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Summary
Many studies have shown that hyperosmoregulation in of a-subunit mRNA in posterior gills 6—8 compared with
euryhaline crabs is accompanied by enhanced NaK*-  anterior gills 3-5. Western blots of gill plasma membranes
ATPase activity in the posterior gills, but it remains revealed a single N&K*-ATPase a-subunit protein band

unclear whether the response is due to regulation of pre-
existing enzyme or to increased gene transcription and
mMRNA translation. To address this question, the complete
open reading frame and 3and 5 untranslated regions of
the mRNA coding for the a-subunit of Na*+K*-ATPase
from the blue crab Callinectes sapiduswere amplified
by reverse transcriptase/polymerase chain reaction (RT-
PCR) and sequenced. The resulting 3828-nucleotide cDNA
encodes a putative 1039-amino-acid protein with a
predicted molecular mass of 115.6kDa. Hydrophobicity
analysis of the amino acid sequence indicated eight
membrane-spanning regions, in agreement with

of the expected size. The posterior gills contained a much
higher level of a-subunit protein than the anterior gills, in
agreement with previous measurements of enzyme
activity. Immunocytochemical analysis showed that the
Na*+K*-ATPase a-subunit protein detected by o5
antibody is localized to the basolateral membrane region
of gill epithelial cells. Transfer of blue crabs from 35 to
5 %o salinity was not accompanied by notable differences
in the relative proportions of a-subunit mRNA and
protein in the posterior gills, suggesting that the enhanced
Na*+K*-ATPase enzyme activity that accompanies the
hyperosmoregulatory response may result from post-

previously suggested topologies. The-subunit amino acid
sequence is highly conserved among species, with the blue
crab sequence showing 81-83 % identity to those of other Key words: Na+K*-ATPase, gills, blue crakCallinectes sapidys
arthropods and 74-77 % identity to those of vertebrate cDNA sequencing, salinity, osmoregulation, quantitative polymerase
species. Quantitative RT-PCR analysis showed high levels chain reaction.

translational regulatory processes.

Introduction

The Na&-plus-K*-dependent adenosine triphosphataselrhe a-subunit provides the catalytic function of the*RiK*-
(Na"+K*-ATPase) is a transmembrane protein composed dATPase, binding and hydrolyzing ATP and itself becoming
three subunitso(, 3, y) responsible for pumping three Naut  phosphorylated during the transport cycle. Ghgubunit also
of animal cells in exchange for two*Kor NH4* per ATP  binds ouabain, a highly specific inhibitor. TBesubunit is
hydrolyzed. Situated in the basolateral membrane of moshought to participate in anchoring the complex in the
epithelial cells, the NaK*-ATPase not only mediates basolateral membrane and tjpgubunit, not always present,
electrogenic transfer of Nafrom the cytosol to the appears to serve a regulatory role (for a review, see Therien
extracellular fluid and Kor NHs* from the extracellular fluid and Blostein, 2000).
to the cytosol but also establishes electrochemical gradientsMany studies have shown that the enzymatic activity of the
used by apical and basolateral transporters such as thd"Na Na'+K*-ATPase in homogenates of ion-transporting gill tissue
exchanger, N#K*/2CI~ cotransporter and various ion is enhanced when euryhaline crustaceans are subjected to
channels. Originally described enzymatically in homogenatessmoregulatory stress following transfer from sea water to
of nerves from the shore crélarcinus maenaéSkou, 1957), dilute salinities (for reviews, see Towle, 1990; Péqueux,
the Na+K*-ATPasea- and3-subunits were first cloned and 1995). For example, the specific N&*-ATPase activity in
sequenced from mammalian kidney (Shull et al., 1985, 1986homogenates or microsomal fractions of posterior gills of
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1 GTTGTCG TGAGGCGCGCCTAGRAGAGAGACGTGCGCCCTGORAGTGTCBCCACCAAACACTCA\CACGU GAAGAATGTGCTTGACCRAAA/CCGTBCAGTCAAGAGG 1 20
1 21 GC AACCAGAGCQ@GTGAACGAGTGACAGAGTGAACGTACGCCTAGTGGCGTGACATAAGTGTGRCATAAGAGTGATCGGTGGTGCTGGPAGCAGCGTCTGGCCGTTGTTCGTGG 240

241 ATACCGTGATCCTCTGCTGCCGTCCTTCTGEEAAGGGCACCCBCGCCCGAILTACTCRGCAACCATCECTGACACGGGAGAACAGATTCGTACCGCBCGCRCGATCGT 360
1 M A DTG RT DS Y RHAT DR 1 6

