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cDNA and genomic clones encoding human sarco}endoplasmic

reticulum Ca#+-ATPase 3 (SERCA3) were isolated. The com-

posite nucleotide sequence of the 4.6 kb cDNA, as well as the

partial structure of 25 kb of genomic DNA encoding all but the

5« region of the gene, was determined. The nucleotide sequence

coding for the last six amino acids of the pump and the 3«-
untranslated region were identified within the sequence of the

last exon. Northern blot hybridization analysis using cDNA

probes derived from this exon detected a 4.8 kb transcript in

several human tissues. Using a cDNA probe derived from the 5«-
coding region an unexpected mRNA distribution pattern, con-

sisting of two mRNA species of 4.8 and 4.0 kb, was detected in

thyroid gland and bone marrow only. This is the first indication

of an alternative splicing mechanism operating on the SERCA3

gene transcript, which most likely generates SERCA3 isoforms

INTRODUCTION

Sarco}endoplasmic reticulum Ca#+-ATPases (SERCAs) are

membrane-spanning proteins catalysing the active transport of

Ca#+ across membranes bordering Ca#+-sequestering stores such

as the sarcoplasmic or endoplasmic reticulum [1]. In higher

vertebrates, the Ca#+ pumps of the SERCA family are encoded

by at least three distinct genes, SERCA1–3. Further isoform

diversity is brought about by alternative processing of the primary

gene transcripts in a developmentally modulated or tissue-specific

manner [2]. SERCA1 is exclusively expressed in adult and

neonatal fast-twitch skeletal muscles, giving rise to the alterna-

tively spliced isoforms SERCA1a and SERCA1b respectively

[3–6]. Tissue-dependent processing of the primary transcript of

the SERCA2 gene results in the expression of the SERCA2a

protein in cardiac and slow-twitch muscles and of the SERCA2b

isoform in smooth muscle and most non-muscle tissues [7–10].

For both genes, alternative splicing affects the region encoding

their C-termini.

SERCA3 cDNA was first cloned from rat kidney [11]. Its

tissue-specific expression pattern remained poorly understood

until recently. SERCA3 is always co-expressed along with the

housekeeping isoform SERCA2b (for a recent review on
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with altered C-termini. Human SERCA3 expressed in platelets

and in COS cells transfected with the corresponding cDNA was

detected with the previously described antibody N89 (directed

against the N-terminal region of rat SERCA3) and with a new

SERCA3-specific antiserum C91, directed against the extreme

C-terminus of the human isoform. A monoclonal antibody

PL}IM430, previously assumed to recognize SERCA3 in human

platelets, does not react with the 97 kDa human SERCA3

transiently expressed in COS cells. Therefore the 97 kDa isoform

detected by PL}IM430 more likely represents a novel SERCA

pump, as recently suggested [Kova! cs, Corvazier, Papp, Magnier,

Bredoux, Enyedi, Sarkadi and Enouf (1994) J. Biol. Chem. 269,

6177–6184]. Finally, by fluorescence in situ hybridization and

chromosome G-banding analyses, the SERCA3 gene was

assigned to human chromosome 17p13.3.

SERCA3, see [12]). Recent studies demonstrated high expression

levels of SERCA3 in cells of the haematopoietic cell lineage and

related cells such as platelets, lymphoid and mast cells [13,14],

but also in the embryologically related endothelial cells [15]. It

has been suggested that SERCA3 expression also occurs in

trachea and intestine, where it would be restricted to the secretory

epithelial cells [15,16], and in the Purkinje neurons of the

cerebellum [16,17]. SERCA3 presents, upon expression in COS

cells, some peculiar functional properties : a 5-fold lower apparent

affinity for Ca#+, an altered pH optimum (pH 7.2–7.4 versus pH

6.8–7.0) and a 10-fold higher apparent affinity for vanadate

inhibition when compared with the other members of the SERCA

family [18].

We recently documented SERCA3 expression at the protein

level in both human and rat platelets [13] by using two new anti-

SERCA3 specific antisera, N89 and C90, directed respectively

against the N- and C-terminal parts of rat SERCA3. Whereas

N89 recognized the isoforms in both species, C90 failed to detect

the human pump. Additionally, a monoclonal antibody

PL}IM430 raised against human platelet intracellular mem-

branes and known to inhibit Ca#+ uptake in platelet microsomes

[19] was also reported to bind human but not rat SERCA3

[13,20]. Other data indicate that PL}IM430 binds to a putative
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novel member of the SERCA family, which presents a similar

apparent molecular mass (97 kDa) as SERCA3 [21]. Unlike for

SERCA1 and SERCA2, Northern blot analysis [11,16] has

revealed the presence of only one transcript of 4.8 kb for SERCA3

in a broad variety of rat tissues examined so far.

Although the only known SERCA3 sequence information was

deduced from the rat cDNA, most of the studies at the protein

level have been done on human cells, especially platelets. In order

to further elucidate the expression pattern of the human SERCA3

pump, we have determined its corresponding cDNA sequence.

Moreover, genomic clones have been isolated and the structure

of the 3«-end of the gene and its chromosomal localization are

reported. In addition, we present evidence for alternative splicing

of the SERCA3 primary transcript in some tissues and confirm

indirectly the existence of another 97 kDa SERCA-related Ca#+

pump.

