The Journal of Experimental Biology 207, 2991-3002 2991
Published by The Company of Biologists 2004
doi:10.1242/jeb.01101

Characterization and expression of plasma membrane CaATPase (PMCA3) in
the crayfish Procambarus clarkiiantennal gland during molting

Yongping Gao and Michele G. Wheatly*
Department of Biological Sciences, Wright State University, Dayton, OH 45435, USA

*Author for correspondence (e-mail: michele.wheatly@wright.edu)

Accepted 18 May 2004

Summary

The discontinuous pattern of crustacean cuticular techniques. CrayfishPMCA3 consists of 414®&p with a
mineralization (the molting cycle) has emerged as a model 3546bp open reading frame coding for 1182 amino acid
system to study the spatial and temporal regulation of residues with a molecular mass of 13kDa. It exhibits
genes that code for C#&-transporting proteins including 77.5-80.9% identity at the mRNA level and 85.3-86.9%
pumps, channels and exchangers. The plasma membrane identity at the protein level with PMCA3 from human,
Ca?*-ATPase (PMCA) is potentially of significant interest mouse and rat. Membrane topography was typical of
due to its role in the active transport of C&* across the published mammalian PMCAs. Northern blot analysis of
basolateral membrane, which is required for routine total RNA from crayfish gill, antennal gland, cardiac
maintenance of intracellular C&2* as well as unidirectional ~muscle and axial abdominal muscle revealed that a 7kb
Ca?* influx. Prior research has suggested that PMCA species was ubiquitous. The level oPMCA3 mRNA
expression is upregulated during periods of elevated €&  expression in all tissues (transporting epithelia and
influx associated with postmolt cuticular mineralization.  muscle) increased significantly in pre/postmolt stages
This paper describes the cloning, sequencing and compared with relatively low abundance in intermolt.
functional characterization of a novel PMCA3 gene from  Western analysis confirmed corresponding changes in
the antennal gland (kidney) of the crayfishProcambarus PMCA protein expression (13kDa).
clarkii. The complete sequence, the first obtained from a
non-genetic invertebrate species, was obtained through Key words: calcium transport, plasma membrane calcium ATPase,
reverse transcription-polymerase chain reaction (RT- PMCA, crayfish,Procambarus clarkii,antennal gland, gill, axial
PCR) and rapid amplification of cDNA ends (RACE) abdominal muscle, cardiac muscle.

Introduction

Intracellular C&* homeostasis is critical to eukaryotic cells periodically shed, enabling growth to occur. These episodes
due to the important role that cytoplasmic fre@'Qaays as a are preceded in premolt by reabsorption of*Caom the
second messenger in initiating routine cellular events includingxisting cuticle and deposition in storage sites (often regions
excitation—contraction coupling, hormonal release, alterationsf the digestive tract). Following ecdysis, there is intense
in cell metabolism and growth. In general, cells attempt to keepressure in postmolt to remineralize the new cuticle primarily
intracellular (IC) C&* low to preserve its function as a with C&* absorbed from the external water. After
signaling agent and to avoid cell toxicity. Studies suggest tha@alcification is completed, the animal returns to intermolt, a
this involves coordination between transmembrane proteins geriod during which net Caflux is minimal. The beauty of
apical, basolateral and internal [sarco/endoplasmic reticuldahis model system is that net €dlux alternates from Ca
(SER)] membranes that import and export?Casuch as balance (intermolt) to net loss (premolt) and then to significant
channels, pumps, exchangers and binding proteins. Regulatioet uptake (postmolt), offering an ideal model to examine the
of IC C&* is further challenged in polarized epithelial cellstemporal and spatial regulation of genes coding fof*Ca
that vectorially transfer large amounts of 2Czither in  handling proteins. Among crustaceans, the crayfish exhibits
absorptive or secretory mode. highly developed strategies for €ahomeostasis that have

The natural molting cycle of a freshwater crayfish,enabled it to evolve in freshwater, a highly inhospitable
Procambarus clarkiihas emerged as an ideal non-mammaliaenvironment with respect to Ezavailability (levels typically
model to study Cd& homeostasis and the genes encodindelow 1mmoll-1 compared with 1&nmoll-1 in seawater).
the C&* handling proteins (Wheatly, 1999). As arthropods,Specifically, the antennal gland (kidney analog) produces a
crustaceans possess an external calcified cuticle that ddute urine, contributing significantly to the organism’s
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ability to maintain its hemolymph €& hyperionic to the and Enyedi, 1998; Guerini et al., 1999, 2000). In vertebrates,
external environment. This ability is relatively rare in theresearch has focused primarily on excitable tissues, although
animal kingdom. In postmolt, the gills effect massive netsome studies have involved intestinal absorptive epithelia
Ca&* influx from low external levels using active influx (Borke et al., 1990; Howard et al., 1994) and mammary
mechanisms. secretory epithelium (Reinhardt and Horst, 1999).

While our lab has had a long-term interest in severdf Ca Mammalian PMCAs are encoded by four non-allelic genes
import/export proteins, the most interesting and elusive ofocated on different chromosomes, and additional isoform
these is the high-affinity plasma membrane?'CATPase variants (as many as 30 in total) are generai@dlternative
(PMCA) that moves CHd against its electrochemical gradient RNA splicing of the primary gene transcripts at two major
from the cytosol into the hemolymph using hydrolysis ofregulatory sites, one adjacent to the amino-terminal
ATP. This protein is critical to routine maintenance of ICphospholipid responsive region and another within the
Ca&* concentration and may have an enhanced role inarboxyl-terminal CaM binding domain (Olson et al., 1991;
transcellular C#& influx. Physiological examination of ATP- Brandt et al., 1992; Latif et al., 1993; Wang et al., 1994). The
dependent uptake into inside-out basolateral vesicle®ur PMCA genes appear to be very closely related in their
(Wheatly et al., 1999) suggests that postmol*Gaflux at  exon—intron structure (Burk and Shull, 1992; Hilfiker et al.,
the antennal gland would necessitate proliferation of*Ca 1993; Kuzmin et al., 1994). General consensus in vertebrates
pumps, while qills appear to be engineered with ars thatPMCAs1 and 4 are found in virtually all tissues and
overcapacity to pump G appear to be ‘housekeeping’ isoforms where®8CA 2 and

Initial attempts to clone G& pumps in crustaceans were 3 are subject to temporal and spatial tissue- and cell-specific
focused on a related export protein, the sarco/endoplasmiegulation and, as such, may inform the functional adaptation
reticulum C&+* ATPase (SERCA), which sequesters cytosolicto the physiological need of preserving multiple isoforms
C&* into the SER. In crayfish, SERCA expression is highesbver many years of evolution (Burk and Shull, 1992; Carafoli
in intermolt and decreases in pre- and postmolt in bo#i-Ca and Stauffer, 1994). The substantial differences among
transporting epithelia (hepatopancreas; Y.G. and M.G.WPMCA isoforms are in their regulation by kinases, proteases
unpublished observations) and norkGlmiansporting tissues and the C#&-binding protein CaM (Borke et at., 1990;
alike (axial and cardiac muscle; Zhang et al., 2000; Chen et aCarafoli, 1991; Axelsen and Palmgren, 1998; Bourinet et al.,
2002). However, in the mineralizing anterior sternal epitheliuni999).

(ASE) of the terrestrial isopodorcellio scabeyrupregulation PMCA3 was the isoform selected for complete
of SERCA was associated with €dransporting stages (late characterization based on preliminary studies in our lab and the
premolt and intramolt), an effect that was not apparent ifiact that it has emerged from mammalian studies as a candidate
nervous tissue (Hagedorn and Ziegler, 2002; Hagedorn et alspform for tissue-specific and developmental regulation and
2003). alternative splicing patterns. The freshwater crayfish molting

PMCAs and SERCAs belong to the family of P-typecycle can offer unique insights into the spatial and temporal
ATPases characterized by the formation of a covalentlyegulation of PMCAs during unidirectional €anflux. In the
phosphorylated obligatory intermediate that arises from thpresent study, we set out to clone and characterize PMCAS in
transfer of they phosphate of ATP to a specific aspartatecrayfish tissues and to compare tissue-specific expression as a
residue at the catalytic site of the polypeptide during théunction of the molting cycle in both &atransporting
reaction cycle; both are integral membrane proteins of 1008pithelia (gill/antennal gland) and non&Cdransporting
amino acid residues with three cytoplasmic domains joined tissues (axial and cardiac muscle). We hypothesized that
a set of 10 transmembrane (TM) helices by a narrow PMCA3 would be upregulated in &atransporting epithelia
pentahelical stalk afi helices. PMCAs are distinguished from in pre- and postmolt compared with intermolt and that levels
other P-type ATPases by their higher molecular masm non-transporting epithelia would be unchanged.