361 AACATCCCTBTGATAACCRACTGTAAGGBGACCCAAGTRAAAAAGAAGAATGTAAAGGGBACAGRAAGGGBGAAGGAGAAGRATATGRACAACCTRAACAGRATTGRA 480
17 NI PDDNRT VKG DPKSKIKIKNVKG KRKG EKEIKDMDNLIKQETLE 56

481 CTCG ATGAACACAAGGTCCCATAGAAGAACTCTTTAGCGCCTCTCCGABTCCTACACAGGTTTACACAAGCCBGGCCCGTCBGGTRGAAAGGBATGGCCCRATGCCCTC 600
57 L DEHKVPI EELZFQRLSVNZPIDTG LT QA EARRRLERDG P NATL 96

601 ACCCCTCCRAGAAAACTCAGAATGGGTBAATTTTGAAAGAACCTGTTTGGT@GTTTCACTGCTGCTGTAETGGTGCATTCTCTGTTTBTTGCTACTCATTGAAGCTGA 720
97 T PP KQT PEWVKFC KNLFGGFSLULLWI GAI L CFI AYSI EAA A1 36

721 TC AGAGRAGRACCRACAATGATAACTTGTACTTGGGATTGTGCTBCTGCTGTCGYATCATCACAGGATCTTCTATACTACCAGRAGAGAAAGAGTTCCCGATCATGRGTCC 840
137 S EEEPNNDNLYLGI VLTAVVI I TGI FSYYQESIKSSRI MES 1 76

841 TTC AAAALCCTTGTTCCTRATATGCATTGTATCCGTBAGGTAGAAACTAATGTGAGGCTBAGAACTATGAATAGGTACATCATTGATGTTAAGTTTGGTATCGATCCCT 960
177 FKNLVPQYAI VI REG EKLNVQAEELC IG DI I DVKFG DRI P 216

961 GCTG ACATGCAGTAATCAAGCTCBGGTTTAAGGTCBCAACTCTTACTACTGGTEGTCTAGCACAGAGTCGCTCTCCPATTCACATCCRGAATCCTCTTBGACAAG 1 080
277 A DMRV I EARG F KVDNSSILTG E S EPQSRSPETFT S ENPLET K 256

1 081 AACCTTGCCTTCTTTT@CCAATGCTGTTBAGGRCTTGAAGGGRTTGTAATCAATATTGGTBCAACACTGTATGGGTCGI TGCTGGTCTGGCCTCTGGCTAMGTGA 1 200
257 N L A F F ST N AV EGTC KG I v1I NI G DNT V MG RI1 AG L A SG L ETG 296

1 201 G AGACTCRATTGCAAGRGATCAGTAACTTCATCCACATCATTACCGGTGTGGCCGTCTTCCTGGGAGATITCTTCGTETTGCTTTATCATGGGTACCATTGGTTGATGCT 1 320
297 ET PI AKEI SHFI HI I T GVAVFLGVTFFVI AFI MG Y HWL DA 336

1 321 GTTGTGTTCCTATTGGRATCATTGTGGCRATGTGCCCBSGGTCTGCTGGATTGTACAGTGTGTCTACTCTACTGCAAGCGRTGGCTGRAAGAACTGCTTGGTANGAAC 1 440
387 VVFLI GI I VANVPEGLLATVTVCLT LT AKRMAAKNC L V KN 376

1 441 TTGG AGGCTGTGRAACCCTGGGTIACCTCARCCATCTGCTCTACAAGACTGGRCCCTACTCAGAACCGATGACAGTCGCCACATGTGGTTTABCAACACCATCATCGAGG® 1 560
377 L E AV ET LG ST ST I C S D KTGT LT QNRMT VAHMMWEDNT | | E A 416

1 561 G ATACCTQAGAGRACAAGTAAGGCTGCAGTACGACAAGACTTCCBTGATGRAAGGCTCTCTCCCABGIGCTGCTCTCTABCCGTGCTRATTCAAGACAGGTAGGAGATGTA 1 680
417 DT S E D Q SGC QY DKT S DG WKAL SRI AALC NRAETFIKTG Q E DV 456

1 681 CCC ATTCTGRAAGCRGAGGTBATGGTATGCTTCTBGGCTGCTCTGCABGTGTGTGEACTTGCATTGRCGACGTAGGGGCTGGCGTTCCAGIAAGAAGGTTTGTBGATT 1 800
457 P I L KREVNG DASEAALULIKC VELAIG DVRG WRSRNIKIKVC E I 496

