
The Na+-plus-K+-dependent adenosine triphosphatase
(Na++K+-ATPase) is a transmembrane protein composed of
three subunits (α, β, γ) responsible for pumping three Na+ out
of animal cells in exchange for two K+ or NH4+ per ATP
hydrolyzed. Situated in the basolateral membrane of most
epithelial cells, the Na++K+-ATPase not only mediates
electrogenic transfer of Na+ from the cytosol to the
extracellular fluid and K+ or NH4+ from the extracellular fluid
to the cytosol but also establishes electrochemical gradients
used by apical and basolateral transporters such as the Na+/H+

exchanger, Na+/K+/2Cl− cotransporter and various ion
channels. Originally described enzymatically in homogenates
of nerves from the shore crab Carcinus maenas(Skou, 1957),
the Na++K+-ATPase α- and β-subunits were first cloned and
sequenced from mammalian kidney (Shull et al., 1985, 1986).

The α-subunit provides the catalytic function of the Na++K+-
ATPase, binding and hydrolyzing ATP and itself becoming
phosphorylated during the transport cycle. The α-subunit also
binds ouabain, a highly specific inhibitor. The β-subunit is
thought to participate in anchoring the complex in the
basolateral membrane and the γ-subunit, not always present,
appears to serve a regulatory role (for a review, see Therien
and Blostein, 2000).

Many studies have shown that the enzymatic activity of the
Na++K+-ATPase in homogenates of ion-transporting gill tissue
is enhanced when euryhaline crustaceans are subjected to
osmoregulatory stress following transfer from sea water to
dilute salinities (for reviews, see Towle, 1990; Péqueux,
1995). For example, the specific Na++K+-ATPase activity in
homogenates or microsomal fractions of posterior gills of
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Many studies have shown that hyperosmoregulation in
euryhaline crabs is accompanied by enhanced Na++K+-
ATPase activity in the posterior gills, but it remains
unclear whether the response is due to regulation of pre-
existing enzyme or to increased gene transcription and
mRNA translation. To address this question, the complete
open reading frame and 3′ and 5′ untranslated regions of
the mRNA coding for the α-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 115.6 kDa. Hydrophobicity
analysis of the amino acid sequence indicated eight
membrane-spanning regions, in agreement with
previously suggested topologies. The α-subunit amino acid
sequence is highly conserved among species, with the blue
crab sequence showing 81–83 % identity to those of other
arthropods and 74–77 % identity to those of vertebrate
species. Quantitative RT-PCR analysis showed high levels

of α-subunit mRNA in posterior gills 6–8 compared with
anterior gills 3–5. Western blots of gill plasma membranes
revealed a single Na++K+-ATPase α-subunit protein band
of the expected size. The posterior gills contained a much
higher level of α-subunit protein than the anterior gills, in
agreement with previous measurements of enzyme
activity. Immunocytochemical analysis showed that the
Na++K+-ATPase α-subunit protein detected by α5
antibody is localized to the basolateral membrane region
of gill epithelial cells. Transfer of blue crabs from 35 to
5 ‰ salinity was not accompanied by notable differences
in the relative proportions of α-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-
translational regulatory processes.
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     1  GTTGTCG TGAGGCGCGCCTCGAGGAGAGCAGACGTGCGCCCTGCCCAGCAGTGTCGACCACCAAACACTCCACACGCTGAAGAATGTGCTTGTAGCGAAAACCGTCACCAGTCCAAGAGG    1 20

   1 21  GC AACCAGAGCGAGTGAACGAGTGTACAGAGTGAACGTAGCC  TAG  TGGCGTGTACATAAGTGTGTACATAAGAGTGATCGGTGGTGCTGGTGGAAGCCAGCGTCTGGCCGTTGTTCGTGG    240

   241  ATACCGTGTATCCTCTGCTGCCGTCCTTCTGCTGAGCAGGGCCACCCGACGCCCGCTACTACTCCAGCAACC  ATG  GCTGACACGGGCAGAACAGATTCGTACCGCCACGCTACGGATCGT    360
     1                                                                           M  A  D  T  G  R  T  D  S  Y  R  H  A  T  D  R      1 6

   361  AACATCCCTGATGATAACCGAACTGTGAAGGGAGACCCCAAGTCAAAAAAGAAGAATGTCAAGGGGAAGAGGAAAGGGGAGAAGGAGAAGGATATGGACAACCTGAAACAGGAATTGGAA    480
    1 7   N  I   P  D  D  N  R  T  V  K  G  D  P  K  S  K  K  K  N  V  K  G  K  R  K  G  E  K  E  K  D  M  D  N  L  K  Q  E  L  E      56

   481  CTCG ATGAACACAAGGTCCCCATAGAAGAACTCTTTCAGCGCCTCTCCGTCAATCCTGACACAGGTTTGACACAAGCCGAGGCCCGTCGCAGGTTAGAAAGGGATGGCCCCAATGCCCTC    600
    57   L  D  E  H  K  V  P  I   E  E  L  F  Q  R  L  S  V  N  P  D  T  G  L  T  Q  A  E  A  R  R  R  L  E  R  D  G  P  N  A  L      96

   601  ACCCCTCCCAAGCAAACTCCAGAATGGGTCAAATTTTGCAAGAACCTGTTTGGTGGATTTTCACTGCTGCTGTGGATTGGTGCCATTCTCTGTTTCATTGCTTACTCCATTGAAGCTGCA    720
    97   T  P  P  K  Q  T  P  E  W  V  K  F  C  K  N  L  F  G  G  F  S  L  L  L  W  I   G  A  I   L  C  F  I   A  Y  S  I   E  A  A     1 36

   721  TC AGAGGAGGAACCCAACAATGATAACTTGTACTTGGGCATTGTGCTCACTGCTGTCGTAATCATCACAGGCATCTTCTCATACTACCAGGAGAGCAAGAGTTCCCGTATCATGGAGTCC    840
   1 37   S  E  E  E  P  N  N  D  N  L  Y  L  G  I   V  L  T  A  V  V  I   I   T  G  I   F  S  Y  Y  Q  E  S  K  S  S  R  I   M  E  S     1 76