(135kDa) and the presence of a C-terminal regulatory region

containing a calmodulin (CaM) binding site as well as other ,

regulatory domains. Originally discovered in erythrocyte Materials and methods

membranes (Schatzmann, 1966), PMCAs were subsequently Animal material

shown to be ubiquitous mechanisms for high-affinity?’Ca  Crayfish,Procambarus clarki{Girard), were obtained from
extrusion across membranes of eukaryotic cells. Primar€arolina Biological Supply (Burlington, NC, USA) and
structure was first cloned in rat and human (Shull and Greemaintained in 40-liter aquaria in filtered aerated water at room
1988; Verma et al., 1988). Early progress was hampered by ttkemperature (RT; 2&). Tissues were removed from animals
low abundance of these proteins but, to date, there is a various stages in the natural molting cycle. Premolt status
comprehensive literature on enzymatic properties, biochemicalas determined from the gastrolith index (McWhinnie, 1962).
regulation, gross functional domain structure and primaryostmolt status was classified in reference to the day of ecdysis
amino acid sequences, although largely restricted to vertebrai&hedding). Following decerebration, the cardiac muscle, axial
species (Carafoli, 1991, 1994; Carafoli and Stauffer, 1994abdominal muscle, antennal gland (kidney) and gill were
Monteith and Roufogalis, 1995; Lehotsky, 1995; Pennistomlissected out.
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Isolation of total RNA and mRNA ends of crayfish antennal glamiMCAS.For the 5 RACE, a
After dissection, tissues were frozen immediately in liquiddene-specific primer, "SSAGGGTGCCAGTCTTGTCA-3

nitrogen and stored at —8D. Total RNA was isolated by and a nested primer,-BGGCATCCAGGTGGCGCACCA-
utilizing Trizol reagent (Invitrogen, Carlsbad, CA, USA), as3, were used. For thee RACE, a gene-specific primer;-5
specified by the manufacturer. Briefly, @.5f tissue was AGGCCTCAGACATCATTCTGAC-3, and a nested primer,
finely ground in liquid N and lysed by adding @I of Trizol ~ 5-TGTCAAGGCTGTCATGTGGGG-3 were designed. The
reagent. The lysates were allowed to incubate at RTin5 PCR conditions were the same as described above. The
Then, 1.2ml chloroform was added followed by vigorous integrity of the RNA from the various tissues was checked by
vortexing for 15. Samples were then incubated fonit at  the presence of a fragment of 18s ribosomal RNA gene. The
RT and centrifuged for 1&in at 13362g. Following removal RNA 18s primers (sense-6GCCCAGACACCGGAAGG-
of the aqueous phase and addition ofrill5f isopropanol, ATTGAC-3 and antisense &5CCCGAGACGCGAGGGGT-
samples were placed at —80°C overnight and then centrifugéd>AACA-3") were designed frorRrocambarus clarkii.
for 15min at 13362g. The RNA pellets were washed with ] )
1.5ml 75% ethanol, sedimented fornn at 7516y and 18s ribosomal RNA gene, coding for a ipsfragment
air-dried for 10min before being dissolved in diethyl (accession no. AF436001)
pyrocarbonate (DEPC)-treated water and stored at —80°C. PCR products were ligated to PCR 2.1 vector (Invitrogen)
Messenger RNA was separated from total RNA using an 0|ingl’ transformation into INVF host cells (Invitrogen). Each
dT cellulose column (Stratagene, La Jolla, CA, USA). RNA ofclone was digested with appropriate restriction enzymes and
mRNA was quantified spectrophotometrically at wavelength§ubcloned for sequencing. Two independent clones were

of 260 and 28%im. sequenced from both ends. The cDNA clones were sequenced
by automated sequencing (ABI PRISM 377, 3100 and 3700
Cloning of crayfish antennal gland (kidné3yICA3 DNA sequencers; Davis Sequencing, Foster City, CA, USA).
We elected to clone thBMCAS initially from antennal The complete sequence was assembled with DNASTAR

gland because physiological studies had indicated that (DNASTAR Inc., Madison, WI, USA). Sequence homology
exhibited higher rates of intermolt unidirectional?Canflux ~ was revealed through a GenBank database search using the
than any other epithelial tissue (Wheatly, 1999). First-stran8LAST algorithm search (http://www.ncbi.nlm.nih.gov/blast).
cDNA was reverse transcribed from 489 of mRNA from
antennal gland using the SuperScript || RNase H-reverse Northern blot
transcriptase (Gibco BRL, Gaithersburg, MD, USA) with Northern blot analysis was performed to determine the
oligo(dT)2-18 as primer. Based on four publish@MCA3 distribution ofPMCASin gill, antennal gland, cardiac muscle
sequences from human (GenBank accession nos US57971 amtl axial abdominal muscle during various stages of the
U60414; Brown et al., 1996), mouse (AKO32322; Carninci etnolting cycle. Total RNA (2fg) from each tissue examined
al., 2000) and rat (J05087; Greeb and Shull, 1989), two primergas fractionated by electrophoresis through a a@p-1
were designed:'85GGCAAYGCCACAGCCATCT-3(sense) formaldehyde—1% agarose denaturing gel, run in MOPS buffer
and 3-CCCCACATGACYGCCTTGACR-3 (antisense). (5mmoll-1 sodium acetate, thmoll-1 EDTA, 20mmol|-1
Primer location corresponded to nucleotides 1518-2652 IMOPS at pH 6.6) and transferred overnight to a Nytran Plus
human, 1686-2820 in mouse and 2045-3179 in rat. Theseembrane (Schleicher & Schuell, Keene, NH, USA) by
primers targeted a fragment of approximately 1884ocated capillary elution in 18 SSC (where 2 SSC is 150nmol 1-1
between transmembrane regions TM4 and TM5 oPMEA3  NaCl, 15mmol1-1 sodium citrate). RNA was fixed by
gene in human, mouse and rat. Polymerase chain reactionléraviolet crosslinking using a UVC-515 ultraviolet
(PCR,; total volume 5Ql) included 2ul of first-strand cDNA  multilinker from Ultra-Lum (Claremont, CA, USA,
from postmolt antennal gland, 2@moll-1 Tris HCI (pH 8.4), 120000uJcnm?). An RNA molecular mass marker (a
50mmol It KCI, 1.5mmoll-1 MgClz, 0.2mmoll-1 dNTP  0.24-9.5kb ladder) was run along with the samples, then
mix, 0.1-0.2umol I-1 of each primer and 2.&nits of Tag DNA  visualized with ultraviolet light after staining with ethidium
polymerase (Gibco BRL). RT-PCR cycles were conducted diromide, and used for the standard curve. The membrane was
94°C for 3min followed by 30 cycles of 9€ for 30s, 58.83C  prehybridized for 4 at 68C in 6x SSC, X Denhardt's
for 1min, 72C for 1min and a final extension at @2 for  reagent (0.4 Ficoll type 400, 0.4 polyvinylpyrrolidone,
10min. Negative controls in which reactions contained nd.4g bovine serum albumin inliter water), 0.1% SDS and
template cDNA were included. RT-PCR products werel00ngmi~!denatured salmon sperm DNA. Hybridization was
analyzed by electrophoresis on a 1.0% agarose gel witherformed overnight at 88 in the prehybridization solution
0.5ugmil of ethidium bromide in & TAE buffer  with 20ng ofPMCAantennal gland isoform cDNA probe that
(40mmol -1 Tris, 40mmol -1 sodium acetate ancdrimoll-1  was randomly labeled wittaf32P]dATP. The membrane was
EDTA, pH 7.2). The DNA bands were visualized with washed four times for 1&in at 60C in 0.1x SSC and 0.1%
ultraviolet light. SDS. The membrane was exposed to X-ray film with
Subsequently,’&and 3 RACE (rapid amplification of cDNA intensifying screens at —80. To normalize the hybridization
ends) systems (Invitrogen) were used to amplify trend8 5  signal, 18s RNA was quantified on a corresponding
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formaldehyde—agarose gel. Total RNA content was determindODAK 1D image analysis software (Scientific Imaging
by ODze0 and visualized by ethidium bromide staining. System, Eastman Kodak Company, Rochester, NY, USA).