1 801 CCTTTC AACTCACCAACAAGTACAAGTGTCARTCCACGAGACCAAGRACAAGAATGACCTCCGCACCTGCTTGTA GAAGGGTGCTQGAGAGGATCCTTRACGATGCTCBCC 1 920
497 P F N ST NKY QVSI HET QDKNDLWRYLLVMKG APERI L ERC ST 536

1 921 ATCTTATGAATGGTBGRAGAAGCCTTTGHTGAGGAGATGAAGGAATCTTTAAACAATGCTACTTGRATTGGGTGGGCTGRIBGCGTGTGCTGGGCTTCTATBTGTTCTG 2040
537 || F M NG E E K P L DEEMKESFNNAYULETLGEG LG E RV LG FC DY V L 576

2041 CCCTCCGACAAGTACCCCCTCGGBTCCTTTCABTGCTATGCTGTBACTTCCCCGTRCGGTCTTCATCGTCGGCCMIGTCATGATTGATCCTCCCCGTGCTGCTGTGCCR160
577 P s DKYPLG YPFDADAVNFWPVHG LRFVG LMSMI DPPRAAVTP 616

2161 G ACGCCGTGGBBGTGCCGTTCTGCTGHTAAGGTATCATGGTACTGGTATCACCCATCACTGCBAGGCBTTGCAAGTCTGTGGRTCATTTCTAAGGGBATGAGACT 2280
617 DAV AKC RSAG | KV I MVTG DHPIT AKAI AKSVG I I S EG NET 656

2281 GTGGAGRACATTGCCBGAGACTAACATTCCATCAAGRAGGTCBCCCCCGU®GCBAGGCTGCTGTGGTAUGGCTCTBSTTAGGBCATGACTTCTAACAGCTGATGAT 2400
657 V E DI AQRL NI PI KEVDPREAKAAVV HG S EL RDMT S EQL DD 696

2401 GTCCTT ATCCACCACACTGAGATTGTGTTTGCCCBTCTCCCACAGAAGAAGCTATCATTGTGBGGGCTGAGCGRTGGBGCARTTGTAGCTGRACTGAGATGGTGRAAT 2520
697 V L I H HT E1l VF ART S P QQKIULI I VEGC Q R MG A Il V A VTG DG V N 736

2521 G ACTCCCCTGCCCRBCGAAGGCCATATTGGTGTGGRTGGGARTTGCTGATCAGACGTGTCAAGAGGCTGCHEATGATTCTGTTGBTGACAACTTTGCTTCATTGTAACT 2640
737 bDsPALIKKADIG VAMG I AG S DVSKQAADMI L L DDNFASI VT 776

2641 GGTGTGGAAGAGGGBGGCTATTTTTGATAACCTRAGAAATCTATTGCCRCACCCTACTTCAAACATCCCTBGATCTCCCCCTTCTTGTTCTADGATTGCCTCCGTGCCTRT 2760
777 G VEEG RL I FDNLIKKSI AYT LT S NI PEI SPFLFFMI ASVPL 816

2761 CCTCTGGGAACTGTACATTCTCTGBTTAATCTGGGACTGACATGGTGCCTGATTTCCCTTGCCATGAAGAAGCTAGTAAGATATTATGAAGCGCAGCCCCGIATCCCTTC 2880
g7 P L G TV TI L CI DL GTODMVZPAI SLAYEEAESUDI MKROQPRNPF 856

2881 ACGR@CAAGCTTGTBACGAGAGGCTBTCTCATGGCCATGGTAGATTGGATGATCAAAGCTCTGGCTAETCTATGTGRCTTTGTATCATGGCTBGAACGGGTTCCTGCCT 3000
857 T DKLVNERLI SMAYG QI G MI QAL AGFYVYFVI MAENG FLP 896

3001 CCCGTCCTCTTTGGATCCGTBGAGTGGBCTCARAGGCBTCAACCATCTGAGGTTACTATGGCBGRATGRCATACCATGACCGRAGATCCTTAGTACACCTGCACACT 3120
897 PVLFG I REQWDSIKAI NDLEDYYG QE WT Y HDRIKI L EYTC H T 936

3121 GC ATTCTTTGTGGCUOTGTGGTGGTBGTGGGCTAETTATCATCTGRAGACTCGCCEAACTCATCCTTACCAGGGBTGAAGAACATGGTGCTAACTTTGATTGTGTTTC 3240
987 A FFVAI VVVQWADTLI IC KT RRNSI L HQG MKNMVLNFG L CF 976

