCATTTATC GERAGRAR CAR TCAGAAAR TTTTTARA GRRARAG TARRTTGTARA TRCTCARARRC TTCACARRRTTTG
ATTTACATRATTTAGEEATCA TTTCTRC T TG ACRCTTTGAA TERGCAMAA TRGEGEA TATRARA G TETATG TG TA TEARAG TETATSTA

OO T AR T TaA AU RTT
NTGGCGALAN AR AR LN NN AR AR RO AARAR LT
ESERL

3 DA LRGP A TR T T AR Rl R TR T R A U T R A L TR T AR R

5/ CAAAACTTCASOOATTGATTTAAAC TOAGACTACC COATCTTCTTC TOAAAAGOOACACC TTCAACAGTOACAACTCAGTAATCTTAGA 56y

A K L 9§ & L T *©

AGGTTCTARAGACCAT T I ARAGC ARG TG TIATACCGCGAGCRCATCCGTCCACGC IO CCIACTTITIATAC THEC T TR TROCTAGGARARAGR,
GCETEATCCAL TECTTGEC CTATATTGA G TOSAT TARM TOSAATTC CEOE0G 3245

RAPACAR TAARAAGEFTRCTCTE

Fig. 1

§ ek}
a5

Nucleotide and deduced amino acid sequences of three Pinctada fucata SERCA isoforms

Three isoforms have been submitted to GenBank with accession No.: PSERA, EF488285; PSERB, EF488286; and PSERC, EF488287. Nucleotides and amino acids
are numbered to the right of the sequence. (A) Common sequences of the three isoforms. The phosphorylation site, fluorescein isothiocyanate site (FITC) and the 5™-p-
fluorosulfonylbenzoyladenosine binding site (FSBA) are underlined and labeled. Two typical tryptic sites R188 and R505 existing in sarco/endoplasmic reticulum Ca?-
ATPase (SERCA)1 and SERCA2 are marked in bold and underlined. Typical phospholamban-binding motif of SERCAZ is underlined italicized. Putative thapsigargin
sites are indicated in bold. (B) Differential 3' terminals of the three isoforms. Slash in the sequence at nucleotide 2980 is the site at which the three isoforms diverge from
each other. Stop codon is indicated by asterisks. Common sequences of PSERA and PSERC are shown in bold and italics.

stop codon TGA and a poly(A) addition signal AATAAA
ahead of a poly(A) tail; PSERC had a stop codon TAA and
a poly(A) addition signal AATAAA, but no poly (A) tail
was found. The three isoforms were almost identical ex-
cept at their 3' terminals diverged at nucleotide 2980. It
was notable that there was a 156 bp common nucleotide
sequence between PSERA and PSERC, locating down-
stream at the divergence site. The deduced amino acid

sequences of PSERA, PSERB, and PSERC all had com-
mon domains in other SERCAs, including the phosphory-
lation region, fluorescein isothiocyanate site, and the 5’-p-
fluorosulfonylbenzoyladenosine binding site, tryptic sites,
phospholamban-binding motif, and thapsigargin sites (Fig.
1). Similar to other general SERCAs, PSERA and PSERC
showed ten transmembrane domains while PSERB had a
potential additional transmembrane domain (Fig. 2).

(A0 (B {C)
3 12 34 SaT BN 1 12 12 EhT 2910 E 12 4 6T K9l
L PSERS - | FSERH . o PaERLC
2 |I | .l i z I : [ | '|| || z i | ||
1 I| | . 1. | 1 ﬂ' |
E i ]Ihu‘lll |'I E | kll || ||| fllll! I'll.. k| |‘| E 0 | II.' -I } | '{II lll {f
& I\'n' ' "|'. Iy ¢ | "']‘h|5|'| ’fﬂ' TR r" l| {
]Iﬁ 1L Ig-, { | I i it I.I- il ity f f I| I ]‘I r i i | :J f
| [ || Iy | | | ] 1 { ]
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Residue position Residue position Reeziduic position
Fig. 2 Comparison of hydropathy plots of the SERCA isoform PSERA (A) from Pinctada fucata, PSERB (B), and PSERC (C)