   841  TTC AAAAACCTTGTTCCTCAATATGCTATTGTCATCCGTGAAGGTGAGAAACTGAATGTGCAGGCTGAAGAACTATGCATAGGTGACATCATTGATGTTAAGTTTGGTGATCGTATCCCT    960
   1 77   F  K  N  L  V  P  Q  Y  A  I   V  I   R  E  G  E  K  L  N  V  Q  A  E  E  L  C  I   G  D  I   I   D  V  K  F  G  D  R  I   P     216

   961  GCTG ACATGCGAGTCATCGAAGCTCGAGGTTTCAAGGTCGACAACTCTTCACTCACTGGTGAGTCTGAGCCACAGAGTCGCTCTCCTGAATTCACATCCGAGAATCCTCTTGAGACCAAG   1 080
   217   A  D  M  R  V  I   E  A  R  G  F  K  V  D  N  S  S  L  T  G  E  S  E  P  Q  S  R  S  P  E  F  T  S  E  N  P  L  E  T  K     256

  1 081  AACCTTGCCTTCTTTTCCACCAATGCTGTTGAAGGTACTTGCAAGGGTATTGTAATCAATATTGGTGACAACACTGTGATGGGTCGCATTGCTGGTCTGGCCTCTGGCTTGGAAACTGGA   1 200
   257   N  L  A  F  F  S  T  N  A  V  E  G  T  C  K  G  I   V  I   N  I   G  D  N  T  V  M  G  R  I   A  G  L  A  S  G  L  E  T  G     296

  1 201  G AGACTCCAATTGCCAAGGAGATCAGTCACTTCATCCACATCATTACCGGTGTGGCCGTCTTCCTGGGTGTTACATTCTTCGTCATTGCTTTCATCATGGGTTACCATTGGTTGGATGCT   1 320
   297   E  T  P  I   A  K  E  I   S  H  F  I   H  I   I   T  G  V  A  V  F  L  G  V  T  F  F  V  I   A  F  I   M  G  Y  H  W  L  D  A     336

  1 321  GTTGTGTTCCTCATTGGTATCATTGTGGCCAATGTGCCCGAGGGTCTGCTGGCCACTGTCACAGTGTGTCTCACTCTCACTGCCAAGCGTATGGCTGCAAAGAACTGCTTGGTGAAGAAC   1 440
   337   V  V  F  L  I   G  I   I   V  A  N  V  P  E  G  L  L  A  T  V  T  V  C  L  T  L  T  A  K  R  M  A  A  K  N  C  L  V  K  N     376
                                                                                   >>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>

  1 441  TTGG AGGCTGTGGAAACCCTGGGTTCAACCTCTACCATCTGCTCTGACAAGACTGGTACCCTCACTCAGAACCGTATGACAGTCGCCCACATGTGGTTTGACAACACCATCATCGAGGCA   1 560
   377   L  E  A  V  E  T  L  G  S  T  S  T  I   C  S  D  K  T  G  T  L  T  Q  N  R  M  T  V  A  H  M  W  F  D  N  T  I   I   E  A     416

  1 561  G ATACCTCAGAGGACCAGTCAGGCTGCCAGTACGACAAGACTTCCGATGGATGGAAGGCTCTCTCCCGGATTGCTGCTCTCTGCAACCGTGCTGAATTCAAGACAGGTCAGGAAGATGTA   1 680
   417   D  T  S  E  D  Q  S  G  C  Q  Y  D  K  T  S  D  G  W  K  A  L  S  R  I   A  A  L  C  N  R  A  E  F  K  T  G  Q  E  D  V     456

  1 681  CCC ATTCTGAAGCGAGAGGTGAATGGTGATGCTTCTGAGGCTGCTCTGCTGAAGTGTGTGGAACTTGCTATTGGAGACGTGAGGGGCTGGCGTTCCCGCAATAAGAAGGTTTGTGAGATT   1 800
   457   P  I   L  K  R  E  V  N  G  D  A  S  E  A  A  L  L  K  C  V  E  L  A  I   G  D  V  R  G  W  R  S  R  N  K  K  V  C  E  I      496

  1 801  CCTTTC AACTCCACCAACAAGTACCAAGTGTCTATCCACGAGACCCAGGACAAGAATGACCTCCGCTACCTGCTTGTGATGAAGGGTGCTCCAGAGAGGATCCTTGAACGATGCTCCACC   1 920
   497   P  F  N  S  T  N  K  Y  Q  V  S  I   H  E  T  Q  D  K  N  D  L  R  Y  L  L  V  M  K  G  A  P  E  R  I   L  E  R  C  S  T     536

  1 921  ATCTTCATGAATGGTGAGGAGAAGCCTTTGGATGAGGAGATGAAGGAATCTTTCAACAATGCTTACTTGGAATTGGGTGGGCTGGGAGAGCGTGTGCTGGGCTTCTGTGACTATGTTCTG   2040
   537   I   F  M  N  G  E  E  K  P  L  D  E  E  M  K  E  S  F  N  N  A  Y  L  E  L  G  G  L  G  E  R  V  L  G  F  C  D  Y  V  L     576

  2041  CCCTCCGACAAGTACCCCCTCGGCTATCCTTTCGATGCTGATGCTGTCAACTTCCCCGTGCACGGTCTTCGATTCGTCGGCCTCATGTCCATGATTGATCCTCCCCGTGCTGCTGTGCCC   2160
   577   P  S  D  K  Y  P  L  G  Y  P  F  D  A  D  A  V  N  F  P  V  H  G  L  R  F  V  G  L  M  S  M  I   D  P  P  R  A  A  V  P     616
                                                  <<<<<<<<<<<<<<<<<<<<<<<<<<<<<

  2161  G ACGCCGTGGCCAAGTGCCGTTCTGCTGGTATCAAGGTCATCATGGTTACTGGTGATCACCCCATCACTGCCAAGGCCATTGCCAAGTCTGTGGGTATCATTTCTGAGGGCAATGAGACT   2280
   617   D  A  V  A  K  C  R  S  A  G  I   K  V  I   M  V  T  G  D  H  P  I   T  A  K  A  I   A  K  S  V  G  I   I   S  E  G  N  E  T     656