3241 G AGACTACACTGGCTGCCTTCCTGT@CRCACCAGGATGGRCAAGGGTCAAGATGTACCCCCTBAATTCTACTGGTGGCTGCCCCCTCTCCCCTATTACTAATCTTCGTG 3360
977 E T T L AAFL SYT PG MDKG L RMY®PLIKFYWWLU®PPLUPFSLLI F V1 016

3361 T ACGACGAGTGTCGCCGGTTCGTGCTGRBEBACCCTGGTGGCTGGGRAGE GRAGACCTATTATTAAGGTTTGAGTGAEACAAGTTTACAAGAGCTAAGAGCGTGGQTCA 3480
1017 Y DEC RRF VL RRNPGG WV EMET Y Y 1 039

3481 CC AGAAGCCTCCTCCCRCAGCRGACTTGATCACTGTACTCCTCTGTAIGTCTGGGHE TGRAACTGTTGATTATAACCTTAAALGAAATGCTATTCTTTAATTAGAATCAA 3600
3601 G AGAATATATAACAACCAAGTGTTGGTGGCAGTAATGTGCTCTGTAATAATGATTCAATTGCTRTTTCTATGTTACTTACTGGGAITTTAGTGTATTATGGTTGTTTCAATTT 3720

3721 CCCCATTGTTATATATAAGATTTGAAGTAAGTAACATTGAAATATTTGTACAGAATCCTGGTBAAGAATGTATTAA/GAGAAAA/GTGACAAAAAAAAAAAAAAAAA 3828

Fig. 1. cDNA and predicted amino acid sequence of the-iKlaATPasea-subunit from gills of the blue craballinectes sapidusStop codons

in the B untranslated region (including one in-frame, underlined), the putative stop site and stop codons downstream from tharstop site
indicated in red. A Kozak consensus sequence around the likely start codon (underlined) is shown in green. Transmembsgediotedin

by hydrophobicity analysis are shown in blue. The location of the degenerate primers NAK10F and NAK16R, employed in the initial
amplification, are indicated by right- and left-pointing arrowheads respectively. The polyadenylation signal’ inrttian3lated region is
indicated in violet. GenBank Accession Number AF327439
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Fig. 2. Multiple alignment of th€allinectes sapidus-subunit
amino acid sequence with examples from other arthropods
(Drosophila melanogasteand two isoforms fromArtemia
franciscand and from vertebrates T¢rpedo californica
Anguilla anguilla Xenopus laevjsGallus gallusand Homo

using ClustalW and GeneDoc software. Blue, 100% agreement; green, 80%; yellow, 60%. Putative