EXPERIMENTAL

Materials and chemicals

Restriction endonucleases, T4 ligase, T4 polynucleotide kinase

and broad-range protein markers were supplied by New England

Biolabs, Beverly, MA, U.S.A. The Expand2LD PCR kit, which

uses a mixture of Taq and Pwo polymerases, was from Boehringer

Mannheim, Brussels, Belgium. Unless otherwise stated, all cDNA

probes were labelled using a Boehringer kit, based on random

hexanucleotide priming [22]. [α-$#P]dCTP (6000 Ci}mmol), [γ-
$#P]ATP (800 Ci}mmol) and Hybond-N nylon membranes were

from Amersham International, Little Chalfont, Bucks., U.K.

Sephadex G-50 columns for probe purification were purchased

from Pharmacia LKB Biotech Benelux, Roosendaal, The Nether-

lands, as were the AutoRead2 Sequencing kit and the Fluoro-

dATP Labeling Mix. Plasmid, phage and cosmid DNA prepara-

tions were carried out using QIAGEN kits (Qiagen, Hilden,

Germany). Restriction fragments used for either probe synthesis

or subcloning procedures were gel-purified using the QIAEX II

Gel Extraction kit (Qiagen). pBluescriptRSK(®) vector (Strata-

gene, La Jolla, CA, U.S.A.) was chosen for all subcloning steps.

Sets of overlapping DNA clones were generated by exonuclease

III}S1 nuclease (Erase-a-base kit ; Promega, Madison, WI,

U.S.A.). Gene-specific oligonucleotides and fluorescein-labelled

sequencing primers were from Pharmacia. Immobilon-P transfer

membranes (Millipore, Brussels, Belgium) were used for Western

blotting. The secondary antibodies were peroxidase-conjugated

swine anti-rabbit or peroxidase-conjugated rabbit anti-mouse

immunoglobulins (DAKO A}S, Glostrup, Denmark). Gibco-

BRL Life Technologies (Merelbeke, Belgium) supplied cell

culture reagents and various chemicals. Other molecular biology

grade chemical compounds were purchased from Sigma (St.

Louis, MI, U.S.A.), Merck and Pharmacia.

Preparation and labelling of a human SERCA3 cDNA probe

A 190 bp probe was generated by PCR using as template a

plasmid DNA containing a previously characterized 209 bp

fragment of human SERCA3 [13]. The 5« primer was the same as

in [13] (5«-TGCCTGGTAGAGAAGATGAA-3«), correspond-

ing to nucleotides 1470–1489 in the rat sequence (numbering

according to sequence of EMBL}GenBank data accession no.

J05086) and to nucleotides 1339–1358 in the human sequence

(present paper, Figure 2) ; note, however, that our sequencing

indicated that the underlined base (A) of the rat is replaced by a

G in the human sequence. The new 3« primer (5«-CCTGGCCG-

GTAGGGTGAGGGCGGGTG-3«) corresponds to the inverse

complement of nucleotides 1500–1525 in human SERCA3 (Fig-

ure 2). Amplification was carried out in the presence of 50 µCi of

[α-$#P]dCTP and Taq and Pwo polymerases for 20 cycles, each

cycle consisting of 30 s of denaturation at 94 °C, 30 s of annealing

at 58 °C and 30 s of extension at 72 °C.

Isolation and characterization of cDNA clones

A human T-cell (Jurkat) oligo(dT)-primed cDNA library con-

structed in the EcoRI cloning site of λ ZAP-II vector was

purchased from Stratagene, and 1¬10' independent plaque-

forming units were plated. Duplicate replica filters were initially

screened with the human 190 bp cDNA. Hybridization of the

filters was always carried out overnight at 42 °C in 2¬ Pipes

buffer (0.02 M Pipes, 0.8 M NaCl, pH 6.5), 0.5% SDS, 50%

formamide, 100 µg}ml denatured salmon sperm DNA and

2¬10' c.p.m.}ml probe. Filters were washed three times for

30 min each in 0.1¬SSC}0.1% SDS at 65 °C. Four recombinant

pBluescript plasmid clones designated Z1, Z3, Z4 and Z8 were

obtained. Additional clones Z9, Z10 and Z17 were isolated when

the library was rescreened with the 1.8 kb EcoRI insert of clone

Z3 as probe. Clone Z21 was obtained using a 444 bp PstI–EcoRI

restriction fragment, representing the 3«-end of clone Z17. A

K562 cell line cDNA library constructed in the λgt11 vector and

purchased from Clontech (Palo Alto, CA, U.S.A.) was screened

with an EcoRI–BamHI fragment (5«-end of clone Z8) as probe

according to the manufacturer’s instructions (Clontech). Three

positives (clones K1, K2 and K3) were plaque-purified, the

inserts excised by EcoRI digestion and subcloned in pBluescript

vector.

The composite human SERCA3 cDNA nucleotide sequence

(accession no. Z69881) in both strands was determined using the

Automated Laser Fluorescent A.L.F.2 DNA Sequencer from

Pharmacia. The sequencing strategy is shown in Figure 1.

Isolation and characterization of genomic clones

A total of 250000 clones from a human genomic library CMLW-

25383 [23], constructed in pJB8 cosmid vector, were screened

with a 3353 bp NotI–BglII fragment of the rat SERCA3 cDNA

clone RK 8-13 (a gift from Dr. G. E. Shull, University of

Cincinnati, OH, U.S.A.) as probe. At that stage, human SERCA3

cDNA clones were not yet available. The NotI–BglII fragment

comprised 86 bp of the 5«-untranslated region, the entire coding

sequence and 122 bp of the 3«-untranslated region.