  2281  GTGG AGGACATTGCCCAGAGACTCAACATTCCCATCAAGGAGGTCGACCCCCGCGAGGCCAAGGCTGCTGTGGTCCACGGCTCTGAGTTGAGGGACATGACTTCTGAACAGCTGGATGAT   2400
   657   V  E  D  I   A  Q  R  L  N  I   P  I   K  E  V  D  P  R  E  A  K  A  A  V  V  H  G  S  E  L  R  D  M  T  S  E  Q  L  D  D     696

  2401  GTCCTT ATCCACCACACTGAGATTGTGTTTGCCCGTACCTCCCCACAGCAGAAGCTCATCATTGTGGAGGGCTGCCAGCGTATGGGAGCCATTGTAGCTGTAACTGGAGATGGTGTAAAT   2520
   697   V  L  I   H  H  T  E  I   V  F  A  R  T  S  P  Q  Q  K  L  I   I   V  E  G  C  Q  R  M  G  A  I   V  A  V  T  G  D  G  V  N     736

  2521  G ACTCCCCTGCCCTCAAGAAGGCCGATATTGGTGTGGCCATGGGTATTGCTGGATCAGACGTGTCTAAGCAGGCTGCCGACATGATTCTGTTGGATGACAACTTTGCTTCTATTGTCACT   2640
   737   D  S  P  A  L  K  K  A  D  I   G  V  A  M  G  I   A  G  S  D  V  S  K  Q  A  A  D  M  I   L  L  D  D  N  F  A  S  I   V  T     776

  2641  GGTGTGGAAGAGGGCAGGCTTATTTTTGATAACCTGAAGAAATCTATTGCCTACACCCTCACTTCAAACATCCCTGAGATCTCCCCCTTCTTGTTCTTCATGATTGCCTCCGTGCCTCTA   2760
   777    G  V  E  E  G  R  L  I   F  D  N  L  K  K  S  I   A  Y  T  L  T  S  N  I   P  E  I   S  P  F  L  F  F  M  I   A  S  V  P  L     816

  2761  CCTCTGGGCACTGTTACCATTCTCTGCATTGATCTGGGTACTGACATGGTGCCTGCCATTTCCCTTGCCTATGAAGAAGCTGAGTCAGATATTATGAAGCGCCAGCCCCGCAATCCCTTC   2880
   817   P  L  G  T  V  T  I   L  C  I   D  L  G  T  D  M  V  P  A  I   S  L  A  Y  E  E  A  E  S  D  I   M  K  R  Q  P  R  N  P  F     856

  2881  ACGGACAAGCTTGTGAACGAGAGGCTCATCTCCATGGCCTATGGTCAGATTGGCATGATCCAAGCTCTGGCTGGATTCTATGTGTACTTTGTCATCATGGCTGAGAACGGGTTCCTGCCT   3000
   857   T  D  K  L  V  N  E  R  L  I   S  M  A  Y  G  Q  I   G  M  I   Q  A  L  A  G  F  Y  V  Y  F  V  I   M  A  E  N  G  F  L  P     896

  3001  CCCGTCCTCTTTGGTATCCGTGAGCAGTGGGACTCCAAGGCCATCAACGATCTGGAGGATTACTATGGCCAGGAATGGACATACCATGACCGTAAGATCCTTGAGTACACCTGCCACACT   3120
   897   P  V  L  F  G  I   R  E  Q  W  D  S  K  A  I   N  D  L  E  D  Y  Y  G  Q  E  W  T  Y  H  D  R  K  I   L  E  Y  T  C  H  T     936

  3121  GC ATTCTTTGTGGCCATTGTGGTGGTGCAGTGGGCTGACTTGATCATCTGTAAGACTCGCCGTAACTCCATCCTTCACCAGGGCATGAAGAACATGGTGCTTAACTTTGGATTGTGTTTC   3240
   937   A  F  F  V  A  I   V  V  V  Q  W  A  D  L  I   I   C  K  T  R  R  N  S  I   L  H  Q  G  M  K  N  M  V  L  N  F  G  L  C  F     976

  3241  G AGACTACACTGGCTGCCTTCCTGTCCTACACACCAGGCATGGACAAGGGTCTAAGGATGTACCCCCTCAAATTCTACTGGTGGCTGCCCCCTCTCCCCTTCTCATTACTCATCTTCGTG   336 0
   977   E  T  T  L  A  A  F  L  S  Y  T  P  G  M  D  K  G  L  R  M  Y  P  L  K  F  Y  W  W  L  P  P  L  P  F  S  L  L  I   F  V    1 016

  3361  T ACGACGAGTGTCGCCGGTTCGTGCTGCGCAGGAACCCTGGTGGCTGGGTGGAGATGGAGACCTATTATTAAGGTTTGTAGTGAGCACAAGTTTACAAGAGCTCAAGAGCGTGGCCACCA   3480
  1 017   Y  D  E  C  R  R  F  V  L  R  R  N  P  G  G  W  V  E  M  E  T  Y  Y                                                       1 039

  3481  CC AGCAGCCTCCTCCCTCACAGCCAGCACTTGCATCACTGTCACTCCTCTGTGATGTCTGGGGATTGGAACTGTTGTATTATAACCTTCAAAAGAAATGCTATTCTTTAATTAGAATCCA   3600

  3601  G AGAATATATAACAACCAAGTGTTGGTGGCTCAGTAATGTGCTCTGTCAATAATGATTCCATTGCTTATTTCTATGTTACTTACTGGGGATTTTAGTGTCATTATGGTTGTTTCTAATTT   3720

  3721  CCCC ATTGTTATATATAAGATTTGCAGTAAGTAACATTGAAATATTTGTACAGAATCCTGGTGAAAGCATGTATTAAAGAGAAAAAGTGACAAAAAAAAAAAAAAAAA               3828