transmembrane domains are indicated by solid black lines; the likely ATP binding site is indicated by a solid red lineg@t@tiside 1991).
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Callinectes sapiduspproximately doubles following transfer Mount Desert Island Biological Laboratory using ABI 377 and
of the animals from 35 to 5%. salinity (Neufeld et al., 1980;3100 automated sequencetallinectesspecific primers were
Piller et al., 1995; Towle et al., 1976). The increasetirk&  then designed to complete the sequencing with the aid of 3
ATPase activity is thought to drive uptake of'dad Ct across rapid amplification of cDNA ends '(RACE) (Life
the qill epithelium, leading to hyperosmoregulation of theTechnologies) and'8RACE (Ambion) techniques. Sequence
hemolymph in low-salinity environments. However, it remainsassembly and analysis were performed with DNASTAR and
unclear whether the activity of pre-existing "™MK*-ATPase DNASIS software packages. Comparison with published
molecules is regulated in response to a change in salinity sequences in GenBank was made with the BLAST algorithm
whether the observed increase in enzymatic activity (an(Altschul et al., 1997) and multiple alignments were produced
presumably in pumping activity) may be the result of enhancedith ClustalW (http://antheprot-pbil.ibcp.fr/ie_sommaire.html)
gene transcription and/or translation. In the present study, wand GeneDoc software (http://www.psc.edu/biomed/genedoc/).
used reverse transcription and the polymerase chain reacti®utative transmembrane regions were identified by
(RT-PCR) to identify and characterize ™N&*-ATPase - hydrophobicity analysis using AnTheProt (http://antheprot-
subunit cDNA prepared from gills of the euryhaline blue cratpbil.ibcp.fr/ie_sommaire.html).
Callinectes sapidusQuantitative RT-PCR, western blotting  The abundance ai-subunit mRNA in total RNA extracts
and immunocytochemistry were employed to investigate thevas estimated by quantitative RT-PCR using identical amounts
correlation betweea-subunit mMRNA and protein abundance in of total RNA in each reverse transcription reaction. The
relation to the osmoregulatory response. Some of our data hapelymerase chain reaction was carried out with biotinylated
appeared in abstract form (Paulsen et al., 2000). dUTP replacing a portion of the dTTP, under conditions in
which product formation was directly dependent on cDNA
template availability (Towle et al., 1997). Following transfer to
Materials and methods nylon membranes, biotinylated products were visualized with
Blue crabsCallinectes sapiduRathbun) were obtained from the Phototope protocol (New England Biolabs). A lower limit
Gulf Specimens, Panacea, Florida, USA, and were maintained considerably less than a twofold difference in mRNA
in recirculating biologically filtered aquaria at 20 °C containingabundance can be detected using this method (Weihrauch et al.,
natural sea water at salinities of either 35 or 5%.. Crabs wei2001).
fed cleaned mussels twice weekly. Prior to the removal of the Identification ofa-subunit protein was achieved by western
gills, the crabs were anesthetized on ice for 30 min. blotting of partially purified plasma membranes (Lucu
Total RNA was extracted from the gills under RNAse-freeand Flik, 1999) and detection with th@5 monoclonal
conditions using materials provided by Promega Corporatioantibody against a highly conserved cytosolic epitope of the
(Chomczynski and Sacchi, 1987). Poly(A) mRNA in the totala-subunit of avian Na-K*-ATPase (Lebovitz et al., 1989).
RNA preparation was reverse-transcribed to cDNA using’he a5 antibody was obtained from Developmental Studies
oligo-dT primer and Superscript Il reverse transcriptase (Liféedybridoma Bank or was kindly provided by Dr D. M.
Technologies). Degenerate primers for the polymerase chalfambrough. Identical quantities of membrane protein were
reaction (PCR) were based on conserved regions of publish&shded into each well of the polyacrylamide gel, as assayed
Na'+K*-ATPasea-subunit sequences from other arthropodsusing Coomassie Blue binding and bovine serum albumin as
including Drosophila melanogastdtebovitz et al., 1989) and standard (Bradford, 1976).
Artemia franciscangBaxter-Lowe et al., 1989; Macias et al., Immunocytochemical localization ef-subunit protein was
1991). Primers were designed with the assistance of Primearried out with thex5 antibody using previously published
Premier software and synthesized by Operon Technologiesiethods (Lignot et al., 1999; Ziegler, 1997) following fixation
Polymerase chain reactions were carried out in an MJ ResearchBouin’s fixative. Transverse sectiong{8) were incubated
thermocycler using Sigma RedTag DNA polymerase ant¢h primary antibody, followed by washing and incubation in
nucleotides. The usual incubation protocol included an initiasecondary antibody (fluorescein-isothiocyanate-conjugated
denaturation at 92 °C for 5min followed by cooling to 60 °Cgoat anti-mouse IgG; Jackson Immunoresearch), and examined
and addition of the polymerase. Using degenerate primers, tivea Leitz Diaplan fluorescence microscope. Controls included
reaction tubes were cycled 30 times through 1 min at 92 °@mitting primary antibody, revealing only a low background
1min at 45°C and 2min at 72 °C, followed by an extension abf autofluorescence.
72°C for 5min and storage at 4°C. With non-degenerate
primers, the annealing temperature was raised from 45 to
55°C. PCR products were separated electrophoretically on Results
agarose gels, visualized by ethidium bromide staining and Amplification of thea-subunit cDNA from total RNA o€.
extracted from the gels using the QiaQuick protocol (Qiagenkapidus gill was accomplished initially with degenerate
An initial 700-base-pair PCR product obtained withprimers NAK10F and NAK16R, yielding a 700-base-pair
degenerate primers NAK1OF'{BTGACIGTIGCICAYATG- product. After sequencing and a BLAST search of GenBank,
TGG-3) and NAK16R (5GGRTGRTCICCIGTIACCAT-3)  the initial PCR product was clearly identified as encoding a
was sequenced at the Marine DNA Sequencing Center of tlimgment of the NaK*-ATPase a-subunit. Synthesis of