Hybridization of the filters was carried out for 16 h at 42 °C in

5¬SSPE, 50% formamide, 5¬Denhardt’s solution, 5 mg}ml

denatured salmon sperm DNA and 10' c.p.m.}ml $#P-labelled

probe, followed by two washes of 30 min each in 1¬SSC}1%

SDS at 65 °C and one wash of 30 min in 1¬SSC at 65 °C. One

positive clone (GHS3) was isolated and further characterized.

Cosmid DNA was digested using EcoRI, HindIII, NotI, ClaI and

various combinations of these enzymes, size-fractionated by

0.7% agarose-gel electrophoresis, transferred to Hybond-N

membranes and analysed by Southern blot hybridization. The

probes used were the entire NotI–BglII fragment and two

fragments derived from it : a 390 bp NotI–P�uI fragment (as 5«-
end probe) and a 743 bp SnaBI–BglII fragment (as 3«-end probe).

All positive restriction fragments were subcloned. Sets of PCR

primers were designed from the human cDNA sequence and

used to determine the size of introns and the sequence around

exon}intron junctions.

Construction and expression of cDNA in COS-1 cells

A full-length composite clone (pHS3) was constructed from the

overlapping clones Z1, Z8, Z10 and Z17, using the BamHI, SphI
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Figure 1 Restriction map and sequencing strategy for the human SERCA3 cDNA clones

The full-length composite clone pHS3 is shown below the scale line. A black box represents the open reading frame and the flanking lines represent the untranslated sequences. Grey boxes denote

the poly(A)+ tail. The overlapping Z and K clones, isolated from Jurkat and K562 libraries respectively, are shown beneath the restriction map and are numbered relative to the translation initiation

site. The Z1, Z8, Z10 and Z17 clones were used to construct the pHS3 clone. The composite nucleotide sequence shown in Figure 2 was compiled from the overlapping Z clones. For each clone,

heavy lines and arrows indicate the extent and direction of sequencing. Single or double arrowheads denote that sequencing was done in one or both strands respectively.

and XhoI restriction sites. The pHS3 cDNA was excised with

EcoRI and transferred into an EcoRI-cut and dephosphorylated

mammalian expression vector pMT2 (from R. J. Kaufmann,

Genetics Institute, Boston, MA, U.S.A.). COS-1 cell culture and

DEAE-dextran-mediated DNA transfection were performed as

described earlier [24].

Membrane preparations and protein determination

Platelet membrane vesicles were isolated from human, rat, cat

and pig platelet-rich plasma as previously described [25]. Micro-

somes were isolated from COS-1 cells expressing rat SERCA3

according to Verboomen et al. [24]. Besides the microsomal

pellet, the 1000 g nuclear pellet, which still contains a considerable

amount of intracellular membranes, was kept for further analysis.

Protein concentration was determined by the bicinchoninic acid

method (Pierce, Rockford, IL, U.S.A.), using BSA as standard.

Preparation of antibodies and immunoblotting analysis

A synthetic peptide C91 (SRNHMHEEMSQK), corresponding

to the extreme C-terminus of human SERCA3, was conjugated

by means of glutaraldehyde to bovine thyroglobulin at a con-

centration of 0.17 mg of peptide}mg of carrier, and antibodies

were raised in rabbits against the conjugate as described earlier

[13]. Preparation of the N89 and C90 anti-SERCA3 antibodies

has been described previously [13]. The PL}IM430 monoclonal

antibody (a gift from Dr. K. S. Authi, Thrombosis Research

Institute, London, U.K.), initially raised against highly purified

platelet intracellular membranes [19], recognizes a 97 kDa Ca#+-

ATPase in platelets and in some other human cell types [21].

Denaturing-gel electrophoresis on 0.75-mm-thick 7.5% poly-

acrylamide slab gels, semi-dry blotting on to Immobilon-P

membranes and immunostaining of the blots were done as

reported earlier [13].

Northern blot hybridization analysis

Two human multiple-tissue Northern blots (Human MTN I and

III blots) of high quality poly(A+) RNA were purchased from

Clontech. These blots had been made by running 2 µg of poly(A)+

RNA from each specified tissue on a denaturing formaldehyde}
1.2% agarose gel followed by transfer on to positively charged

nylon membranes. We prepared a third Northern blot in the

same way, using poly(A)+ RNA from Jurkat and K562 cells and

from human colon mucosa. Polyadenylated RNA was prepared

from both Jurkat and K562 cells using the Micro-FastTrack kit

(Invitrogen Co., British Biotechnology Products Ltd., Abingdon,

U.K.). Total RNA was first isolated from human colon mucosa

using the guanidinium isothiocyanate}CsCl purification method

[26], and poly(A)+ RNA was then purified by oligo(dT)–cellulose

column chromatography (Pharmacia). Membranes were hybrid-

ized by following the manufacturer’s protocol (Clontech) and

washed two times for 30 min each in 2¬SSC}0.05% SDS at

room temperature and two times for 30 min each in 0.1¬
SSC}0.1% SDS at 60 °C. DNA fragments to be used as

hybridization probes were produced and $#P-labelled by PCR

amplification using SERCA3 cDNA clone pHS3 as template

DNA and a mixture of Taq and Pwo DNA polymerases. A

human SERCA3 5«-end cDNA probe was synthesized using the

following pair of primers : a 5« primer, NEP (5«-ATCTGC-

TCCCGGCCGCCGACG-3«), corresponding to nucleotides

14–34, and a 3« primer, PII (5«-AAAGGAGACAAGGGC-

AGCCAGCAGCA-3«), corresponding to the inverse comple-

ment of the nucleotide stretch 194–219. Similarly, a set of

primers, 1() (5«-GTGTGTACCTCAGACTGATGG-3«) and
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31(®) (5«-CAAGTGAACGTCCAGCTTCC-3«), corresponding

to nucleotides 3027–3047 and the inverse complement of nucleo-

tides 3380–3399 respectively, was used to generate a 3«-end probe

(numbering according to the nucleotide sequence of human

SERCA3 shown in Figure 2). PCR amplifications were carried

out for 20 cycles, each cycle consisting of 30 s of denaturation at

94 °C, 30 s of annealing at 60 °C for the NEP}PII pair or at

57 °C for the 1()}31(®) pair, and 30 s of extension at 72 °C.