Hydrophobicity scores were determined by the method of Kyte and Doolittle [18] using a window of 13 residues (http://cn.expasy.org/tools/protscale.html). Putative
transmembrane domains are numbered according to the model of Brandl et al. [9]. Arrows indicate the extra potential transmembrane domains.
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A homology search was carried out with the BLAST
program against all the protein sequences in GenBank. The
deduced amino acid sequences of the three isoforms re-
vealed similar homology to each other (97%-99%), and
each of them was matched with a large number of
SERCAs from various invertebrates and vertebrates. They
showed the highest homology with mollusk sea scallop
SERCA (84%—-87%) and less homology with crayfish
(75%—77%). They showed 66%—76% identities with mam-
malian SERCAL, SERCA2, and SERCAS3. The phyloge-
netic tree revealed a separate branching between inverte-
brate SERCASs and vertebrate SERCAs. SERCA from P.
fucata was closer to invertebrate SERCAs than vertebrate

(A)
CafATP1 CafATP2 HosATP2 MumATP2 GagATP2 GagATP3 HosATP3 MumATP3
CafATP1 100 85 81 81 81 76 72 73
CafATP2 100 94 94 90 76 74 74
HosATP2 100 99 94 76 74 74
MumATP2 100 94 76 73 74
GagATP2 100 76 74 75
GagATP3 100 78 78
HosATP3 100 93
MumATP3 100
MiyATP
PIMATP
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PSERB
PSERC
PosATP
PrcaATP
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GagATP1
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. 004
(B) ———PATE
—PrchATP
MY “PreaATP
PraERA
|{H-I.IH'
L prsERR
PlmATP
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e ATF]
1 b
1 {HH} “abALT
JILLI] L HoaATE
1M1 kTP
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Cial AT
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Laagald P3
THHI MumaATE
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SERCAs phylogenetically (Fig. 3).
Southern blot analysis of the SERCA gene copy number

The similarity of the amino acid sequence among the
three isoforms indicated that they might originate from
the same gene. To investigate this hypothesis, Southern
blotting was carried out. The genomic DNA of P. fucata
was digested by two different restriction enzymes, ECORV
and Xhol, neither of which cut the three isoforms, and
then hybridized with a cDNA probe from nucleotide 2530—
2970, a region highly conserved among the three isoforms.
The negative control showed no bands (data not shown).
The results showed one hybridization band in each DNA

MiyATP PImATP PSERA PSERB PSERC PosATP PrcaATP PrchATP GagATP1 HosATP1 OrcATP1

75
74
70
70
70
68
65
66
100

75 75 74 76 74 74 72 90 96 96
74 74 73 75 73 73 71 84 84 84
69 71 71 71 69 69 69 80 80 80
70 71 71 71 69 69 69 80 80 80
70 72 72 72 69 70 70 81 81 80
68 68 68 68 67 67 68 76 76 75
65 66 66 66 66 66 67 73 73 72
66 66 66 66 66 66 66 73 73 72
96 85 84 86 76 76 75 75 74 74
100 86 84 87 7 I 75 74 74 74
100 97 99 7 76 75 75 75 75
100 97 75 75 75 74 73 73
100 7 7 75 76 75 75
100 89 87 73 73 74
100 97 73 74 74
100 72 72 72
100 91 90
100 97
100

Fig. 3 Homology comparison and phylogenetic analysis of

the three SERCA isoforms from Pinctada fucata with Sarco/
endoplasmic reticulum Ca?*-ATPases (SERCAs) from other spe-
cies

(A) Matrix indicating the percentage identities of the aligned SERCAs, as deter-
mined by the Clustal X program using the full amino acid sequence. (B) Phyloge-
netic tree showing the evolutionary relationship of SERCAs from different species
according to (A). Values at branch points are bootstrap percentages with 1000
replications. Accession numbers of these sequences found in the GenBank database
(National Center for Biotechnology Information) are: HosATP1=Homo sapiens
SERCA1 (014983), HosATP2=Homo sapiens SERCA2 (NP_733765),
HosATP3=Homo sapiens SERCA3 (Q93084), OrcATP1=0Oryctolagus cuniculus
SERCAL1 (P04191), MumATP2=Mus musculus SERCA2 (055143),
MumATP3=Mus musculus SERCA3 (Q64518), MiyATP=Mizuhopecten
yessoensis SERCA (BAA37143), PrcaATP=Procambarus clarkii axial muscle
SERCA (AAB82291), PrchATP=Procambarus clarkii heart muscle SERCA
(AAB82290), PImATP=Placopecten magellanicus SERCA (AAC63909),
GagATP3=Gallus gallus SERCA3 (NP_990222), GagATP2=Gallus gallus
SERCAZ2 (B40812), GagATP1=Gallus gallus SERCA1 (NP_990850),
CafATP2=Canis familiaris SERCA2 (NP_001003214), CafATP1=Canis
familiaris SERCA1 (XP_849777), PosATP=Porcellio scaber SERCA
(AAN77377), PSERA (EF488285), PSERB (EF488286), and PSERC (EF488287).
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lane, suggesting that these isoforms were encoded by an I b 34 i 6 o