Western blot

Membrane protein from gill, antennal gland, cardiac muscle Results
and axial abdominal muscle was prepared from freshly isolated Cloning of crayfish antennal glarRMCA3
tissue using differential centrifugation following published The primers 5GGGCAACGCCACAGCCATCT-3(sense)
methodology (Williams et al., 1999). Briefly, @ySissue was and B3-CCCCACATGACCGCCTTGACA-3 (antisense),
dissected and ground first in liquice Mnd then in Inl of  designed based on three publisHdCA3 sequences from
homogenization buffer (25@moll-1 sucrose, 1®moll-1  human, mouse and rat, were successful in amplification of a
Tris, 10mmoll-1 Hepes, Immoll-1 EDTA; pH adjusted to discrete product from crayfish antennal gland. The size of the
7.2at 23°C) containing protease inhibitors for an additionaPCR product was 11@#p, containing 30 more nucleotides
3-5min. Following centrifugation at 454y for 10min at (567-597bp) than expected. A search of the GenBank
4°C, the supernatant was centrifuged at 6§60r 30min at  database using the BLAST algorithm (Altschul et al., 1990)
4°C. The final pellet was resuspended in ~100-4#806f  confirmed that the nucleotide sequence matched exclusively
homogenization buffer with protease inhibitors and stored awvith PMCA3 from human, mouse and rat with 78-80%
—80°C. Protein concentration was determined using a Micrddentity. This partial sequence provided crucial DNA sequence
BCA protein kit (Pierce, Rockford, IL, USA). information required for '5and 3 RACE cloning of the

Membrane  proteins  were separated by  9%complete PMCA3 sequence. Using'3RACE, a 1496p
SDS—polyacrylamide gel electrophoresis and transferreftagment with a poly(A) tail at the’ &nd was obtained. A
from unstained gels to nitrocellulose membranes (Bio-RadBLAST search of this fragment matched at the level of
Hercules, CA, USA) in transfer buffer (182moll-1 glycine, = 83-85% with human, rat and mouB®MCA3 By using the 5
25mmol I-1 Tris-HCI, pH 8.3) overnight at 30 using a Bio- RACE technique, a 14%% fragment was amplified. The
Rad Trans-Blot tank apparatus. Nitrocellulose-bound proteiBLAST search indicated that this fragment had 77-79%
was visualized by staining with Coomassie Brilliant Blue R-similarity with human, mouse and RMCA3
250. The nitrocellulose membrane was blocked overnight in Overall, the complete crayfish antennal glaR¥CA3
PBS/milk (7% nonfat dry milk and 0.1% Tween 20 in PBS, pHnucleotide sequence contains 4148 nucleotides with an open
7.4) at 23°C and then incubated in PBS/milk with 1:100Ceading frame of 354Bp coding for 1182 amino acid residues
purified anti-PMCA3 polyclonal antibody for 2 at 23°C.  with a molecular mass of 1¥Da (Fig.1A). There is a 558p
After three 10min washes in PBS/milk, the nitrocellulose noncoding sequence at theehd before the poly(A) region
membrane was incubated with secondary antibody at 1:20Gthd a 4®p noncoding sequence at tHeeBd. A search of the
dilution (horseradish peroxidase conjugated goat anti-rabbBenBank database using the BLAST algorithm indicated that
IgG) for 1h at 23°C in PBS/milk. After three washes in PBS,this crayfishPMCA3 sequence is homologous with over 55
0.1% Tween 20, bound antibody was detected using ECPMCAs including PMCA3 PMCA2 PMCA1 and PMCA4
western blotting detection reagents (Amersham Pharmacend shares the highest homology (77.5-80.9% identity at the
Biotech, Piscataway, NJ, USA). DNA level) with human brainPMCA3 isoforms a and b

To generate the PMCA3 antibody, an amino acid sequend&enBank accession nos U57971 and U60414; Brown et al.,
deduced from crayfisPMCA3cDNA sequence was used to 1996), ratPMCA3 (J05087; Greeb and Shull, 1989), mouse
design an antigenic oligo-peptide (Boersma et al., 1993). Thetinal neurorPMCA3b(NM177236; Krizaj et al., 2002) and
designed oligo-peptide — EGKEFNRRVRDESGC from aminomouse brailPMCA3(AKO32322; Carninci et al., 2000). The
acid residues 751-775 located in the cytosolic loop before tteduced amino acid sequence also shares high homology
FSBA {y-[4-(N-2-chloroethyIlN-methylamino)] benzylamine (85.3-86.9%) with PMCA3 from human, mouse and rat.
ATP binding} site — was synthesized commercially (Genemed herefore, this sequence was confirmed as crayfish antennal
Biotech Inc., San Francisco, CA, USA). To increasegland PMCA3. A BLAST search indicated that the crayfish
antigenicity, the oligo-peptide was conjugated to cBSAPMCA3also shared relatively high homology witHMICA2
(cationized BSA,; Pierce). The antigenic peptide wasequences including mammaliaPMCA2 and PMCA2
subsequently used for production of a polyclonal antibody ifrom non-mammalian species, such as bullfilelyiICA2a
New Zealand White rabbits in compliance with LACUC (AF337956; R. A. Dumont, U. Lins, A. G. Filoteo, J.
protocol AUP 245 issued to Dr Harold Stills, WSU Penniston, B. Kachar and P. G. Gillespie, direct submission to
Veterinarian. Trained LAR staff performed all the injectionsGenBank in 2001, no accompanying publication) and tilapia
and blood collections following the euthanasia proceduref2MCA2(AF236669; C.-H. Yang, J.-H. Leu, C.-M. Chou, S.-
Antiserum titer was determined by enzyme-linkedP. L. Hwang, C.-J. Huang and P. P. Hwang, direct submission
immunosorbent assays (ELISAs) using synthetic peptide @@ GenBank in 2000, no accompanying publication). Fgy.
antigen (Wheatly et al., 2001). shows the alignment of crayfish PMCA3 deduced amino acid