Fig. 1. cDNA and predicted amino acid sequence of the Na++K+-ATPase α-subunit from gills of the blue crab Callinectes sapidus. Stop codons
in the 5′ untranslated region (including one in-frame, underlined), the putative stop site and stop codons downstream from the stop site are
indicated in red. A Kozak consensus sequence around the likely start codon (underlined) is shown in green. Transmembrane domains predicted
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 in the 3′ untranslated region is
indicated in violet. GenBank Accession Number AF327439
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                       *         2 0          *         4 0          *         6 0          *         8 0          *        1 0 0        
CAL L I NECT ES :  MADT GRT DSYRHAT DRNI PDDNRT VKGDPKSKKKNVKGKRKGE. . . KEKDMDNL KQEL EL DEHKVPI EEL F QRL SVNPDT GL T QAEARRRL ERDGPNAL T  :    9 7
DROSOPHI L A  :  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MPAKVN. . . KKENL DDL KQEL DI DF HKI SPEEL YQRF QT HPENGL SHAKAKENL ERDGPNAL T  :    6 0
ART EMI A1     :  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MAKGKQK. . . KGKDL NEL KKEL DI DF HKI PI EECYQRL GSNPET GL T NAQARSNI ERDGPNCL T  :    6 1
ART EMI A2     :  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MGKKQG. . . . . . KQL SDL KKEL EL DQHKI PL EEL CRRL GT NT ET GL T SSQAKSHL EKYGPNAL T  :    5 8
T ORPEDO     :  . . . . . . . . . . . . . . . . . MGKGAASEKYQPAAT SENAKNSKKSKS. . KT T DL DEL KKEVSL DDHKL NL DEL HQKYGT DL T QGL T PARAKEI L ARDGPNAL T  :    8 1
ANGUI L L A    :  . . . . . . . . . . . . . . . . . MGRGT GHDQYEL AAT SEGGRKKKRDK. . . KKKDMDDL KKEVDL DDHKL T L DEL HRKYGT DL T RGL T SSRAAEI L ARDGPNAL T  :    8 0
XENOPUS     :  . . . . . . . . . . . . . . . . . MGYGAGRDKYEPAAT SEQGGKKKKGKGKGKEKDMDEL KKEVT MEDHKL SL DEL HRKF GT DMQRGL T T ARAAEI L ARDGPNAL T  :    8 3
GAL L US      :  . . . . . . . . . . . . . . . . . MGDKG. . . . . . . . . . EKESPKKGKG. . . . . KRDL DDL KKEVAMT EHKMSI EEVCRKYNT DCVQGL T HSKAQEI L ARDGPNAL T  :    6 8
HOMO        :  . . . . . . . . . . . . . . . . . MGDKKD. . . . . . . . . DKDSPKKNKGK. . . ERRDL DDL KKEVAMT EHKMSVEEVCRKYNT DCVQGL T HSKAQEI L ARDGPNAL T  :    7 1
                                                                                                                         
                                                                                                                         
                       *        1 2 0          *        1 4 0          *        1 6 0          *        1 8 0          *        2 0 0        
CAL L I NECT ES :  PPKQT PEWVKF CKNL F GGF SL L L WI GAI L CF I AYSI EAAS. EEEPNNDNL YL GI VL T AVVI I T GI F SYYQESKSSRI MESF KNL VPQYAI VI REGEKL NV :   1 9 6
DROSOPHI L A  :  PPKQT PEWVKF CKNL F GGF AML L WI GAI L CF VAYSI QAST . SEEPADDNL YL GI VL SAVVI VT GI F SYYQESKSSKI MESF KNMVPQF AT VI RGGEKL T L  :   1 5 9
ART EMI A1     :  PPKT T PEWI KF CKNL F GGF AL L L WT GAI L CF L AYGI EASSGNEDML KDNL YL GI VL AT VVI VT GI F SYYQENKSSRI MDSF KNL VPQYAL AL REGQRVT L  :   1 6 1
ART EMI A2     :  PPRT T PEWI KF CKQL F GGF QML L WI GSI L CF I AYT MEKYK. NPDVL GDNL YL GL AL L F VVI MT GCF AYYQDHNASKI MDSF KNL MPQF AF VI RDGKKI QL  :   1 5 7
T ORPEDO     :  PPPT T PEWI KF CRQL F GGF SI L L WT GAI L CF L AYGI QVAT . VDNPANDNL YL GVVL ST VVI I T GCF SYYQEAKSSKI MDSF KNMVPQQAL VI RDGEKSSI  :   1 8 0
ANGUI L L A    :  PPPT T PEWVKF CRQL F GGF SML L WI GAI L CF L AYGI QAAS. EDEPANDNL YL GVVL SAVVI I T GCF SYYQEAKSSRI MDSF KNL VPQQAL VI RDGEKKCI  :   1 7 9
XENOPUS     :  PPPT T PEWVKF CRQL F GGF SML L WI GAI L CF L AYGI QAAM. EEEPQNDNL YL GVVL SAVVI I T GCF SYYQEAKSSKI MESF KNMVPQQAL VI RSGEKL SI  :   1 8 2
GAL L US      :  PPPT T PEWVKF CRQL F GGF SI L L WI GAI L CF L AYGI QAGT . EDEPSNDNL YL GI VL AAVVI I T GCF SYYQEAKSSKI MESF KNMVPQQAL VI REGEKMQL  :   1 6 7
HOMO        :  PPPT T PEWVKF CRQL F GGF SI L L WI GAI L CF L AYGI QAGT . EDDPSGDNL YL GI VL AAVVI I T GCF SYYQEAKSSKI MESF KNMVPQQAL VI REGEKMQV :   1 7 0
                                                                                                                         