identical gene (Fig. 4). — = — — — — R
S L I
T T
eSS T

Fig. 4 Southern blot analysis of the sarco/endoplasmic
reticulum Ca?-ATPase gene of the Pinctada fucata copy num-
ber

Genomic DNA (20 pg) was digested with ECORV or Xhol, respectively, separated
on a 0.7 % agarose gel, transfered to a nitrocellulose membrane, and hybridized
with a probe from nucleotide 2530-2970 of the isoform PSERA.

Tissue distribution analysis of isoforms by
semiquantitative RT-PCR

To determine the tissue distribution of the three isoforms,
semiquantitative RT-PCR was carried out in various tis-
sues of P. fucata. The RT-PCR reactions were performed
with RNA samples from the mantle, gill, digestive gland,
adductor muscle, gonad, and foot. A common forward
primer L7 and three reverse primers L8, L9, and L10 spe-
cific to every isoform were designed to amplify the three
different isoforms. Three RT-PCR products (346 bp, 734
bp, and 271 bp in size, respectively) were obtained with
specific primers (L7 and L8, L7 and L9, L7 and L10) and
the total RNA of various tissues as the template, while the
negative control exhibited no product (data not shown).
The PCR products were then inserted into a pMD18-T
vector and confirmed by a sequence analysis. As shown
in Fig. 5, PSERB mRNA was expressed in all the tissues
tested; PSERA was expressed in only the adductor muscle
and foot; PSERC was expressed in other tissues, except
in the adductor muscle or foot. The expression level of
PSERB in various tissues was similar. The expression level
of PSERA was much higher in the adductor muscle than

Fig. 5 Expression analysis of the three sarco/endoplasmic
reticulum Ca*-ATPase isoforms in the tissues of Pinctada
fucata

Semiquantitative RT-PCR was done with RNA samples from the adult tissues of
Pinctada fucata. PCR products of the PSERA (346 bp), PSERB (734 bp), and
PSERC (271 bp) are indicated by the arrows, and the GAPDH (252 bp) mRNA
expression level is used as an internal control. 1, mantle; 2, gonad; 3, gill; 4,
digestive gland; 5, adductor muscle; 6, foot.

in the foot, and that of PSERC was higher in the gill than
in any other tested tissue. Data from three independent
experiments were similar.

Discussion

The present research describes the cloning, characterization,
and tissue distribution of three SERCA isoforms from oys-
ter P. fucata. The three isoforms differed from each other
in their C-terminal amino acids, but they were encoded by
one gene. Although several SERCA genes have been cloned
from the mollusk, including the sea scallop and Yesso
scallop, this was the first gene cloned from the pearl oys-
ter which has been used to study biomineralization
ubiquitously.

In mammals and birds, the SERCA pumps consist of
three genes, SERCAL, SERCA2, and SERCAS3 [8]. By al-
ternative splicing, SERCAL gives rise to two isoforms,
SERCAlaand SERCA1b [9,19,20]; SERCAZ brings about
SERCAZ2a, SERCA2b, and SERCAZ2c isoforms [21-23];
while SERCA3 shows six isoforms, including SERCA3a—
f [10,24,25]. In some species of invertebrates, SERCAs
have been cloned and characterized and their isoforms have
been proven to be encoded by one gene. For example, the
crayfish heart muscle and axial muscle isoforms [13,26]
and Artemia 4.5 kb and 5.2 kb isoforms [27] belong to
this case. Our results are consistent with the hypothesis
that there is a unique ancestral SERCA gene that gives rise
to the three genes in vertebrates and to a single gene in
invertebrates [27].