Northern and western blots were repeated in triplicate ansequence with human PMCA3a. Because PMCA3 sequences
guantified through scanning the X-ray film images usingvere not available from non-mammalian species, two PMCA2
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sequences (from tilapia and bullfrog) were also included itransporting epithelia (gill and antennal gland) were about
Fig. 1. double (60% increase) the increases in nofi-@ansporting
Comparing the crayfish PMCA3 amino acid sequence ttissues (about 25% increase in cardiac and axial muscle). The
other PMCAs, the first intracellular loop region between TM2only tissue that exhibited a significant further increase in
and TM3 is one region where major sequence differences occorRNA expression in postmolt as compared with premolt was
(Fig.1B). This region corresponds to the ‘transductionthe antennal gland.
domain’, thought to play an important role in the long-range
transmission of conformational changes occurring during theCrayfish PMCARS protein expression during the molting cycle
transport cycle. The other major differences occur in the C- PMCAS protein expression was confirmed through western
terminus immediately'3o the CaM binding site. This region blotting. A polyclonal antibody against crayfish PMCAS3
is believed to be the location of regulation by kinases, proteasescognized a 13RDa protein band that was just detectable in
and CaM. Amino acid sequences at this region after IQTQ dll tissues in the intermolt stage (F&). Protein expression
the CaM binding site vary from 40 to 107 residues in lengthincreased markedly during pre- and postmolt stages as
and the identity at this region drops to less than 67%compared with intermolt in all four tissues (F&, generally
Furthermore, as mentioned before, crayfish PMCA3 has a 1@enfirming the trend observed in mRNA expression.
amino-acid insertion not found in other PMCA3 and PMCA2Quantification of protein expression (F&B) in gill and
sequences at the region between the FITC (fluoresceantennal gland paralleled the trends observed above in mRNA
isothiocyanate) and the FSBA site. expression (FigdA), namely that expression in antennal gland
Comparison among sequences indicates that somecreased further in postmolt compared with premolt while
regions have virtually 100% identity (TM1, TM2, TM4, expression in gill was unchanged. A second isoform band
phosphorylation site, FITC site, FSBA site, TM5, TM6, TM8 (128kDa) was apparent primarily in axial muscle, where it
and CaM binding site). Other regions exhibit less identityappeared to be the prominent band in intermolt. Expression of
(TM7 and TM10). Interestingly, there were some regionghis band did not seem to change during the molting cycle
where crayfish antennal gland PMCA3 exhibited a close(Fig.5). Unexpectedly, PMCA3 protein expression in muscle
identity to mammalian PMCA3 sequences than to fish oincreased significantly in postmolt compared with premolt,
amphibian PMCA2 sequences (TM3 and TM9). unlike mRNA expression, which remained unchanged.
The hydropathy profile of crayfish PMCA3 was compared
with those sequences from other species named abov&)Fig.
The predicted amino acid sequence of crayfish PMCA3 Discussion
displays a structure common to other PMCA pumps. It appears Preliminary work revealed that there are fBMCA genes
that the crayfish PMCA3 contains 10 membrane-spanning crayfish (Y.G. and M.G.W., unpublished), as there are in
segments, as indicated in other PMCAs. Four of these putativertebrates, suggesting that selective pressure has maintained
transmembrane domains are located near the N-terminal regifour isoforms throughout evolution because each plays a
and the remaining six are located near the C-terminus, withwnique and critical role in cell function (Lutsenko and Kaplan,
large cytoplasmic loop in between. The bulk of the proteirl995). Studying these genes and their expression patterns in
mass is facing the cytosol and consists of three major domaingsvertebrates will inform the molecular evolution of these
the IC loop between TM 2 and TM3, the large unit betweenmportant proteins in mammals. Preliminary RT-PCR
TM4 and TM5, and the extended ‘tail' following the last indicated that there is one speciePMCALlthat appeared to
transmembrane domain. The large cytosolic region (~40Be a ‘housekeeping’ isoforrPMCAlwas the first gene to be
residues) of crayfish antennal gland PMCA3 betweemxpressed during mouse embryo development (Zacharias and
membrane-spanning segments 4 and 5 contains the majdappen, 1999); the other three isoforms were not detectable
catalytic domains, including the ATP binding site and theuntil day 12.5, and all showed pronounced changesin the level
invariate aspartate residue that forms the acylphosphatad/or tissue distribution during further development.
intermediate during ATP hydrolysis. Preliminary studies (Y.G. and M.G.W., unpublished)
indicated that there are at least two species of all other
CrayfishPMCA3 mRNA expression during the molting cycle jsoforms. Seemingly, there are several splice variants in
The tissue distribution of this novel crayfiBMCA3gene  crayfish, suggesting that alternative splicing generates
was examined using a northern blot of total RNA from crayfistsignificant isoform diversity as it does in mammals (Shull and
gill, antennal gland, cardiac muscle and axial abdominaBreeb, 1988; Strehler, 1991; Burk and Shull, 1992; Stauffer et
muscle tissues probed with the 11§% fragment initially al., 1993; Zacharias et al., 1995; Keeton and Shull, 1995).
cloned that corresponded to nucleotides 1488-2652. In all fodtternative splicing affects two major locations in the PMCA
tissues examined, the probe detected &7 ®RNA (Fig.3).  protein that correspond to the major regulatory domains:
The expression d®MCA3mMRNA in all four tissues increased firstly, a region embedded between a putative G protein
during both premolt and postmolt compared with intermoltbinding sequence and the site of phospholipid sensitivity in the
(Fig. 3); when these changes were quantified @49, the first cytosolic loop; and secondly a region in the COOH-
increases observed RIMCA3mRNA expression in the €& terminal tail that affects regulation by CaM, phosphorylation
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A atg ggcgacgatgccaatagttcaatcgagttccaccccaggeccaaccagegecgggat 60
MGDDANSSIEFHPRPNQRRD 20
ggcaaccaggctggeggctttgggtgctcactgatggagetgegeagectcatggagety 120
GNQAGGFGCSLMELRSLMEL 40
cgagggcttgaggeggtggttaagatccaggaggactacggggatgtcgaagggetetge 180
RGLEAVVKIQEDYGDVEGLC
aggaggctgaagacctcacccacagagggtctggcggacaacaccaatgacctggagaag 240
RRLKTSPTEGLADNTNDLEK 80
cgcaggcagatctacgggcagaacttcatcccgccaaagaaacccaaaaccttectgcag 300
RRQIYGQNFIPPKKPKTFLQ 100
ctggtgtgggaggcgctgcaggacgtgactctcatcatcctggaaatagcggccattgtg 360
LVWEALQDVTLIILEIAAIV 120
tccctgggtctgtcgttctatagaccgccaggagaaaccggaggtggagcggcggcaggt 420
SLGLSFYRPPGETGGGAAAG
ggggccgaagatgagggtgaagcagaagctggttggattgagggtgctgcaatcctttta 480
GAEDEGEAEAGWIEGAAILL 160
tctgtagtgtgtgtggtgctggtcacggccttcaatgactggagcaaggagaagcagttc 540
VVCVVLVTAFNDWSKEKQF 180
cgaggcctacagagccgtattgaacaggagcagaaatttactgtggtccgtaacggacag 600
RGLQSRIEQEQKFTVVRNGQ 200
gtccttcagatcceegtggetgaacttgtggtcggggacattgcccaggtcaagtatggt 660
VLQIPVAELVVGDIAQVKYG 22
gacctgctaccagcggatggtgtgttgatacagggaaatgacctgaagatagacgagagg 720
DLLPADGVLIQGNDLKIDER 240
tecttaacgggagagtctgaccatgtecgcaaatcggctgacaaagatccaatgetgete 780
LTGESDHVRKSADKDPMLL 260
tcagggactcatgtgatggaagggtccggaagaatggtggtcactgccgttggggtgaat 840
SGTHVMEGSGRMVVTAVGVN 280
tctcagactggaatcatcttcacgcetgctecggagetggageggaggaagaagaggtigaa 900
SQTGIIFTLLGAGAEEEEVE 300
gcgaagaaace Jaggccaaaaagcagcyc agaaaaagggcgactcg 960
AKKRKKEAKKQRKKQKKGDS 32
ggcgaagagttgattgacgccaatcctaagaagcaggatggggagatggagagcaaccag 1020
GEELIDANPKKQDGEMESNQ 340
atcaaaqc aggatggagcagctgccatggagatgcagceccctgaagagtget 1080
IKAKKQDGAAAMEMQPLKSA 360
gaaggtggagaggctgacgaggaagaggagaagaaagtcaacacaccgaagaaagagaag 1140
EGGEADEEEEKKVNTPKKEK 380
tctgtgctgcaggggaagctgaccaagctggetgtgcagattgggaaagceaggtttggtg 1200
SVLQGKLTKLAVQIGKAGLYV 400
atgtctgccatcacagtcatcatcctggtactctactttggtattgaaactttigttgtg 1260
MSAITVIILVLYFGIETFVV 420
gaagggagaccctggactccagtttatatccaatatitigtcaagttcttcatcattggt 1320
EGRPWTPVYIQYFVKFFIIG 440
gtcactgtgctggtggtggetgtcccggagggecteecactggetgtcaccatatcacta 1380
VTVLVVAVPEGLPLAVTISL 460
gcttactctgtcaagaaaatgatgaaagacaacaact t ggtgcgecacctggatgectgt 1440

4—
AYSVKKMMKDNNLVRHLDATC 480
N ested primer for 5' RACE
gagaccatgggcaacgccacagccatctgctc tga caagactgg caccc t cacaaccaac 1500
ETMGNATAICSDKTGTLTTN 500
—_— P hosphoryl at ion
| nitial PCR sense primer +—
G ene specifi ¢ primer for 5' RACE
cgtatgactglggncagtcgtacataggtgatgagcactacaaagagataccagaccct 1560
MTVVQSYIGDEHYKEIPDP 520
ggatccctaccacctaagattctagatcttctggtcaatgccatttcaatcaacagtgec 1620
GSLPPKILDLLVNAISINSA 540
tatacaaccaaaatactgccaccagacaaggaaggagatctcccacggcaggtgggcaat 1680
YTTKILPPDKEGDLPRQVGN 560
aagaccgagtgcgctttgctaggatttgtcttggaccttaagcgggactatcagcccatc 1740
KTECALLGFVLDLKRDYQPI 580
cgtgatcaaatccctgaagaaaagctgtacaaagtgtacacctttaactctgtcagaaaa 1800
RDQIPEEKLYKVYTFNSVRK 600