Fluorescence in situ hybridization (FISH) analysis

Phytohaemagglutinin-stimulated peripheral blood lymphocytes

from a normal male were used to prepare metaphase spreads

according to established methods. FISH was performed ac-

cording to Kievits et al. [27], using the biotin-11-dUTP labelled

DNA of clone GHS3 as probe. Results were evaluated on a Zeiss

Axiophot fluorescence microscope and recorded on Scotch (3M)

ASA 640 film. Chromosome banding was carried out using a

modified Wright’s staining method [28].

RESULTS

Isolation and characterization of cDNA clones coding for human
SERCA3

Since previous reverse transcriptase-PCR measurements indi-

cated the expression of nearly equal levels of human SERCA3

and SERCA2 mRNAs in, amongst other cell types, K562 cells,

lymphocytes and several T-cell lines [11,12], we decided to clone

SERCA3 from a human Jurkat T-cell cDNA library (Stratagene)

in λ ZAP-II. Several screenings of 10' plaques with the probes

described in the Experimental section resulted in the detection of

eight positive SERCA3 cDNA clones, Z1, Z3, Z4, Z8, Z9, Z10,

Z17 and Z21, of which Z10 and Z21 ended in poly(A) tracts

greater than 30 bases in length. Although the combined clones

covered the whole open reading frame and the complete 3«-
untranslated region, most of the 5«-untranslated region was still

missing. In an effort to recover the 5«-untranslated region, a

λgt11 cDNA library from human K562 cells (Clontech) was

screened with a 427 bp EcoRI–BamHI probe corresponding to

the 5«-end of clone Z8, which resulted in the identification of

three more clones, K1, K2 and K3, none of which contained any

additional 5« sequence. For further applications, a composite

clone, pHS3, was constructed from partial cDNA clones Z1, Z8,

Z10 and Z17. The restriction map of clone pHS3 and the

sequencing strategy for all clones isolated from both libraries are

illustrated in Figure 1, and the composite nucleotide and deduced

amino acid sequences are shown in Figure 2. Clone pHS3 is 4547

nucleotides in length and contains six nucleotides preceding the

ATG codon (nt 1), found in an acceptable context charac-

teristic for initiation of eukaryotic translation [29]. A consensus

polyadenylation signal [30] in the 1547 nt 3«-untranslated region

is located 17 nucleotides upstream of the beginning of the

poly(A) tract. The 3«-untranslated region of human SERCA3 is

206 nt longer than its rat counterpart.

Amino acid sequence analysis and comparison with other SERCA
pumps

The primary translation product deduced from clone pHS3 is

999 amino acids in length. The predicted molecular mass of

human SERCA3 is 109237 Da, close to the value of 109223 Da

for rat SERCA3 [11]. The hydrophobic domains, the phosphoryl-

ation site (residues 349–355) and other regions known to bind

fluorescein isothiocyanate (FITC) or the ATP analogues FSBA

(5«-p-fluorosulphonylbenzoyladenosine) and CIRATP ²γ-[4-(N-

2-chloroethyl-N-methylamino)]benzylamide ATP´ [31–33] in

SERCA1, and thought to be part of the ATP binding site, are

conserved in human SERCA3 (Figure 3). In pairwise compari-

sons, human SERCA3 exhibits 94.3% overall identity with rat

SERCA3, and 76.7% and 75.2% identity with human SERCA2a

and human SERCA1a respectively. The sequence differences

between human SERCA3 and the other SERCAs are mainly

concentrated in the N- and C-termini and in the regions flanking

the FITC binding site. Except for the last 12 amino acids of their

C-termini, there are 49 (usually scattered) differences between the

human and rat SERCA3 isoforms. Sequence divergence among

species in the C-terminus is further confirmed by immunological

data (see below).

Immunodetection of human SERCA3 in platelets and in
transfected COS cells

Two different antibodies (N89 and C90) directed respectively

against an epitope close to the N-terminus and against the

extreme C-terminus of rat SERCA3 were recently obtained [13].

The N89, but not the C90, antiserum cross-reacted with the

SERCA3 isoform from human platelets. A difference of seven

out of 12 C-terminal amino acids deduced from the rat and

human SERCA3 cDNAs explains the lack of reactivity with C90.

A new antibody (C91), directed against the last 12 amino acids

of the human isoform, specifically binds to the Ca#+-ATPase

both in human platelets and in COS-1 cells transfected with

human SERCA3 cDNA, but failed to recognize the Ca#+-ATPase

from rat platelets and that expressed from rat SERCA3 cDNA

in COS-1 cells. This is illustrated in Figure 4(A) (lanes 3–7),

whereas an N89 immunostaining shown in Figure 4(B) (lanes

3–7) demonstrates specific binding to human and rat isoforms in

platelets and COS-1 cells transfected with the corresponding

cDNAs. The specificity of the C90 antibody is shown in Figure

4(C) (lanes 3 and 7), where the C91-immunostained blot was

restained with C90.