http://antheprot-pbil.ibcp.fr/ie_sommaire.html
http://www.psc.edu/biomed/genedoc/
http://antheprot-pbil.ibcp.fr/ie_sommaire.html
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Callinectesspecific primers enabled the amplification of theactivity than the anterior respiratory gills. Furthermore, the
completea-subunit cDNA using '3 and 3-RACE techniques. enzymatic activity in the posterior gills is enhanced upon
The resulting 3828-nucleotide cDNA encodes a putative 1039ransfer of crabs from high to low salinity (for reviews, see
amino-acid polypeptide with a predicted molecular masJowle, 1990; Péqueux, 1995). To determine whether gene
of 115.6kDa (Fig.1). A Kozak consensus sequenceactivation might be responsible for the observed differences in
(CAACCATGG) brackets the likely start codon, an A enzymatic activity, we measured the abundance-sfibunit
replacing the second position C in the most conservethRNA using quantitative RT-PCR. Using arginine kinase
arrangement (Kozak, 1991). Several stop codons, one imARNA as an invariant internal standard for comparison
frame, occur prior to the putative start site. The predicte@otlyar et al., 2000), we found that the relative proportion of
translational stop site is followed by six nucleotides and theNa*+K*-ATPase a-subunit mRNA is much higher in the
two additional in-frame stop codons. A polyadenylation signaposterior gills (gills 6-8) than in the anterior gills (gills 3-5)
(ATTAAA, the second-most common polyadenylation signal)(Fig. 3), supporting the conclusion that transcriptional
(Wickens, 1990) precedes the start of the poly-A tail by 13egulation or differential mMRNA stability may be responsible
nucleotides. No evidence of additional isoforms or alternativéor the gill differences in NarK*-ATPase enzymatic activity.
splicing products was observed. However, little difference im-subunit mRNA abundance was
Hydrophobicity analysis of thex-subunit amino acid noted following transfer from high (35 %o) to low (5 %o) salinity
sequence led to a prediction of eight transmembrane domai(isig. 3). Although it is likely that our quantitative RT-PCR
(Fig. 1), in agreement with other topological models of theechnique was insufficiently sensitive to recognize small
Na*+K*-ATPasea-subunit (for a review, see Horisberger etdifferences in mRNA abundance, it is clear that the doubling of
al., 1991). TheC. sapidusx-subunit amino acid sequence was enzymatic activity following a reduction in salinity (Neufeld et
aligned with a-subunit sequences from other invertebratesl., 1980; Piller et al., 1995; Towle et al., 1976) is not the result
including Artemia franciscana(Baxter-Lowe et al., 1989; of a doubling ofa-subunit mRNA levels.
Macias et al., 1991) arfdrosophila melanogastgiGenBank The a-subunit protein was identified i@. sapiduggills by
Accession No. AF044974) and vertebrate species includingestern blotting of partially purified plasma membrane proteins
Torpedo californica (Kawakami et al., 1985)Anguilla  separated by SDS-polyacrylamide gel electrophoresis. The
anguilla (Cutler et al., 1995)Xenopus laevigVerrey et al., a5 antibody detected a single polypeptide of approximately
1989),Gallus gallug(Takeyasu et al., 1990) aktbmo sapiens 114kDa (on the basis of a comparison with Bio-Rad
(Ovchinnikov et al., 1988). The multiple alignment revealsKaleidoscope prestained standards) (Fig. 4), consistent with the
extensive regions of highly conserved amino acid sequencsize of the a-subunit protein predicted from the cDNA
particularly in the fourth predicted transmembrane region andequence. Membrane preparations from the posterior gills
in the putative cytosolic domain, which includes the ATPcontained a much greater proportionoe$ubunit protein than
binding site (Fig. 2). Statistical analysis of the alignment usinghose from the anterior gills, paralleling our estimations-of
GeneDoc software showed 81-83 % amino acid identity of theubunit mRNA abundance. However, acclimation salinity
C. sapidusa-subunit sequence with other arthromogubunit  appeared to have little effect on the relative amouataibunit
sequences and 74-77 % identity with vertebrate sequences.protein in the posterior gills (Fig. 4). Although visual inspection
The posterior ion-transporting gills of euryhaline crabs aresuggested a modest increase in levels ofitisebunit protein
known to have substantially higher N&*-ATPase enzymatic following transfer from 35 to 5 %o salinity, digitizing the band

Fig. 3. Estimate of NaK*-ATPase Anterior Posterior
a-subunit MRNA abundance in to
RNA extracts of anterior and postel

gills of Callinectes sapiduacclimatec - 3

for at least 2 weeks to 35 or 5  Na™+K*-ATPasea-subunitmRNA - ‘
salinity. Gills 3-5 (anterior) and 6

(posterior) were pooled from thr

individuals for each RNA preparatic o .
mRNA levels were evaluated Arginine kinasemRNA -
? +

duplex quantitative RT-PCR unc
conditions of limiting template, wit
arginine kinase mRNA serving as

invariant standard (Kotlyar et ¢ 35 5 35 5 DNA marker
2000). The primers employed
amplify Na+K*-ATPase a-subuni Salinity (%o)

cDNA were NAK10F and NAK16R

and for arginine kinase AKF5 '(€EGCTGAGTCTAAGAAGGGATT-3) and AKCALLR1 (B-CCCAGGCTTGTCTTCTTGTCC-3.
Biotinylated PCR products were visualized after 22 cycles using a streptavidin/alkaline phosphatase procedure (Phototomggardew E
Biolabs). The data are representative of three separate experiments.
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Anterior Posterior
204 kDa -- ok

121kDa --

78 kDa-- .