Artemia and crayfish SERCA may have a similar splic-
ing mechanism to the vertebrate SERCAZ2 gene, where the
donor splicing site of the penultimate exon can either be
recognized and fused to the last exon, giving rise to the
MRNA coding for the shorter protein or remains
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unrecognized, in which case a poly(A) site is recognized
before the last exon of the gene and the mRNA coding for
the longer protein is originated [13]. P. fucata SERCA
gives rise to three isoforms and their splicing mechanism
is likely to be similar to that of the vertebrate SERCA3
gene, where the penultimate exon can be alternatively
excluded, partially included, or totally included, thus
generating, respectively, three isoforms with different C
terminals [24]. Among the three isoforms of P. fucata
SERCA, there is likely to be an optional exon existing down-
stream of the conserved point of divergence. In PSERA,
this exon is partially included; in PSERB this exon is to-
tally included; while in PSERC this exon is excluded. Fur-
ther research at the genomic level is necessary to disclose
the exact splicing mechanism of the three isoforms.

Little is known about the biological significance of the
existence of multiple SERCA isoforms in invertebrate. Pre-
vious work showed no significant function difference
among different isoforms while they had a different tissue
distribution pattern [13,28]. The divergent C termini of
the three isoforms show poor homology. The C-terminal
extension of PSERB has a prominent hydrophobic prop-
erty and it can potentially form the eleventh transmem-
brane domain. Semiquantitative RT-PCR showed that
PSERB had a ubiquitous expression in various tissues;
hence it was hard to connect this extra domain with some
particular tissues. Conversely, PSERA and PSERC were
expressed in some particular tissues, respectively. The
differential 3' terminal of SERCA might be involved in the
location of SERCA in different cell types or different sites
of the same cell.

Semiquantitative RT-PCR showed mRNA relative abun-
dance of these isoforms in tested tissues. In mammals,
SERCA1 and SERCAS3 show a restricted expression while
SERCAZ is ubiquitously expressed. SERCALla is the ma-
jor isoform of fast-twitch skeletal muscles [29], while the
SERCAI1b isoform is found in neonatal muscles [9,21].
SERCAZ2a is expressed mainly in slow-twitch skeletal,
cardiac, and smooth muscles [11,22,30]; SERCA2b is
ubiquitously expressed and can be considered the house-
keeping calcium pump [31,32]. SERCAS3 presents in plate-
lets and other blood-forming cells, plus in many endothe-
lial and epithelial cells [33,34]. In addition, SERCA3
isoforms are rarely found alone and are always found to
be co-expressed with those of SERCA2 [34]. In the present
study, PSERB is ubiquitously expressed in various tissues
and it is a potential “housekeeping gene”; its distribution
pattern is similar to that of SERCA2b. PSERA is expressed
in the adductor muscle and foot and it has a higher ex-
pression level in the adductor muscle. PSERC is expressed

in other tissues except the adductor muscle or foot and
has the highest expression level in the gill and mantle, which
is very likely to be a non-muscle-specific isoform. In P.
fucata, the adductor muscle is responsible for shell open-
ing and closing, and the foot is responsible for movement,
both of which consist of muscle cells. Hence, PSERA is
very likely to be a muscle-specific isoform. SERCA is an
important protein that helps to relax contracted muscles
[14,35,36]. Most of the high expression levels of PSERA
mRNA in the adductor muscle indicated that PSERA played
a vital function in the muscle relaxation of P. fucata. In P.
fucata, the mantle is the key tissue responsible for cal-
cium secretion to the mineralization site with the function
of calcium uptake from sea water [36]. The gill is a piv-
otal tissue for calcium uptake from sea water [37]. They
both have active calcium metabolism and calcium homeo-
stasis is especially vital to them. High expression levels of
PSERC in the gill and mantle indicates that it may play
important roles in calcium homeostasis during oyster
biomineralization. Obviously, it is necessary to carry out
further studies on the concrete functions of PSERC in the
calcium homeostasis of P. fucata, with which the mecha-
nism of calcium uptake, deposit, and transport may be
understood. Further work regarding the location of PSERC
at the mantle and gill of P. fucata and the in vitro expres-
sion of the three isoforms based on their cDNA sequences
are ready to be conducted in our laboratory.

In conclusion, the three cloned SERCA isoforms
PSERA, PSERB, and PSERC from the pearl oyster, P.
fucata showed high homology with SERCAs from other
species. The splicing mechanism of the three isoforms in
P. fucata is similar to mammal SERCAZ3; the three isoforms
have different expression patterns in various tissues of P.
fucata. Isoform PSERC is likely to play a vital role in cal-
cium homeostasis during oyster biomineralization.
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