The C-terminal part of SERCA3 differs among species

Western blot analyses were performed on cat, pig, rat and human

platelets using the C90, N89 and C91 antisera. The immuno-

staining results are illustrated in Figures 4(A)–(C) (lanes 1–4).

The N89 antibody cross-reacted with platelets from the four

species, suggesting that the N-terminal part of SERCA3 is

conserved among these species. Cat and pig SERCA3 were not

stained with either C91 or C90 antibodies, strengthening the idea

of a more pronounced sequence variability within C-termini of

SERCA3 from different mammals. The significance of this

observation is not yet clear. There also exists a small but

consistent difference in electrophoretic mobility of SERCA3

between the species. The human and the pig isoforms show a

slightly lower mobility than the cat and rat isoforms. This can be

most easily seen on SDS}PAGE (6% gel) with extended running

time (results not shown).

Human SERCA3 does not display a PL/IM430-recognizable
epitope

Kova! cs et al. [21] suggested that human platelets express, besides

the 100 kDa SERCA2b and the 97 kDa SERCA3, still another

97 kDa Ca#+-ATPase, which co-migrates with SERCA3 on

SDS}polyacrylamide gels. This putative isoform selectively

immunoreacted with the PL}IM430 monoclonal antibody, pre-

viously shown to inhibit Ca#+ uptake in platelet intracellular

membrane vesicles [19]. This conclusion was apparently in

contradiction with both our previous results [13] and those of
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Figure 2 Composite nucleotide and deduced amino acid sequences of human cDNA pHS3

Nucleotides are numbered relative to the translation initiation site at the right of the sequence ; amino acids are numbered below the sequence. The slashes in the sequence after nucleotides 2610,

2744, 2862 and 2980 indicate the exon boundaries which were mapped from the gene. The phosphorylation site (P), the hydrophobic putative transmembrane domains (H1–H10) and the peptide

C91 used to obtain C91 antisera are underlined and labelled. The consensus polyadenylation signal is underlined.

Bokkala et al. [20], who recently claimed that the protein

recognized by PL}IM430 is SERCA3. cDNA cloning and

transient expression of human SERCA3 cDNA in COS-1 cells

clarified this controversy. Figure 4(D) shows that PL}IM430

stains a 97 kDa band in human platelets but not in COS-1 cells

expressing human SERCA3, in spite of the fact that N89 is able

to detect low levels of its epitope. This analysis demonstrates that

human SERCA3 does not contain a PL}IM430-recognizable

epitope, thus supporting Kova! cs’ idea of a multi-SERCA system

in human platelets [21].
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Figure 3 Amino acid similarity comparison

The deduced amino acid sequence of clone pHS3 (human SERCA3) is compared with those of rat SERCA3 [11], human SERCA1a [6] and human SERCA2a [8]. Residues of rat SERCA3, human

SERCA1a and SERCA2a that are identical with the corresponding residues of human SERCA3 are represented by dashes. To maintain the alignment, a single gap was introduced in the SERCA2a

sequence following residue 509. The amino acid numbers for human SERCA3 are shown on the right. The hydrophobic regions (H1–H10) which may represent transmembrane domains, the

phosphorylation site (Phos Site), the FITC binding site [31] and the FSBA/CIRATP binding region [32,33] are labelled and indicated by bars above the sequence.

Northern blot hybridization analysis

The SERCA3 mRNA distribution pattern in various human

tissues and cell lines was studied by Northern blot hybridization

using probes from both the 5«-coding and the 3«-untranslated

regions of clone pHS3 (Figure 5). Low levels of expression (in

some cases only evident after longer exposures) of a 4.8 kb

mRNA were detected with both probes in heart, brain, lung,

stomach, thyroid and adrenal glands, whereas intermediate to

high levels were found in bone marrow, pancreas, colon mucosa,

K562 cells, Jurkat cells, lymph nodes and trachea. Interestingly,

analysis of the mRNA distribution using a 5«-end probe identified

in thyroid gland and bone marrow an additional mRNA of

4.0 kb which was not recognized by the 3«-end probe. A 3.8 kb

transcript detected in skeletal muscle with the 5« probe but not

with the 3« probe can most likely be ascribed to a cross-

hybridization with the fast-twitch SERCA1 mRNA, which is

expressed exclusively in this tissue at a very high level. The

ubiquitously expressed 4.5 kb mRNA, coding for the house-

keeping isoform SERCA2b, was not detected with any of the

SERCA3-specific probes on our Northern blots. This is not

surprising, since the 5«-end probe shares only 60% identity with

the corresponding SERCA2b cDNA sequence. The 4.0 kb

mRNA detected in thyroid and bone marrow should therefore

most likely be attributed to SERCA3, thus providing the first

evidence for alternative processing of the SERCA3 transcript.

Furthermore, Northern blot analysis using another 3«-end probe,

containing the entire untranslated region, showed that only the

4.8 kb mRNA was detected in thyroid and bone marrow (results

not shown), indicating that the 4.0 kb mRNA uses a different

polyadenylation signal which is not represented in the 3«-
untranslated region of the longer messenger. The difference in

the relative distribution of the 4.0 kb and 4.8 kb mRNAs in

thyroid (90% and 10% respectively) and bone marrow (40%

and 60% respectively) may be relevant for the specific regulation

of putative SERCA3 isoform expression in these tissues.