35 5 35 5
Salinity (%o)

Fig. 4. Western blot analysis of NeK*-ATPasea-subunit protein

in partially purified plasma membrane preparations from anterior an
posterior gills ofCallinectes sapiduacclimated for 2 weeks to 35 or

5 %o salinity. Gills 3-5 (anterior) and 6—8 (posterior) from four crabs
were pooled for each treatment. Following SDS—polyacrylamide ge
electrophoresis and transfer to nylon membraoesbunit protein
was detected by incubation wittb monoclonal antibody. The left-
hand lane contains Kaleidoscope prestained standards with tl
indicated molecular masses. The data are representative of thr
separate experiments.

densities with NIH Image software (Scion Corporation) faﬂedFig_ 5. Immunocytochemical localization of N&*-ATPase a-

to support such a conclusion. _ ___ subunit protein in the basolateral membrane of gill epithelial cells in
Immunocytochemical analysis of-subunit localization in 16 plue crab Callinectes sapidus (A) Phase-contrast

cross sections of posterior gill lamellae indicated itsphotomicrograph of portions of two cross-sectioned gill lamellae. c,
predominance in basolateral membrane regions of thcuticle; e, epithelial layer; s, intralamellar septum; h, hemolymph
epithelium and its absence from the apical region (Fig. 5), ispace. (B) Immunocytochemical identification cosubunit protein
agreement with earlier ultracytochemical studies (Towle anusing the a5 monoclonal antibody against a highly conserved
Kays, 1986). Comparison of immunostaining between crakcytosolic epitope. Intense fluorescence is evident in the basolateral
acclimated to 35 or 5% salinity revealed little difference inmembrane region (b) but not the apical membrane region (a) of the
intensity, consistent with western blot analysisaegubunit ~ ePithelial cells. Scale bars, 100n.

protein abundance. An examination of anterior gills by
immunocytochemistry indicated very low levelscosubunit

n -
protein (data not shown). that Na+K*-ATPase activity would demonstrate a parallel