                                                                                                                         
                       *        2 2 0          *        2 4 0          *        2 6 0          *        2 8 0          *        3 0 0        
CAL L I NECT ES :  QAEEL CI GDI I DVKF GDRI PADMRVI EARGF KVDNSSL T GESEPQSRSPEF T SENPL ET KNL AF F ST NAVEGT CKGI VI NI GDNT VMGRI AGL ASGL ET G :   2 9 6
DROSOPHI L A  :  RAEDL VL GDVVEVKF GDRI PADI RI I EARNF KVDNSSL T GESEPQSRGAEF T HENPL ET KNL AF F ST NAVEGT AKGVVI SCGDHT VMGRI AGL ASGL DT G :   2 5 9
ART EMI A1     :  KAEEL T MGDI VEVKF GDRVPADL RVL EARSF KVDNSSL T GESEPQARSPEF T NDNPL ET KNL AF F ST NAVEGT MRGI VI GI GDNT VMGRI AGL ASGL DT G :   2 6 1
ART EMI A2     :  KAEEVT VGDL VEVKF GDRI PADI RI T SCQSMKVDNSSL T GESEPQSRST ECT NDNPL ET KNL AF F F T NT L EGT GRGI VI NVGDDSVMGRI ACL ASSL DSG :   2 5 7
T ORPEDO     :  NAEQVVVGDL VEVKGGDRI PADL RI I SACSCKVDNSSL T GESEPQSRSPEYSSENPL ET KNI AF F ST NCVEGT ARGI VI NI GDHT VMGRI AT L ASGL EVG :   2 8 0
ANGUI L L A    :  NAEEVVAGDL VEVKGGDRI PADL RVASAQGCKVDNSSL T GESEPQT RSPDF SNENPL ET RNI AF F ST NCVEGT ARGVVI NT GDRT VMGRI AT L ASSL EVG :   2 7 9
XENOPUS     :  NAEEVVL GDL VEVKGGDRI PADL RVI SSHGCKVDNSSL T GESEPQT RSPDF T NENPL ET RNI AF F ST NCVEGT ARGI VVNT GDRT VMGRI AT L ASGL DGG :   2 8 2
GAL L US      :  NAEEVVVGDL VEVKGGDRVPADL RI I SAHGCKVDNSSL T GESEPQT RSPDCT HDNPL ET RNI T F F ST NCVEGT ARGVVI AT GDRT VMGRI AT L ASGL EVG :   2 6 7
HOMO        :  NAEEVVVGDL VEI KGGDRVPADL RI I SAHGCKVDNSSL T GESEPQT RSPDCT HDNPL ET RNI T F F ST NCVEGT ARGVVVAT GDRT VMGRI AT L ASGL EVG :   2 7 0
                                                                                                                         
                                                                                                                         
                       *        3 2 0          *        3 4 0          *        3 6 0          *        3 8 0          *        4 0 0        
CAL L I NECT ES :  ET PI AKEI SHF I HI I T GVAVF L GVT F F VI AF I MGYHWL DAVVF L I GI I VANVPEGL L AT VT VCL T L T AKRMAAKNCL VKNL EAVET L GST ST I CSDKT GT  :   3 9 6
DROSOPHI L A  :  ET PI AKEI HHF I HL I T GVAVF L GVT F F VI AF I L GYHWL DAVI F L I GI I VANVPEGL L AT VT VCL T L T AKRMASKNCL VKNL EAVET L GST ST I CSDKT GT  :   3 5 9
ART EMI A1     :  ET PI AKEI AHF I HI I T GVAVF L GVT F F I I AF VL GYHWL DAVVF L I GI I VANVPEGL L AT VT VCL T L T AKRMASKNCL VKNL EAVET L GST ST I CSDKT GT  :   3 6 1
ART EMI A2     :  KT PI AREI EHF I HI I T AMAVSL AAVF AVI SF L YGYT WL EAAI F MI GI I VAKVPEGL L AT VT VCL T L T AKRMAKKNCL VRNL EAVET L GST ST I CSDKT GT  :   3 5 7
T ORPEDO     :  QT PI AAEI EHF I HI I T GVAVF L GVSF F I L SL I L GYT WL EAVI F L I GI I VANVPEGL L AT VT VCL T L T AKRMARKNCL VKNL EAVET L GST ST I CSDKT GT  :   3 8 0
ANGUI L L A    :  RT PI SI EI EHF I HI I T GVAVF L GVSF F I L SL I L GYAWL EAVI F L I GI I VANVPEGL L AT VT VCL T L T AKRMAKKNCL VKNL EAVET L GST ST I CSDKT GT  :   3 7 9
XENOPUS     :  RT PI AI EI EHF I HI I T GVAVF L GVSF F I L SL I L QYT WL EAVI F L I GI I VANVPEGL L AT VT VCL T L T AKRMARKNCL VKNL EAVET L GST ST I CSDKT GT  :   3 8 2
GAL L US      :  KT PI AVEI EHF I QL I T GVAVF L GI SF F VL SL I L GYT WL EAVI F L I GI I VANVPEGL L AT VT VCL T L T AKRMARKNCL VKNL EAVET L GST ST I CSDKT GT  :   3 6 7
HOMO        :  KT PI AI EI EHF I QL I T GVAVF L GVSF F I L SL I L GYT WL EAVI F L I GI I VANVPEGL L AT VT VCL T VT AKRMARKNCL VKNL EAVET L GST ST I CSDKT GT  :   3 7 0
                                                                                                                         
                                                                                                                         
                       *        4 2 0          *        4 4 0          *        4 6 0          *        4 8 0          *        5 0 0        
CAL L I NECT ES :  L T QNRMT VAHMWF DNT I I EADT SEDQSGCQYDKT SDGWKAL SRI AAL CNRAEF KT GQEDVPI L KREVNGDASEAAL L KCVEL AI GDVRGWRSRNKKVCEI  :   4 9 6
DROSOPHI L A  :  L T QNRMT VAHMWF DNQI I EADT T EDQSGVQYDRT SPGF KAL SRI AT L CNRAEF KGGQDGVPI L KKEVSGDASEAAL L KCMEL AL GDVMNI RKRNKKI AEV :   4 5 9
ART EMI A1     :  L T QNRMT VAHMWF DGT I T EADT T EDQSGAQF DKSSAGWKAL VKI AAL CSRAEF KPNQST T PI L KREVT GDASEAAI L KCVEL T T GET EAI RKRNKKI CEI  :   4 6 1
ART EMI A2     :  L T QNRMT VAHMWF DQKI VT ADT T ENQSGNQL YRGSKGF PEL I RVASL CSRAEF KT EHAHL PVL KRDVNGDASEAAI L KF AEMST GSVMNI RSKQKKVSEI  :   4 5 7
T ORPEDO     :  L T QNRMT VAHMWF DNQI HEADT T ENQSGI SF DKT SL SWNAL SRI AAL CNRAVF QAGQDSVPI L KRSVAGDASESAL L KCI EL CCGSVSQMRDRNPKI VEI  :   4 8 0
ANGUI L L A    :  L T QNRMT VAHMWF DNQI HEADT T ENQSGT SF DRSSAT WAAL ARI AGL CNRAVF L AEQSNVPI L KRDVAGDASESAL L KCI EL CCGSVNDMRDKHVKI AEI  :   4 7 9
XENOPUS     :  L T QNRMT VAHMWF DNQI HEADT T ENQSGASF DKSSPT WT AL SRVAGL CNRAVF QAGQENT PI L KRDVAGDASESAL L KCI EL CCGSVRDMREKNHKVAEI  :   4 8 2
GAL L US      :  L T QNRMT VAHMWF DNQI HEADT T EDQSGT SF DKSSAT WVAL SHI AGL CNRAVF KGGQENVPI L KRDVAGDASESAL L KCI EL SSGSVKVMRERNKKVAEI  :   4 6 7
HOMO        :  T QNRMT VAHMWF DNQI HEADT T EDQSGT SF DKSSHT WVAL SHI AGL CNRAVF KGGQDNI PVL KRDVAGDASESAL L KCI EL SSGSVKL MRERNKKVAEI  :   4 7 0
                                                                                                                         