Characterization of genomic clone GHS3 coding for the SERCA3
gene

A genomic clone, GHS3, approx. 40 kb in length, was isolated by

screening a human genomic library in the pJB8 cosmid vector

with a rat NotI–BglII cDNA probe. Southern blot hybridization

analysis showed that the coding regions of the SERCA3 gene

recognized by this cDNA probe were spread over a genomic

region of 25 kb. The restriction map of the genomic insert is

illustrated in Figure 6. A more detailed examination, using a

NotI–P�uI fragment as 5« probe and a SnaBI–BglII fragment as

3« probe, revealed that the 5«-end of the gene was not represented

in clone GHS3, whereas the 3«-region of the SERCA3 gene was

retained. This observation was further confirmed by Southern

blot analysis with human cDNA probes.
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Figure 4 Immunoblot analysis of SERCA3 expression in platelets from different species and in COS-1 cells transfected with human and rat cDNAs

Samples of 40 µg of protein/lane of platelet microsomes (A–C : lane 1, cat ; lane 2, pig ; lane 3, rat ; lane 4, human ; D : lane 1, human) and of 50 µg of protein/lane of the intracellular membrane-

rich nuclear fraction from COS cells transfected with no cDNA (A–C, lane 5 ; D, lane 2), human SERCA3 cDNA (A–C, lane 6 ; D, lane 3) or rat SERCA3 cDNA (A–C, lane 7) were electrophoresed

on Laemmli gels, semi-dry blotted and immunostained as indicated in the Experimental section. The blot shown in (A) was first stained with the human SERCA3-specific antiserum C91 (1 : 500

dilution). The same blot was then overstained with the rat SERCA3-specific antiserum C90 (1 : 1000 dilution) as shown in (C). Immunostaining with the SERCA3-directed antibody N89 (1 : 1000

dilution) is shown in (B), whereas (D) illustrates staining with the monoclonal antibody PL/IM430 (1 : 1000 dilution). Positions of molecular mass standards (kDa) are indicated.

Figure 5 Tissue distribution of the mRNA encoding human SERCA3

Poly(A)+ RNA from the indicated human tissues or cell lines was analysed by Northern blot

hybridization using probes from the 5«-coding region (upper row) and the 3«-untranslated
sequence (lower row) of clone pHS3, as indicated in the Experimental section. The

autoradiographic exposure time was 48 h at ®80 °C. The positions and sizes (in kb) of the

RNA markers (Gibco-BRL) are shown on the left of each blot.

Our Northern blot analysis identified a new SERCA3 tran-

script and, since no data regarding gene structure have been

reported so far, it was of interest to investigate the structure of

Figure 6 Restriction map of the genomic clone GHS3 and partial structure
of the human SERCA3 gene

The restriction map of the clone GHS3 is shown below the scale line. The shaded box represents

the genomic sequence encoding all but the 5« region of the gene. The bar above the map

illustrates the restriction fragments which hybridized to the indicated cDNA probe. C, ClaI ; E,
EcoRI ; H, HindIII ; N, NotI. An enlargement of a 9.5 kb genomic region encoding the last four

exons of pHS3 is shown below clone GHS3 ; the light grey boxes represent the coding regions

and the black box represents the 3«-untranslated sequence. The splicing pattern and the sizes

of the exons (not to scale) are displayed beneath the enlargement. The stop codon (TGA) and

the polyadenylation signal AATAAA [30] are also indicated.

the 3«-end of the gene in order to evaluate the likelihood of an

alternative splicing event. Exon}intron boundaries are likely to

be conserved in related genes. Based on the published exon}intron

layout of the SERCA1 gene [5,6] and on that of the 3«-end of the
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Figure 7 Partial genomic nucleotide sequence and exon/intron layout of
the 3«-end of the human SERCA3 gene

The exon sequences are shown in upper-case letters and the intervening sequences are shown

in lower-case. The positions of the nucleotides at the exon/intron boundaries are indicated above

the nucleotide sequence and numbered relative to the translation initiation site. The underlined

nucleotide (c) represents the start of the 5.7 kb nucleotide sequence deposited in the

EMBL/GenBank Data Bank under accession no. Z69880. The positions within the coding

sequence of the protein are indicated below the amino acid sequence. The polyadenylation

signal is shown in bold face. The nucleotide at position 4547 is polyadenylated in clone pHS3,

but see the Results section for comments. The sizes of the introns and the last exon are also

indicated.

SERCA2 gene [8], PCR primers for human SERCA3 were

chosen in the exonic regions flanking each putative intron. In this

way the presence of an intron could be confirmed and its total

length assessed. Additionally, the same PCR primers were used

as oligonucleotide probes on Southern blots in order to identify

the genomic restriction fragments containing the corresponding

exon sequences. This approach resulted in the identification of

three adjacent fragments estimated to cover a total length of

9.5 kb of genomic DNA. The 2.1 kb EcoRI–EcoRV, the 4.3 kb

EcoRV–NotI and the 3.1 kb NotI–EcoRI fragments (see Figure

6) were subcloned for further analysis. The 9.5 kb genomic

region contained the four terminal exons and the corresponding

three intervening sequences. The sizes of the antepenultimate,

penultimate and ultimate introns as determined by PCR were

0.76, 0.55 and 3.1 kb respectively. All exons, exon}intron bound-

aries and introns (except for the antepenultimate one) were

sequenced in both directions, and the complete nucleotide

sequence of more than 5.7 kb of genomic DNA is shown in

Figure 7. The most 5« exon (exon N®3 in Figure 6) codes for a

protein region extending from amino acid 871 to 914

(nt 2611–2744 of the pHS3 clone). The next exon (exon N®2)