FITC

tccatgagcacggtcgtgcctatgcgagacggaggtttccgcatctacagcaaaggggec 1860
SMSTVVPMRDGGFRIYSKGA 620
tcagagatcgtcttgaaaaagtgctcccagatcctgaacagggatggcgaactaaggage 1920
SEIVLKKCSQILNRDGELRS 640
ttccggecgegggataaagatgatatggttagaaaagtcattgaacccatggegtgtgat 1980
FRPRDKDDMVRKVIEPMACD 660

ggactccgcacaatctgcattgcataccgggactttgttcgaggatgeagctc 2040
GLRTICIAYRDFVRGCAEIN 680
caggtccactttgaaaatgaacccaactgggacaacc attatgagcgacctg 2100

QVHFENEPNWDNENNIMSDL 700
acttgcctagetgttgtgggcattgaagatccagtgcggeccgaggtacctgatgccate 2160
TCLAVVGIEDPVRPEVPDAI 720
caaaaatgccagcgggctggcattacagttcgcatggtaaccggcgcaaatatcaacact 2220
QKCQRAGITVRMVTGANINT 740
gcacgcgccattgcttccaaatgtggcatcatccaaccaggagaggatttectttgettg 2280
ARAIASKCGIIQPGEDFLCL 760
gaaggaaaagagtttaacaggaggattagagatgagtcgggctgcatcgaacaagagaga 2340
EGKEFNRRIRDESGCIEQER 780

Crayfish PMCA3Ab peptide
atagacaaggtgtggccgaagctgegtgtgctggeccgcetcatctcctacagacaaacac 2400
IDKVWPKLRVLARSSPTDKH 800
acactggtgaaaggtattatagacagcacaacaaatgaccaaaggcaagtggtggctgta 2460
TLVKGIIDSTTNDQRQVVAYV 82
actggtgatgggaccaacgatggccctgccctcaaaaaggctgatgtcggctttgccatg 2520
TGDGTNDGPALKKADVGFAM 840

FSBA-Site

ggcatcgctggtactgatgttgcaaagg aggcct cagacat catt ctga cagatgacaac 2580
GIAGTDVAKEASDIILTDDN 860

—_—
Gene specifi ¢ primer for 3’ RACE
Ttcaccagc attgt caaggctgt catgtggggg cgcaatgtatatgacagcatttccaaa 2640
FTSIVKAVMWGRNVYDSISK 880

«————
Initial PCRantisense primer

—>
N ested primer for 3' RACE

ttcctacaatttcagctgacagtcaatgtcgtggetgttatcgtagcatttacaggtgee 2700
FLQFQLTVNVVAVIVAFTGA 90
tgcatcactcaggactctcctcttaaggcetgtgcagatgttgtgggtgaaccttatcatg 2760
CITQDSPLKAVQMLWVNLIM 920
gacacancgcttccctggcattggcgacggaaccaccaacggagtctctcctgctgcga 2820
DTFASLALATEP ESLLLR
aaaccctatggtcgcaccaaacctctcatctcgcgcaccatgatgaagaatattctgggt 2880
KPYGRTKPLISRTMMKNILG 960
cacgccgtgtaccagcttc actttgctatttgttggtgagggcttcttc 2940
HAVYQLLIIFTLLFVGEGFF 980
gacatcgacagtggaaggaatgctcccctgcactctccaccttccgagceactacaccatc 3000
DIDSGRNAPLHSPPSEHYT]I 1000
atcttcaacactttcgttatgatgcagctcttcaatgagatcaacgcccgcaagatccac 3060
IFNTFVMMQLFNEINARKIH 1020
ggcgaaaggaacgtcttcgacggcatcttcagcaaccccatcttctgcacgattgtccta 3120
GERNVFDGIFSNPIFCTIVL 1040
ggcaccttcggaatccaaattgtcatcgtccagtttggcgggaagcecctttagctgcace 3180
GTFGIQIVIVQFGGKPFSCT 1060
ccgctgeccgeggaacagtggctetggtgtetttttgttggtgctggggaactggtctgg 3240
PLPAEQWLWCLFVGAGELVW 1080
gggcaggtcatggccaccatccccaccagccagcttaagtcgctgaagggggccgggcac 3300

GQVMATIPTSQLKSLKGAGH 1100
gagcacaggaaagacgaaatgaatgctgaggacctgaacgaaggccaggaagagatcgac 3360
EHRKDEMNAEDLNEGAQEEID 1120
catgccgagagggagctccgcagaggtcagatcctctggttccggggectcaaccggate 3420
HAERELRRGQILWFRGLNRI 1140

CaM bidin g site

cagacacagattgaagtagtgaatgccttcaagagtggcagttctgttcagggggetgtg 3480
QTQIEVVNAFKSGSSVQGAYV 1160
cggcgaccatcctccatcctcagccagaaccaagatgtaacaaatgtttctaccectagt 3540
RRPSSILSQNQDVTNVSTPS 1180
cacggc tag 3549
H G . 1183

Fig. 1. (A) Nucleotide sequence of open reading frame (ORF) and deduced amino acid sequence of crayfish antennal gland plasgna membrar
Ca*-ATPase (PMCA3). Nucleotides and amino acids are numbered on the right. The putative start codon ATG and stop codon TAG are in
bold. Sequences corresponding to the primers used in both initial PCRAMIAELCE are underlined. (B) Comparison of the deduced amino

acid sequence of crayfish antennal gland plasma membr@heATRase (PMCA3) with that of human PMCA3a (GenBank accession No.
U57931), tilapia PMCA2 (AF23669) and bullfrog PMCA2a (AF337956). Stars below amino acids indicate identity between re3MGds in

from different species. Amino acids are numbered on the right. Transmembrane regions are underlined and labeled TM1-TM10.
The phosphorylation site, fluorescein isothiocyanate (FITC) site (assumed to be part of the ATP-binding site)p-the 5
fluorosulphonylbenzoyladenosinel-@-chloroethylN-methylamino) benzylamine ATP-binding (FSBA) site, calmodulin (CaM) binding site

and PMCA3 Ab peptides location are underlined in both A and B. This sequence has been accepted by GenBank (accession5ta@8ber AY4

and differential interaction with PDZ domain-containing genome project [Kraev et al., 1999 initially cloned mca-1

anchoring and signaling proteins (De Jaegere et al.,

Strehler et al., 1990; Strehler, 1991).

The present paper describes the cloningMCA3from the
antennal gland of crayfidRrocambarus clarkias well as the

1990GenBank accession no. NM_069308) and mca-2
(NM_067760); later, Kamath et al. (2003) identified mca-3
(NM_067893) with ‘a’ (AAK685500); ‘b’ (AAK68551) and