                                                                                                                         
                       *        5 2 0          *        5 4 0          *        5 6 0          *        5 8 0          *        6 0 0        
CAL L I NECT ES :  PF NS NKYQVSI HET QDKNDL RYL L VMKGAPERI L ERCST I F MNGEEKPL DEEMKESF NNAYL EL GGL GERVL GF CDYVL PSDKYPL GYPF DADAVNF PV :   5 9 6
DROSOPHI L A  :  PF NST NKYQVSI HET EDT NDPRYL L VMKGAPERI L ERCST I F I NGKEKVL DEEMKEAF NNAYMEL GGL GERVL GF CDF ML PSDKYPNGF KF NT DDI NF PI  :   5 5 9
ART EMI A1     :  PF NSANKF QVSI HENEDKSDGRYL L VMKGAPERI L ERCST I F MNGKEI DMT EEL KEAF NNAYMEL GGL GERVL GF CDYL L PL DKYPHGF AF NADDANF PL  :   5 6 1
ART EMI A2     :  PF NSANKYQVSVHER. . EDKSGYF L VMKGAPERI L ERCST I L I DGT EI PL DNHMKECF NNAYMEL GGMGERVL GF CDF EL PSDQYPRGYVF DADEPNF PI  :   5 5 5
T ORPEDO     :  PF NST NKYQL SI HEN. KADSRYL L VMKGAPERI L DRCST I L L NGEDKPL NEEMKEAF QNAYL EL GGL GERVL GF CHL KL ST SKF PEGYPF DVEEPNF PI  :   5 7 9
ANGUI L L A    :  PF NST NKYQL SI HKNANSEESKHL L VMKGAPERI L DRCST I MI HGKEQPL DDEMKDAF QNAYVEL GGL GERVL GF CHYF L PDDQF AEGF QF DT EEVNF PT  :   5 7 9
XENOPUS     :  PF NST NKYQL SVHKNANPSESRYI L VMKGAPERI L DRCT SI I L QGKEQPL DEEL KDAF QDAYL EL GGL GERVL GF CHL AL PDDQF PDGF QF DT EEVNF PT  :   5 8 2
GAL L US      :  PF NST NKYQL SI HET EDPNDNRYL L VMKGAPERI L DRCST I L L QGKEQPL DEEMKEAF QNAYL EL GGL GERVL GF CHF YL PEEQYPKGF AF DCDDVNF AT  :   5 6 7
HOMO        :  PF NST NKYQL SI HET EDPNDNRYL L VMKGAPERI L DRCST I L L QGKEQPL DEEMKEAF QNAYL EL GGL GERVL GF CHYYL PEEQYPQGF AF DCDDVNF T T  :   5 7 0
                                                                                                                         
                                                                                                                         
                       *        6 2 0          *        6 4 0          *        6 6 0          *        6 8 0          *        7 0 0        
CAL L I NECT ES :  HGL RF VGL MSMI DPPRAAVPDAVAKCRSAGI KVI MVT GDHPI T AKAI AKSVGI I SEGNET VEDI AQRL NI PI KEVDPREAKAAVVHGSEL RDMT SEQL DD :   6 9 6
DROSOPHI L A  :  DNL RF VGL MSMI DPPRAAVPDAVAKCRSAGI KVI MVT GDHPI T AKAI AKSVGI I SEGNET VEDI AQRL NI PVSEVNPREAKAAVVHGAEL RDVSSDQL DE :   6 5 9
ART EMI A1     :  T GL RF AGL MSMI DPPRAAVPDAVAKCRSAGI KVI MVT GDHPI T AKAI AKSVGI I SEGNET VEDI AARL NI PVSEVNPRDAKAAVVHGGEL RDI T PDAL DE :   6 6 1
ART EMI A2     :  SGL RF VGL MSMI DPPRAAVPDAVSKCRSAGI KVI MVT GDHPI T AKAI ARQVGI I SEGHET VDDI AARL NI PVSEVNPRSAQAAVI HGNDL KDMNSDQL DD :   6 5 5
T ORPEDO     :  T DL CF VGL MSMI DPPRAAVPDAVGKCRSAGI KVI MVT GDHPI T AKAI AKGVGI I SEGNET VEDI AARL NI PVNQVNPRDAKACVVHGT DL KDL SHENL DD :   6 7 9
ANGUI L L A    :  ENL CF I GL MSMI DPPRAAVL DAVGKCRSPGI KVI MVT GDHPI T AKAI AKGVGI I SEGNET VEDI AARL NI PI NEVNPRDAKACVVHGGEL KDL T PEQL DD :   6 7 9
XENOPUS     :  ENL CF VGL I SMI DPPRAAVPDAVGKCRSAGI KVI MVT GDHPI T AKAI AKGVGI I SEGNET VEDI AARL NI PVNQVNPRDAKACVI HGT DL KDMT EEQI DD :   6 8 2
GAL L US      :  DNL CF VGL MSMI DPPRAAVPDAVGKCRSAGI KVI MVT GDHPI T AKAI AKGVGI I SEGNET VEDI AARL NI PVSQVNPRDAKACVI HGT DL KDMSSEQI DE :   6 6 7
HOMO        :  DNL CF VGL MSMI GPPRAAVPDAVGKCRSAGI KVI MVT GDHPI T AKAI AKGVGI I SEGNET VEDI AARL NI PVSQVNPRDAKACVI HGT DL KDF T SEQI DE :   6 7 0
                                                                                                                         