codes for amino acids 915–954 (nt 2745–2862 of pHS3), whereas

the penultimate exon (exon N®1) codes for amino acids 955–993

(nt 2863–2980 of pHS3). The coding region for amino acids

994–999 and the whole 3«-untranslated sequence of human

SERCA3 cDNA are found in the last exon (exon N), which is

probably the largest exon (1567 nt long) found in the SERCA3

gene. GT and AG dinucleotides were found at the 5«- and 3«-ends

respectively of each of the intervening sequences. The positions

of the N®3, N®2 and N®1 exons perfectly match with those of

exons 19, 20 and 21 respectively of the rabbit and human

SERCA1 genes [5,6] and with the similar exons of the human

SERCA2 gene [8]. Exon 21 represents the last constitutive exon

in SERCA1 and SERCA2. The 3« limit of this exon (nt 2980 in

human SERCA3) represents in both cases the point of divergence

between the different splice variants. Exons downstream of this

are optional and their excision}retention is developmentally or

tissue-specifically regulated. A perfect polyadenylation consensus

sequence [30], AATAAA, was found 17 nucleotides upstream of

the beginning of the poly(A)+ tail. It is impossible on the basis of

sequence analysis alone to determine the exact position of the

cleavage}polyadenylation site, since the nucleotide G at position

4547 is followed by two A nucleotides at positions 4548 and 4549

in the gene. A similar ambiguous situation was encountered in

the human SERCA2 gene [8]. Other polyadenylation signals,

which could give us a clue to understanding the generation of the

two transcripts observed in Northern blot experiments, were not

detected in either the ultimate intron sequence or the 3«-
untranslated region. We cannot exclude the possibility that an

optional exon corresponding to the 3«-end of the 4.0 kb transcript

may still be found in the SERCA3 gene, downstream of exon N.

Chromosomal localization of the human SERCA3 gene by FISH

Biotin-11-dUTP-labelled DNA of clone GHS3 was used as a

probe for FISH. Analysis of 20 metaphase spreads allowed us to

localize the SERCA3 gene on the short arm of chromosome 17

to region p13.3, based on G-banding. Over 80% of the meta-

phases displayed strong paired signals and others showed strong

single signals combined with a weaker paired signal. No cross-

hybridizations to the other members of SERCA gene family were

detected. Figure 8 illustrates a typical example of a FISH

experiment and the corresponding G-banding pattern of the

human metaphase chromosomes. Guided by FISH analysis

results, we subsequently screened a human chromosome-17-

specific cosmid library available as gridded filters from Reference

Library Database ICRF [34], and six new overlapping positives

coding for the SERCA3 gene were isolated (ICRFc105-A09183,
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Figure 8 Chromosomal localization of the human SERCA3 gene (ATP2A3)

(A) Example of FISH analysis of a metaphase spread using the biotin-11-dUTP-labelled cosmid

DNA GHS3 as probe. The hybridization signals on human chromosomes 17 are indicated with

arrowheads. (B) Enlargement of the same FISH experiment. (C) Chromosome G-banding pattern

of the same metaphase spread ; the arrowheads show the places where the FISH signals were

observed.

-C10135, -G1035, -G09189, -F10124 and -F021). Preliminary

data show that these clones cover a genomic region of about

90 kb (results not shown).

DISCUSSION

Molecular cloning and transient expression of human SERCA3
cDNA

Previous work [13,14] established that the SERCA3 pump is

expressed in both rat and human platelets. Additonally, Western

blot analyses using polyclonal SERCA3-specific antibodies (N89

and C90) suggested that the rat and human isoforms are

immunologically distinct. A monoclonal antibody, PL}IM430,

was previously described and shown to inhibit Ca#+ uptake in

intracellular membranes from human platelets, but its reaction

appeared to be strictly confined to human epitopes [19]. Since it

recognized a protein with the same apparent molecular mass as

SERCA3 (97 kDa in acid PAGE gels), it was initially assumed

that human SERCA3 corresponded to the PL}IM430-recog-

nizable Ca#+-ATPase [13,20]. Based on controlled trypsinolysis

of the human platelet Ca#+-ATPases and subsequent PL}IM430

immunostaining of the fragments, Kova! cs et al. [21] proposed

the existence of a 97 kDa Ca#+-ATPase isoform distinct from

SERCA3. However, the possibility that the C-terminus of the

human SERCA3 protein might contain the PL}IM430-recog-

nizable epitope could not be excluded. To further test the

hypothesis that human platelets indeed co-express two distinct

97 kDa isoforms, human SERCA3 cDNA was cloned and

transiently expressed in COS-1 cells, which do not express

endogenous SERCA3 [18]. Remarkably, the expression levels of

the human SERCA3 protein in the COS cell system were much

lower than those obtained in our previous expressions of rabbit

SERCA1a, pig SERCA2a and SERCA2b [13], in spite of the

production in the COS cells of high levels of human SERCA3

mRNA as indicated by reverse transcriptase-PCR (results not

shown). We have as yet no good explanation for this reduced

expression. The human SERCA3 expressed in COS cells could be

immunodetected not only by the previously described N89

SERCA3-specific antibody, but also by a new human-SERCA3-

specific antibody (C91) directed against the extreme 12-amino-

acid C-terminal tail of human SERCA3, deduced from the

cDNA sequence presented here. Whereas the N89 and C91

antisera were able to recognize both endogenous SERCA3 in

human platelets and SERCA3 expressed from its cDNA in COS

cells, PL}IM430 gave a positive reaction only in human platelets.

This evidence is complementary to the studies of Kova! cs [21] and

supports the idea of the expression of a multi-SERCA system in

platelets and in some other related human cells. It should be

noted, however, that the possibility that the lack of reactivity of

PL}IM430 with expressed human SERCA3 in COS cells results

from a failure of the enzyme to reach its appropriate native

conformation cannot be entirely excluded.