‘c’ (AAM97979) splice variants (Waterston, 1998)]. A partial

regulation of both mRNA and protein tissue-specificsequence is available for the isopdebrcellio scaber
expression during the natural molting cycle. This is the firstAF455814; Ziegler et al., 2002). Aside from oR&CA2
completesequence from an invertebrate with the exception ofequence from a fishOfeochromis mossambigusilapia;
several isoforms cloned as part of @enorhabditis elegans AF23669; C.-H. Yang, J.-H. Leu, C.-M. Chou, S.-P. L.
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B Crayfish 3 MGDMANSSIEFHPKPNQRRDGNQAGGFGCSLMELRSLMELRGVEAVVKLQ 50 Crayfish 3 KKCSQILNRDGELRSFRPRDKDDMVRKVIEPMACDGLRTICIAYRDFVRG 675
Human 3a B o e LV X S e ey 1 50 Human 3a AT\ kKGN k(G kb okick ok bk kY A 674
Tilapia 2 e DRy AR RN ERHHEA ARk T oxx 47 Tilapia2 — HHEVHPRY/* s B rmktrsiknsion o SSN 683
BUIIfrog 28 ***S*--D*Y S*-+NEVAHSE M TD*rstesmss Trcess|x 47 BUIIfrog 28 **+ QGG THL s RAEHK shktsrkkirsmkrsmiriss SQS 5 94
Crayfish 3 EDYGDVEGLCRRLKTSPTEGLADNTNDLEKRRQlYGQNFlPPKKFWZD 100 Crayfish 3 CAEINQVHFENEPN WDNENNIMSDLTCLAVVGIEDPVRPEVPDAIQKCQR 725
Human 3a AR DS D Qrr* 100 Human 3a [o —— B D i =AVAV Sl s e s e 724
Tilapia 2 FerGHERmreemkrss G AQT DR R ekt ok 97 Tilapia2 P LN A N 733
BUIIfrog 28 *oxT D¥exstrsiens PG T QARkI Hriktrinnk ok 97 Bullfrog 2a P LN INTe— 644
Crayfish 3 LVWEAQDVTLII LEIAAIV SLGLSFYRPPGETG-G--GAAAGGAHDEGE 147 Crayfish 3 AGITVRMVTGANINTARAIASKCGIIQPGEDFLCL EGKEENRRIRDEKGC 775
Human 3a kiR ik bk AR Gk AR\ S kbick 149 Human 3a A N*E 774
Tilapia 2 [rETE——— | FkRRb R TRRE G CHbk kb bkt 147 Tilapia 2 e D N E 773
Bullfrog 2a 1 TEXCG vk Einis 147 Bullfrog 2a (i 3| I N**E 694

T™L Crayfish PMCA3 A b p eptide
Crayfish3 AEAG W EGAAILISVVCVWLVTAFNDVBKEKQFRGLQSRIEQEQKFTVVR 197 Crayfish3 |IEQERIDKYV  WPKLRVLARSSPTDKHTLVKGIIDSTTNDQRQWTGDGT 825
Human 3a ok I [ 199 Human 3a GE**** ks 814
Tilapia 2 *DrrRx Qr** 197 Tilapia 2 vV GE*+** it 814
Bullfrog 2a *D**** 197 Bullfrog 2a V A rkEx ool 744
™2 FSBA-Si te
Crayfish 3 NGQVLQIPVAELVVGDIAQVKYGDLLPADGVLIQGNDLKIDESSLTGESD 247 Crayfish 3 NDGPAKKADVGFAMGIAGTDVAKEASDIILTDDNFTSIVKAWBRNVY 875
Human 3a i Bl Viiol2\ 24 9 Human 3a koo 864
Tilapi@a 2~ FxxprLreex] I S 247 Tilapia 2 sk S 873
Bullfrog 2a *S**| Vv 247 Bullfrog 2a il S 7 94
Crayfish 3 HVRKSADKDPMLLSGTHVMEGSGRMVVTAVGVNSQTGIIFTLLGAGAEEE 972 Crayfish 3 DSISK FLQFQIIVNV\/AVIVAFTGACITQ)SPLKAVQMNVNIMDTFAS 925
Human 3a Grrr 99 Human 3a R AT pE——— —— 914
Tilapia 2 ek 2 97 Tilapia2 e A T A— 932
Bullfrog 2a ***AV L SEM*D* 2 97 Bullffrog 2 *+ B ——— T —— 844
TM5 ™6
Crayfish 3  EVEAKKRKK-----------EAKKQRKKQKKGDSGEELIDA------| NP 32 9
Human 3a *. * 6 Crayfish 3 LALATEPPTESLLLRKPYGRTKPLISRTMMILGHAVQLLI FTLLFV 975
Tilapia2  *KKE*GGAVEDG 3 15 Human 3a ol D A 964
Bullfrog 2a *KKD**G*NQDGASLP PAATD*AA*ANVTDN*NANLV*G 347 Tilapia 2 kkickkkkkokek [Ckkkokok\ kool ST Fkkkkok G Rkt 982
Bullfrog 2a Kbk okkkRA kRN F AT KRRRRKGRRRRR KRR 894
Crayfish 3 KKQDGEMESNQINSKKQDGAAAMEMQPLKSAEGGEADEEEEKKVNRPKKE 9 37 ™7
Human 3a QR ARG ARRER\ [ttt | EXRAK H AR AR 35
Tilapia 2 b Ui \niesioniel S Visioiioioiaaienianianioioioioiiol Gl 3 SaitelS 7.\l 3 65 Crayfish 3 GEGFDIDSGRNAPLHSPPS®EYTII FNTFVMMDLANEINARKTHGERNV 1025
Bullfrog 2a *M**NVDTI*NKA*Q****¥ktikkiiriir [) GHDK DK ****PH*** 3 97 Human 3a L I 1014
Tilapia 2 **Q 1032
Crayfish 3 KSVLQGKLTKLAVQIGKA GLVMSAITVII LVLYFVIET FVVEGRRV--- 425 Bullfrog 2a > Q I 944
Human 3a *T*LAEC 40 6 ™ 8
Tilapia 2 sk *h bbbkt ARD N Q**MPEC 4 15
Bullfrog 2a ***rirkiriihiikiok Fk | pkdebkk ekt AXDN**M Q***MPEC 447 Crayfish3 FDGI FSNPIFCTIVLGTFGIQVIV QFRGGKPFSCTPLPABALWCFVGA 1075
T™3 Human 3a B KRRERKGRAGTH kbR 1064
Tilapia2 = o KRIEORGHE ErRA\rRbek koo QRRDLE KMt | 1082
Crayfish 3  TPVYIQY FVKFFIIGVTV LVVAVPEGPLAVTISLAYSVKKMMKDNNLVR 475 Bullfrog 2a **** FRIKAGHE  PRERAN Hhkbhx FrkrRRR QR DLY KXM*R*xrs | 994
Human a Fkkkkokk 474 ™ 9
Tilapia2 ~ **|xx* 4 65
Bullfrog 2a **x** 4 97 Crayfish 3 GE_VW(QNMATIPTSQLKSLKGAGHEHRKDEMNAEDLNEGQEEBRE 1125
™4 Human 3a kR Kk kbR A E RGP G HHT DY EFARFE Rk 1114
Tilapia 2 f—— ANFRHFARRQLT QL PEVEN - 1132
Crayfish 3 HLDACETMGNAT AICSDKTGTTTNRMTVVQSYIGDEHYKEIPDPGSLPP 525 Bullfrog 2a sl Sl KRR TQ*E*NQE*EM** DN ¥ ** ke 1044
Human 3a LA*THersas AXGART* 524 ™ 10
Tilapia 2 bk k|| ¥\ R ARk ok 5 15
Bullfrog 2a s i SVl Sl i 547 Crayfish 3 LRR® LWRA.NRIQTQEVVNAFKSGSSVQGAVRRPSSILSQNQDVTN 1175
Phosphoryla Tion Human 3a FREE-F——— IR STHHR S Gkt bkt [k |||k 1153
Tilapia 2 whkkk 1112
Crayfish 3 KILDLLVNAISINSAY'I'I'KILPPDKEGDLPKQVGNKTECALLGFVLDLKR 575 Bullfrog 2a il FRIRKT Rk Kok | otk kT Tobokkekekokok 1083
Human 3a ko A 574 CaM bin ding Si te
Tilapia 2 { i R =i 5 83
Bullfrog 2a ARy e AR SR AR AE G RAG R 4 94 Crayfish 3 VSTPSHG . 1182
Human 3a L**T*AILSAANPTSAAGNPGGESVP. 1180
Crayfish3 DYQPIRDQIPEESLYKVYT FNSVRKSMBVVPMRDGGFRIYSKGASEIVL 625 Bullfrog 2a **S**VSLSNALSSPTSASAAAAGQG . 1227
Human 3a B ShkkkbRK RRRAPRRHOR| kb % 624
Tilapia2 ek B = o Y 633
Bullfrog 2a **AV*AN*rKxrmkx HhkARbRRE Rk ERRGY ARk % 544
FITC