                                                                                                                         
                       *        7 2 0          *        7 4 0          *        7 6 0          *        7 8 0          *        8 0 0        
CAL L I NECT ES :  VL I HHT EI VF ART SPQQKL I I VEGCQRMGAI VAVT GDGVNDSPAL KKADI GVAMGI AGSDVSKQAADMI L L DDNF ASI VT GVEEGRL I F DNL KKSI AYT L  :   7 9 6
DROSOPHI L A  :  I L RYHT EI VF ART SPQQKL I I VEGCQRMGAI VAVT GDGVNDSPAL KKADI GVAMGI AGSDVSKQAADMI L L DDNF ASI VT GVEEGRL I F DNL KKSI AYT L  :   7 5 9
ART EMI A1     :  I L RHHPEI VF ART SPQQKL I I VEGCQRQGAI VAVT GDGVNDSPAL KKADI GVAMGI AGSDVSKQAADMI L L DDNF ASI VT GVEEGRL I F DNL KKSI VYT L  :   7 6 1
ART EMI A2     :  I L RHYREI VF ART SPQQKL I I VEGVQRQGEF VAVT GDGVNDSPAL KKADI GVAMGI AGSDVSKQAADMI L L DDNF ASI VT GVEEGRL I F DNI KKSI AYT L  :   7 5 5
T ORPEDO     :  I L HYHT EI VF ART SPQQKL I I VEGCQRQGAI VAVT GDGVNDSPAL KKADI GVAMGI AGSDVSKQAADMI L L DDNF ASI VT GVEEGRL I F DNL KKSI AYT L  :   7 7 9
ANGUI L L A    :  I L KHHT EI VF ART SPQQKL I I VEGCQRQGAI VAVT GDGVNDSPAL KKADI GVAMGI AGSDVSKQAADMI L L DDNF ASI VT GVEEGRL I F DNL KKSI AYT L  :   7 7 9
XENOPUS     :  I L RHHT EI VF ART SPQQKL I I VEGCQRQGAI VAVT GDGVNDSPAL KKADI GI AMGI AGSDVSKQAADMI L L DDNF ASI VT GVEEGRL I F DNL KKSI AYT L  :   7 8 2
GAL L US      :  I L QNHT EI VF ART SPQQKL I I VEGCQRQGAI VAVT GDGVNDSPAL KKADI GVAMGI RGSDVSKQAADMI L L DDNF ASI VT GVEEGRL I F DNL KKSI AYT L  :   7 6 7
HOMO        :  I L QNHT EI VF ART SPQQKL I I VEGCQRQGAI VAVT GDGVNDSPAL KKADI GVAMGI AGSDVSKQAADMI L L DDNF ASI VT GVEEGRL I F DNL KKSI AYT L  :   7 7 0
                                                                                                                         
                                                                                                                         
                       *        8 2 0          *        8 4 0          *        8 6 0          *        8 8 0          *        9 0 0        
CAL L I NECT ES :  T SNI PEI SPF L F F MI ASVPL PL GT VT I L CI DL GT DMVPAI SL AYEEAESDI MKRQPRNPF T DKL VNERL I SMAYGQI GMI QAL AGF YVYF VI MAENGF L P :   8 9 6
DROSOPHI L A  :  T SNI PEI SPF L AF I L CDI PL PL GT VT I L CI DL GT DMVPAI SL AYEHAEADI MKRPPRDPF NDKL VNSRL I SMAYGQI GMI QAAAGF F VYF VI MAENGF L P :   8 5 9
ART EMI A1     :  T SNI PEI SPF L L F I L F DI PL PL GT VT I L CI DL GT DMVPAI SL AYEEAESDI MKRRPRNPVT DKL VNERL I SL AYGQI GMI QASAGF F VYF VI MAECGF L P :   8 6 1
ART EMI A2     :  T SKI PEL SPF L MYI L F DL PL AI GT VT I L CI DL GT DVVPAI SMAYEGPEADPRK. . PRDPVKEKL VNERL I SMAYGQI GVMQAF GGF F T YF VI MGECGF L P :   8 5 3
T ORPEDO     :  T SNI PEI T PF L VF I I ANVPL PL GT VT I L CI DL GT DMVPAI SL AYERAESDI MKRQPRNPKT DKL VNERL I SMAYGQI GMI QAL GGF F SYF VI L AENGF L P :   8 7 9
ANGUI L L A    :  T SNI PEI T PF L L F I I ANI PL PL GT VT I L CI DL GT DMVPAI SL AYEAAESDI MKRQPRNPRT DKL VNERL I SI AYGQI GMMQAT AGF F T YF VI L AENGF L P :   8 7 9
XENOPUS     :  T SNI PEI T PF L I F I I ANI PL PL GT VT I L CI DL GT DMVPAI SL AYEQAESDI MKRQPRNPKT DKL VNERL I SMAYGQI GMI QAL GGF F T YF VI L AENGF L P :   8 8 2
GAL L US      :  T SNI PEI T PF L L F I MANI PL PL GT I T I L CI DL GT DMVPAI SL AYEAAESDI MKRQPRNPRSDKL VNERL I SMAYGQI GMI QAL GGF F SYF VI L AENGF L P :   8 6 7
HOMO        :  T SNI PEI T PF L L F I MANI PL PL GT I T I L CI DL GT DMVPAI SL AYEAAESDI MKRQPRNPRT DKL VNERL I SMAYGQI GMI QAL GGF F SYF VI L AENGF L P :   8 7 0
                                                                                                                         