An important issue concerns identification of the structural

domains of the SERCA pumps, which might be involved in their

specific subcellular targeting. In view of the analogy between the

C-terminal end of the adenovirus E19 protein and rat SERCA3,

Burk et al. [11] suggested that the C-terminal sequence of rat

SERCA3, comprising the last 15 amino acids, might function as

an endoplasmic reticulum retention signal. The motif, which

consists of two lysine residues located three amino acids upstream

of the C-terminus, also resembles that found at the C-terminal

part of some endoplasmic reticulum membrane proteins [35]. A

comparison between human and rat SERCA3 C-termini (Figure

3) shows that the rat putative endoplasmic reticulum retention

signal is not conserved in the human isoform. Moreover, our

immunoblot analyses (Figure 4) suggest that the C-terminal

sequences of mammalian SERCA3 pumps present, in general, a

lower degree of conservation than was observed for the other

members of the SERCA family. Furthermore, both SERCA1
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and SERCA2 isoforms lack the retention signal. Taken together,

these observations imply that other regions, normally conserved

amongst all SERCA pumps, are actually involved in the targeting

process. A recent study using chimaeric constructs comprising

SERCA and plasma membrane Ca#+-ATPase domains showed

that the first transmembrane domain of the SERCA component

was required for efficient retention in the endoplasmic reticulum

[36].

Alternative processing of the SERCA3 primary transcript

The partial characterization of the intron positions in the

SERCA3 gene shows that the exon}intron boundaries are highly

conserved among themembers of themammalian SERCAfamily.

The developmentally controlled or tissue-dependent alternative

processing of SERCA1 and SERCA2 primary transcripts re-

spectively has been well documented [2]. The protein isoforms

resulting from this processing (SERCA1a}1b and SERCA2a}2b)

are characterized by an altered amino acid sequence in their

extreme C-terminal regions. Our Northern blot hybridization

analysis (Figure 5) from different human tissues and cell lines

suggests the possibility of a similar alternative splicing affecting

the C-terminus of human SERCA3. Indeed, it not only confirms

the non-muscle distribution of a 4.8 kb SERCA3 mRNA but

also reveals an unexpected pattern consisting of two transcripts,

of 4.8 and 4.0 kb, in thyroid gland and in bone marrow. The

4.0 kb mRNA was detected with the 5«-end probe but not with

the 3«-end probe. The 374-bp-long 3«-end probe (stretching from

16 to 390 bp downstream of the stop codon) did not detect the

4.0 kb mRNA species, even under low-stringency washing condi-

tions. Similar results were obtained with a probe comprising the

whole 3«-untranslated region. This is the first evidence suggesting

that SERCA3 pre-mRNA might also be alternatively processed.

The 3«-end of the human SERCA3 gene was cloned in order to

better evaluate the possible mechanisms by which the two

observed transcripts might be generated. This revealed that the

last exon found in the 4.8 kb transcript encodes the last six C-

terminal amino acids of the protein and the entire 3«-untranslated

region. The preceding 3.1 kb intron does not present any obvious

polyadenylation signal which could be used by the 4.0 kb

transcript. Hence the 4.0 kb mRNA found in thyroid and bone

marrow most likely contains a coding sequence for a C-terminus

and a 3«-untranslated region, which are not found in either the

terminal intron or the last exon retained in the 4.8 kb mRNA,

but more downstream in the gene. This implies that the transcript

processing mode for human SERCA3 differs from the exon

skipping (SERCA1) and the internal donor site splicing

(SERCA2) models. The SERCA3 processing mode may instead

resemble that described for the calcitonin}calcitonin-gene-related

peptide gene [37] and for the Drosophila double sex, dsx [38]

genes. Until a cDNA clone corresponding to the 4.0 kb transcript

is isolated, it remains an open question as to which splicing

model is characteristic for SERCA3.

Chromosomal localization of the human SERCA3 gene

Previous studies [39–41] demonstrated that the genes encoding

the SERCA1 and 2 isoforms (ATP2A1 and ATP2A2) are

localized to human chromosomes 16p12.1 and 12q23-q24.1

respectively. We now report assignment of the SERCA3 gene

(ATP2A3) to human chromosome 17p13.3, a cytogenetic band

frequently associated with loss of heterozygosity for different

diseases. This localization was further confirmed by the isolation

of six new overlapping genomic clones, coding for the SERCA3

gene, from a chromosome-17-specific library. The estimated size

of the cytogenetic sub-band 17p13.3 accounts for 3–4 Mbp, and

genes involved in the growth and development of the nervous

system have been mapped to this region: the Miller–Dieker

lissencephaly gene LYSI [42] and a putative suppressor gene,

distinct from p53, involved in medulloblastoma [43]. Recent

work on rat brain has provided evidence that the SERCA3 gene

is expressed in cerebellar Purkinje neurons along with the

housekeeping gene, SERCA2 [16,17]. The chromosomal mapping

of the SERCA3 gene could be useful for the investigation of how

closely these unrelated genes are physically linked, and the NotI-

linking clone GHS3 represents a valuable tool for the long-range

NotI restriction map project of this region. Given the extensive

gene conservation between human chromosome 17 and mouse

chromosome 11 [44], it would not be surprising to find that the

mouse SERCA3 gene is localized on mouse chromosome 11.

Further characterization of the ICRF cosmid clones is needed in

order to analyse the promoter region of SERCA3. This can

provide further insight regarding the distribution of SERCA3 in

non-muscle tissues.
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