increase following a reduction in environmental salinity;
indeed, such a change has been documented in a broad variety
Discussion of euryhaline crab species (for reviews, see Harris and Bayliss,
lon-transporting cells in the branchial epithelium of1988; Lucu, 1993; Péqueux, 1995; Towle, 1990).
brachyuran crabs are identified by an abundance of Despite numerous studies of salinity-related changes in
mitochondria and high specific KeK*-ATPase activity Na'+K*-ATPase activity in crustacean gills, it remains unclear
localized in the basolateral membrane (Péqueux, 1995; Towlghether the measured increases in activity result fdeam
and Kays, 1986). These cells are arranged in a recognizabtpvo synthesis of Na+K*-ATPase mRNA and/or protein or
dark-colored ‘patch’ adjacent to the afferent blood vessel ifrom post-translational processes such as subunit assembly,
each lamella of the posterior gills (Barra et al., 1983; Compémmembrane trafficking or cell signaling. Amplification and
et al., 1989; Copeland and Fitzjarrell, 1968). The anterior gillsequencing of thei-subunit cDNA has allowed us to assess
are essentially devoid of the ion-transporting cell type and anghether differences in mRNA availability might explain some
thought to play a major role in respiratory processes (Taylaof the variation in enzymatic activity. It is clear that the high
and Taylor, 1992). The area of the dark-colored patch in thda*+K*-ATPase activity in the posterior gills compared with
posterior gills is known to increase following transfer of bluethe anterior gills can be explained largely by the much greater
crabs from high to low salinity, reaching a maximum atabundance ofa-subunit mRNA in total RNA extracts of
approximately 7 days post-transfer (Aldridge and Camerorposterior gills. Whether the high level @fsubunit mRNA in
1982; Towle and Burnett, 2001). Thus, it might be expectethe posterior gills is the result of higher gene transcription rates
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or of greater mRNA stability cannot be assessed by ous conceivable that our approach masked the differentiation of
experiments. However, theé 8ntranslated region of the-  additional ion-transporting cells in the gill epithelium. Such an
subunit cDNA contains no adenosine- and uridine-rictontogenetic change following a reduction in salinity would
instability elements such as are found in short-lived mRNAgrobably recruit a large number of transport and regulatory
(Chen and Shyu, 1995), suggesting that this mMRNA may beroteins involved in transepithelial ion movements, withothe
quite long-lived. subunit as one component of the recruitment process. Thus, the
Identification of theCallinectes sapidusla*+K*-ATPasen- relative proportion of the-subunit to total RNA and protein
subunit protein with a heterologous antibody against the aviarzbuld remain constant even in the event of substantial
a-subunit revealed a single protein band of approximately thepregulation of transcription and translation.
expected size on western blots. Because the monoaidnal However, most published measurements of*+H¥d-
antibody is directed against the highly conserved cytosolidTPase activity are specific activity measurements, factoring
domain of thex-subunit, it is not surprising that it would react in the concentration of total protein in the homogenate or
strongly with the crustacean protein. Indeed, the antibody hasembrane fraction. Thus, the apparent lack of change in
been employed to characterize thesubunit of another subunit protein content with salinity suggests that post-
arthropod,Drosophila melanogasteflebovitz et al., 1989). translational processes may play an important role in the
We can therefore be confident that tfteantibody is detecting response of NaK*-ATPase activity to salinity change. In
the appropriate protein in the western blotCofsapidugjill mammalian tissues, a wide variety of mechanisms regulating
cell membranes. The detected band is located at approximatéhe Na+K*-ATPase have been studied. These include
114kDa, in close agreement with the size of dhsubunit interaction with they-subunit and cytoskeletal elements,
protein (115.6 kDa) predicted from the cDNA sequence. Thendogenous ouabain-like inhibitors and hormones that may act
a5 antibody also identifies a protein that is restricted to théhrough protein kinases and phosphatases (for a review, see
basolateral membrane of the gill epithelial cells, in agreemeritherien and Blostein, 2000).
with  the previously demonstrated ultracytochemical Studies of crustacean gills have revealed several candidate
localization of the N&+tK*-ATPase (Towle and Kays, 1986). regulatory molecules that may participate in controlling the
A comparson of the relative abundanc@efubunit protein  function of the Na+K*-ATPase. Dopamine and cyclic AMP
in membranes from posterior and anterior gills showed clearlgave been implicated by several authors (Bianchini and Gilles,
that the posterior gills contain a much higher level-suibunit ~ 1990; Lucu and Flik, 1999; Mo et al., 1998; Sommer and
protein, consistent with the higher expressionoedubunit  Mantel, 1988, 1991). A sinus gland component, later identified
mRNA in posterior gills. We tentatively conclude on the basisas crustacean hyperglycemic hormone, has been shown to
of these observations that the process of cellular differentiatioenhance Na transport and NaK*-ATPase activity in
leading to the production and maintenance of ion-transportingerfused gills of the intertidal craachygrapsus marmoratus
cells in the posterior gill epithelium depends at least in part o(Eckhardt et al., 1995; Spanings-Pierrot et al., 2000). Methyl
transcriptional activation of the-subunit gene in these cells, farnesoate levels increased in the hemolymptCafcinus
yielding high levels of both mRNA and protein. Assembly ofmaenasfollowing transfer from sea water to dilute salinity
thea-subunit protein with th@ and possibly subunits (if the  (Lovett et al., 2001); whether levels of N&*-ATPase
latter exists in the NaK*-ATPase of C. sapiduy and activity are affected by this molecule is unknown. Future
targeting to the basolateral membrane would yield a functionaltudies are therefore necessary to identify the transport-
pump protein poised to energize *Naptake (and Nk  regulating factors and their mode of action on thé+Kd-
excretion) across the posterior gill epithelium. ReducedTPase as well as other ion transporters.
transcription of thex-subunit gene in the anterior gills would
lead to specializations other than ion transport. This research was supported by a National Science
Acclimation salinity appears to have little effect on theFoundation grant to D.W.T. (IBN-9807539) and an NSF
expression ofi-subunit mMRNA and protein in the gills of the Research Experiences for Undergraduates grant to MDIBL
blue crab. Although it is difficult to make strictly quantitative (DBI-9820400). The authors wish to thank Christine Smith,
determinations using either the RT-PCR technique or westesupervisor of the Marine DNA Sequencing Center at MDIBL,
blotting, we have shown that a twofold difference in mRNAfor her excellent and timely assistance. The Marine DNA
abundance is easily detected by our RT-PCR metho8equencing Center is supported by a grant from the Maine
(Weihrauch et al., 2001). If variation im-subunit MRNA  Science and Technology Foundation.
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differences in N&K*-ATPase activity, we should have
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