Hwang, C.-J. Huang and P. P. Hwang, direct submission tmammalian PMCA3 than with PMCA2 from lower
GenBank in 2000, no corresponding publication) and twaertebrates. Comparing sequence distances within each
sequences PMCA1lbx and PMCA2ay from an amphibian isoform group (PMCA1 and PMCAZ2), the sequence distance
(Rana cateshianathe bullfrog; AF337955 and AF337956, was always greater between mammalian and non-mammalian
respectively; R. A. Dumont, U. Lins, A. G. Filoteo, J. species than the distance between species among mammalian
Penniston, B. Kachar and P. G. Gillespie, direct submissior® among non-mammalian. The same was true when crayfish
to GenBank in 2001), all oth&MCA sequences in GenBank PMCA3 was added to the PMCA3 isoform group (®ig.This
originate in mammalian species. suggests tha&MCAgenes diverged and their protein products
The crayfishPMCA3 shares sequence homology with adeveloped specialized functions early in evolution. Regions of
range of other publishdeMCAs. A phylogenetic tree showing sequence difference included the first IC loop between TM2-3
the relationship between the crayfistMCA3 amino acid (the ‘transduction’ domain) and regions in the C-terminus after
sequence and othBIMCA sequences available for a diversity the CaM binding site that are regulatory sites for various
of species is provided (Fig). When thePMCAL4 protein  kinases and proteases. The major differences between the
isoforms were compared, the homology of the same isoformeduced crayfish PMCA3 amino acid sequence and other
from different species was higher than the similarity betweePMCA3 sequences occur in regions close to the sites where
isoforms within a species (Fi§). Thus, the crayfish PMCA3 alternative splicing originates. Regions that are predictably
deduced amino acid sequence shared higher identity withighly conserved are those that are critical to the catalytic and
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transport functions of the pump. Several of these regions areammalian PMCA3 than to lower vertebrate PMCA2 (such as
located in the large catalytic domain between TM4 and TM3 M3 and TM9) presumably differentiate the two isoforms. The
(phosphorylation site, FITC site, FSBA site, CaM binding siteregions of high diversity between isoforms are likely to reflect
and TM1, 2, 4, 5, 6 and 8). Certain regions where crayfistsoform-specific regulatory and functional specializations that
antennal gland PMCA3 bore a closer resemblance tallow each pump to fulfilla unique role in the specific cell or
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Fig. 2. Hydropathy plot of crayfish antennal gland plasma membrafeAd#®ase (PMCA3) in comparison with that of human PMCA3a
(U57931), human PMCA3b (U60414), mouse PMCA3 (AKO32322) and rat PMCAS (J05087). Hydrophobicity values were determined by the
method of Kyte and Doolittle (1982) using a window of 19 residues (http://arbl.cvmbs.colostate.edu/molkit/hydropathy/indBxitatiive
transmembrane segments are indicated by the numbers 1-10.

Gill Antennal gland Cardiac muscle Axial muscle

Fig. 3. (Top) Northern blot analysis of plasma membran&-@dPase PMCA3J in various crayfish tissues in intermolt (A), premolt (B) and
postmolt (C). Total RNA (2@ug) from gill, antennal gland, cardiac muscle and axial abdominal muscle was loaded in each lane. The membrane
was hybridized to a 1164p crayfishPMCA3probe and exposed to X-ray film for B4 (Bottom) To normalize the hybridization signal, 18s

rRNA concentration was run on a corresponding formaldehyde—agarose gel and visualized by ethidium bromide staining uhtieefdkélig

being transferred to the membrane. The band size is indicated to the left.
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100 comparable levels. The mRNA species detected in crayfish is
A b the same size as reported in human erythrocyte (Strehler et al.,
80} 1990) and rat brain and skeletal muscle (Greeb and Shull,
NS 1989). It is considerably longer than the cDNA sequence
60|- represented in Fig.A, indicating the presence of an extended
40 r NS untranslated sequence.
- NS The ubiquitous distribution oPMCA3 in crayfish tissue
20l appears to be in contrast to the tissue distribution in mammals,

where it has been restricted primarily to excitable tissues (brain
and skeletal muscle — Greeb and Shull, 1989; Burk and Shull,
120 = 1992; Carafoli and Stauffer, 1994; Stauffer et al., 1995; hair
B cells — Furuta et al., 1998). It has also been found at lower
100p = ELGSTW?SEH levels in regions of the mammalian digestive system and in
80 testis. In mammals, the predominaRMCA isoform in
transporting epithelia (uterus, liver, kidney and lactating
mammary glands) appears toPRICA2 (Stauffer et al., 1997,
Furuta et al., 1998; Street et al., 1998; Reinhardt and Horst,

*
*
401- NS 1999). PMCA3 mRNA expression increased in both premolt
20l ’.\:‘ i and postmolt stages compared with intermolt (B)gin all
I_t|

o
I

60 |-

% expression increase relative to intermoult

crayfish tissues examined irrespective of their involvement in
net vectorial C#& influx (gill, antennal gland) or not (control
tissues, muscle); however, increases were numerically greater
in Ca¥*-transporting epithelia than in non-€aransporting

Fig. 4. Quantification oPMCA3mMRNA (A) and PMCA3 protein (B)  tissues, partially supporting the hypothesis on which this study
from gill, antennalgland, cardiac muscle and axial musc_le duri_ng mollyas based. These data support transcriptional regulation of
stages. Values indicate the percentage expression d'ﬁeren?fMCAduring pre- and postmolt compared with intermolt. The

compared with the intermolt (control values). Values were Obtaineﬂpregulation oPMCA3mRNA in premolt antennal gland was

from three different scanned X-ray film images and analyzed usina ter th b di il di d sianificantly i
KODAK 1D image analysis software. Values are meanse. reater than observed in gil and Increased significantly in

(N=3). Al values, except premolt antennal gland, were significantyP@Stmolt, confirming an earlier prediction from organismal
different <0.001) from their intermolt values. Statistical comparisonStudies (Wheatly et al., 1999) that postmolt'Qaflux at the
(t-test) between postmolt and premolt expression is indicated as eiti@ptennal gland would necessitate proliferation of*@aimps
not significant (NSP>0.05) or significant (®<0.01; **P<0.001). while gills were engineered with an overcapacity to pumis Ca
in postmolt. Our findings in crayfish confirm an earlier study
using semi-quantitative RT-PCR that showed increased
tissue in which it is expressed. Regions where there is higtxpression of PMCA from the non-&aransporting stages
diversity among the same isoforms from different speciegearly premolt) to the stages of Cagd®position/degradation
(TM7 and TM10) are presumably less critical to the function(late premolt/intramolt) in the sternal epithelia of the isopod
of either isoform. Hydropathy analysis of the crayfish PMCA3Porcellio scaber(Ziegler et al.,, 2002). Collectively, both
suggested common structural membrane topography ttudies would suggest that PMCA plays a role in the vectorial
PMCAs described in other species (Strehler, 1991; Monteithpithelial C&* transport.
and Roufogalis, 1995). Antibody raised against crayfish PMCA3 recognized a
A probe to the novdPMCA3crayfish gene hybridized with protein of 128-138Da in crayfish tissues, which was the same
a single band of 7.kb in all tissues tested, suggesting that itsize as reported in mammalian species (Strehler et al., 1990;
is ubiquitously expressed in intermolt at approximatelyCarafoli et al., 1996). Importantly, the protein expression

Gill Antennal Cardiac Axial
gland muscle  muscle

A B C A B C A
130 kDa L Je— e s -
128 kDa
Gill Antennal gland Cardiac muscle Axial muscle

Fig. 5. Western blot analysis of plasma membran&-@3Pase (PMCA3) in various crayfish tissues in intermolt (A), premolt (B) and postmolt

(C). Total plasma membrane protein (8§ from gill, antennal gland, cardiac muscle and axial abdominal muscle was loaded in each lane.
The membrane was hybridized to a polyclonal antibody (designed against amino acid residues 751-775 EGKEFNRRVRDESGGC of crayfis
antennal gland PMCA3 deduced protein sequence; se&A-fgr location) and exposed to X-ray film fondn.
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Rat PMCA2a (NM_12508)

Rat PMCA2b2 (P11506)

Rat PMCA2 (J03752)
------------------ - Mouse PMCA2 (NM_007723)
Human PMCA2a2 (M97260)
Bullfrog PMCA2a (AF337956)
Tilapia PMCA2 (AF23669)
Human PMCA3a (U57931)
Human PMCA3b (U60414)
Rat PMCA3 (Q64568)
Mouse PMCA3 (AKO32322)

- Rat PMCA3 (J05087)
Crayfish PMCA3 (AY455931)
Bovine PMCA1 (NM_174696)
Pig PMCAL1 (P23220)

Rabbit PMCA1 (Q00804)
Human PMCA1 (P001673)
Rat PMCAL1 (P11505)

Rat PMNCAL (NM_053311)

Human PMCA1-2b1 (AAD09925)
Bullirog PMCA1BX (AAK11272)

endothelial cells similarly resulted in downregulation of
SERCA (Liu et al., 1996). It has been suggested that the genes
for all the major C#&-transporting pathways are linked for
regulatory purposes.

Interestingly, in an arthropod mineralizing tissue, the
anterior sternal epithelium of the isopdtbrcellio scaber
(Hagedorn et al., 2003), an increase in SERCA expression was
observed from the non-transporting early premolt stage to the
Ce&*-transporting late premolt and intramolt stage. These
changes were not seen in nervous tissue. This would suggest
a role for SERCA in transcellular &a transport in
mineralization processes. Related studies revealed tha®iC Ca
hotspots represent SER cisternae (Ziegler, 2002) and that
SERCA activity increased by fivefold from early premolt to
the Ca&*-transporting late premolt and intramolt (Hagedorn
and Zeigler, 2002). Similarly, SERCA activity has been shown
to increase in rat dental ameloblasts during calcification.

Mineralizing tissues display €hflux rates that are much
higher than other G&transporting epithelia (such as kidney)
and it seems plausible that they may have evolved routes
for Ce* transit that exceed typical transepithelial rates.
Seemingly, there are differences in expression &f gort/
export proteins between mineralizing and non-mineralizing
tissues that warrant further investigation.

The C&* secretory model of pregnant and lactating rats
revealed that five different €apumps in mammary tissue
(PMCA1b, 2b and 4b and SERCAZ2 and 3) were all upregulated
Fig.6. Phylogram comparison of crayfish PMCA3 amino acidpy the 14th day of lactation (Reinhardt and Horst, 1999). In
sequence with PMCAs from a diversity of species that are availabigjg model, a large amount of £anoves across the cell from
in GenBank (accession numbers_ are provided in parentheseﬂ)Te blood to the milk. In this case, PMCA and SERCA trends
Pg%fg?:;{ \,\’Aahfs W\i/rle di:[ermmed by the Clustal methodore the same, suggesting that the lactating mammary gland
(  Madison, Wi, USA). model has more in common with the isopod mineralizing

model.
patterns (FiggB,5) generally confirmed the mRNA  Since PMCA3 has such a restrictive tissue-specific
expression patterns described above &ignamely that the distribution in mammals (primarily neuronal/excitable) there
PMCA3 protein was expressed in all tissues and thaire relatively few studies that have examined regulation of
expression increased in pre- and postmolt in all tissuesxpression, particularly in response to?CHux. However,
examined compared with intermolt. For gill and antennakvidence is accumulating that regulation ofCassociated
gland, protein expression patterns paralleled those observgdnes is centrally regulated by changes in 1G*Geself
for mRNA, indicating thatPMCA3 was transcriptionally (Zacharias and Strehler, 1996; Kuo et al., 1997; Carafoli et
regulated. In muscle, however, protein expression increased., 1999; Guerini et al., 1999). For example, rat cerebellar
in postmolt compared with premolt even though mRNAgranule cells kept under depolarizing conditions for several
expression had been unchanged. The best available explanatiays (leading to increased €ainflux) showed a marked
would be that rate of mMRNA translation was increased or thatpregulation of PMCA3 at both the mRNA and protein
the appearance of a second protein band confounded the imdgeels (also of PMCAla and PMCAZ2; Guerini et al., 1999).
analysis. Functionally, the PMCAs appear to play an important role in

The expression pattern observed faWICA3 during the cellular C&* dynamics. A number of different regulatory
molting cycle directly opposes the pattern previously reportechechanisms may alter their functionality (Carafoli, 1991,
for SERCA, the C& pump located on endomembranes. InMonteith and Roufogalis, 1995; Penniston and Enyedi,
both epithelial (hepatopancreas) and non-epithelial tissue998). Primarily, PMCAs are activated by2Ga&almodulin,
(muscle), SERCA expression was highest in intermolt andcidic phospholipids and serine/threonine phosphorylation
decreased in both pre- and postmolt to expression levels thi@ames et al., 1988; Enyedi et al., 1989; Falchetto et al., 1991,
were roughly comparable (Zhang et al., 2000; Chen et al1992). In addition to mediating regulation by 2Ga
2002). Thus, in crayfish non-mineralizing tissues, PMCA andalmodulin, the COOH-terminal region of the calcium pump
SERCA expression patterns seem to be inversely regulatéds also been shown to be the target of phosphorylation by
during molting stages. OverexpressionPdfICA in rat aortic  protein kinases A and C (Wuytack et al., 1992; Monteith and

Rat PMCA4 (AAA81005)
Rat PMCA4a (S54356)
Rat PMCA4 (Q64542)
Rat PMCA4 (AAA81007)

[ Human PMCA4b (AAA36455)
Human PMCA4a (P23634)

,_[ C. elegansnca-3qAAM97979)
C. elegansnca-3a (AAK68550)
L C. elegansnca-3b (AAk68551)
C. elegansnca2 (NM_067760)
C. elegansncal (NP_501709)
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Roufogalis, 1995; Penniston and Enyedi, 1998) and to be Normalization and subtraction of cap-trapper-selected cDNAs to prepare
affected by proteases such as calpain (Carafoli, 1994; Wangfull-length cDNA libraries for rapid discovery of new gen€gnome Res
10, 1617-1630.
etal, 1994)' Chen, D., Zhang, Z., Wheatly, M. G. and Gao, Y(2002). Cloning and
The present study has cloned and sequenced the entireharacterization of the heart muscle isoform of sarco/endoplasmic reticulum
PMCA3from the crayfistProcambarus clarkiiSequence data _ C&* ATPase (SERCA) from crayfistl. Exp. Biol 205, 2677-2686.

il inf | d di f th | | De Jaegere, S., Wuytack, F., Eggermont, J. A., Verboomen, H. and
will inform our general understanding of the molecular Casteels, R.(1990). Molecular cloning and sequencing of the plasma-

evolution of this importanPMCA isoform. Expression of membrane C& pump of pig smooth muscl@iochem. J271, 655-660.

PMCA3 mRNA and protein increased in all tissues examine@yedi, A., Vorherr, T., James, P., McCormick, D. J., Filoteo, A. G.,
P Carafoli, E. and Penniston, J. T.(1989). The calmodulin binding domain

?n the pre- and pO.Stm0|t-Stage, a p?riOd during which* Ca of the plasma membrane €@ump interacts both with calmodulin and with
influx at transporting epithelia contributes to overall?Ca  another part of the pump. Biol. Chem264, 12313-12321.

conservation as the organism seeks to remineralize its cuticfe/chetto, R., Vorherr, T., Brunner, J. and Carafoli, E.(1991). The plasma
membrane C& pump contains a site that interacts with its calmodulin-

As we seek to more fully understand the rggulation of PMCA yinding domainJ. Biol. Chem266, 2930-2936.
and other C&-associated membrane proteins (SERCAS, Ca Falchetto, R., Vorherr, T. and Carafoli, E. (1992). The calmodulin binding

channels and NCX), the crustacean molting cycle will continue site of the plasma membrane 2C@ump interacts with the transduction
) gcy domain of the enzymdrotein Sci.l, 1612-1621.

to offer an interesting non-mammalian model. Furuta, H., Luo, L., Hepler, K. and Ryan, A. F. (1998). Evidence for
The PMCA3 sequence from the crayfisRrocambarus differential regulation of calcium by outer versus inner hair cells, plasma
i membrane Ca-ATPase gene expresditgar. Res123 10-26.
clarkil .antennal gland has been accepted by GenBan(Ia(reeb, J. and Shull, G. E(1989). Molecular cloning of a third isoform of
(acceSS|On no. AY455931)- the calmodulin-sensitive plasma membrané*@ansporting ATPase that
is expressed predominantly in brain and skeletal mukdBiol. Chem264,
; ; ; ; 18569-18576.
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GrantIBN 0076035 to M.G.W. Gutierrez Merino, C. and Carafoli, E. (1999). The expression of plasma
membrane C& pump isoforms in cerebellar granule neurons is modulated
by C&*. J. Biol. Chem274, 1667-1676.
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