                                                                                                                         
                       *        9 2 0          *        9 4 0          *        9 6 0          *        9 8 0          *       1 0 0 0        
CAL L I NECT ES :  PVL F GI REQWDSKAI NDL EDYYGQEWT YHDRKI L EYT CHT AF F VAI VVVQWADL I I CKT RRNSI L HQGMKNMVL NF GL CF ET T L AAF L SYT PGMDKGL RM :   9 9 6
DROSOPHI L A  :  KKL F GI RKMWDSKAVNDL T DSYGQEWT YRDRKT L EYT CHT AF F I SI VVVQWADL I I CKT RRNSI F QQGMRNWAL NF GL VF ET VL AAF L SYCPGMEKGL RM :   9 5 9
ART EMI A1     :  WDL F GL RKHWDSRAVNDL T DSYGQEWT YDARKQL ESSCHT AYF VSI VI VQWADL I I SKT RRNSVF QQGMRNNI L NF AL VF ET CL AAF L SYT PGMDKGL RM :   9 6 1
ART EMI A2     :  NRL F GL RKWWESKAYNDL T DSYGQEWT WDARKQL EYT CHT AF F I SI VI VQWT DL I I CKT RRL SL F QQGMKNGT L NF AL VF ET CVAAF L SYT PGMDKGL RM :   9 5 3
T ORPEDO     :  I DL I GI REKWDEL WT QDL EDSYGQQWT YEQRKI VEYT CHT SF F VSI VI VQWADL I I CKT RRNSI F QQGMKNKI L I F GL F EET AL AAF L SYT PGT DI AL RM :   9 7 9
ANGUI L L A    :  ST L L GI RVKWDDKYVNDL EDSYGQQWT YEQRKI VEYT CHT SF F ASI VI VQWADL I I CKT RRNSI I QQGMKNKI L I F GL F EET AL AAF L SYCPGMDVAL RM :   9 7 9
XENOPUS     :  WT L L GI RVNWDDRWT NDVEDSYGQQWT YEQRKI VEF T CHT SF F I SI VVVQWADL I I CKT RRNSVF QQGMKNKI L I F GL F EET AL AAF L SYCPGMDVAL RM :   9 8 2
GAL L US      :  SCL VGI RL SWDDRT I NDL EDSYGQQWT YEQRKVVEF T CHT AF F VSI VVVQWADL I I CKT RRNSVF QQGMKNKI L I F GL F EET AL AAF L SYCPGMDVAL RM :   9 6 7
HOMO        :  GNL VGI RL NWDDRT VNDL EDSYGQQWT YEQRKVVEF T CHT AF F VSI VVVQWADL I I CKT RRNSVF QQGMKNKI L I F GL F EET AL AAF L SYCPGMDVAL RM :   9 7 0
                                                                                                                         
                                                                
                       *       1 0 2 0          *       1 0 4 0           
CAL L I NECT ES :  YPL KF YWWL PPL PF SL L I F VYDECRRF VL RRNPGGWVEMET YY :  1 0 3 9
DROSOPHI L A  :  YPL KL VWWF PAI PF AL AI F I YDET RRF YL RRNPGGWL EQET YY :  1 0 0 2
ART EMI A1     :  YPL KI NWWF PAL PF SF L I F VYDEARKF I L RRNPGGWVEQET YY :  1 0 0 4
ART EMI A2     :  YPL KI WWWF PPMPF SL L I L VYDECRKF L MRRNPGGF L ERET YY :   9 9 6
T ORPEDO     :  YPL KPSWWF CAF PYSL I I F L YDEARRF I L RRNPGGWVEQET YY :  1 0 2 2
ANGUI L L A    :  YPL KPSWWF CAF PYSL L I F L YDEARRF I L RRNPDGWVERET YY :  1 0 2 2
XENOPUS     :  YPL KPT WWF CAF PYSL I I F I YDEVRKL I I RRSPGGWVEKESYY :  1 0 2 5
GAL L US      :  YPL KPSWWF CAF PYSF L I F VYDEI RKL I L RRNPGGWVEKET YY :  1 0 1 0
HOMO        :  YPL KPSWWF CAF PYSF L I F VYDEI RKL I L RRNPGGWVEKET YY :  1 0 1 3
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Fig. 2. Multiple alignment of the Callinectes sapidusα-subunit
amino acid sequence with examples from other arthropods
(Drosophila melanogasterand two isoforms from Artemia
franciscana) and from vertebrates (Torpedo californica,
Anguilla anguilla, Xenopus laevis, Gallus gallusand Homo

sapiens). Alignment was produced 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 line (Horisberger et al., 1991).
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Callinectes sapidusapproximately doubles following transfer
of the animals from 35 to 5 ‰ salinity (Neufeld et al., 1980;
Piller et al., 1995; Towle et al., 1976). The increased Na++K+-
ATPase activity is thought to drive uptake of Na+ and Cl− across
the gill epithelium, leading to hyperosmoregulation of the
hemolymph in low-salinity environments. However, it remains
unclear whether the activity of pre-existing Na++K+-ATPase
molecules is regulated in response to a change in salinity or
whether the observed increase in enzymatic activity (and
presumably in pumping activity) may be the result of enhanced
gene transcription and/or translation. In the present study, we
used reverse transcription and the polymerase chain reaction
(RT-PCR) to identify and characterize Na++K+-ATPase α-
subunit cDNA prepared from gills of the euryhaline blue crab
Callinectes sapidus. Quantitative RT-PCR, western blotting
and immunocytochemistry were employed to investigate the
correlation between α-subunit mRNA and protein abundance in
relation to the osmoregulatory response. Some of our data have
appeared in abstract form (Paulsen et al., 2000).

Materials and methods
Blue crabs (Callinectes sapidusRathbun) were obtained from

Gulf Specimens, Panacea, Florida, USA, and were maintained
in recirculating biologically filtered aquaria at 20°C containing
natural sea water at salinities of either 35 or 5‰. Crabs were
fed cleaned mussels twice weekly. Prior to the removal of the
gills, the crabs were anesthetized on ice for 30min.

Total RNA was extracted from the gills under RNAse-free
conditions using materials provided by Promega Corporation
(Chomczynski and Sacchi, 1987). Poly(A) mRNA in the total
RNA preparation was reverse-transcribed to cDNA using
oligo-dT primer and Superscript II reverse transcriptase (Life
Technologies). Degenerate primers for the polymerase chain
reaction (PCR) were based on conserved regions of published
Na++K+-ATPase α-subunit sequences from other arthropods,
including Drosophila melanogaster(Lebovitz et al., 1989) and
Artemia franciscana(Baxter-Lowe et al., 1989; Macías et al.,
1991). Primers were designed with the assistance of Primer
Premier software and synthesized by Operon Technologies.
Polymerase chain reactions were carried out in an MJ Research
thermocycler using Sigma RedTaq DNA polymerase and
nucleotides. The usual incubation protocol included an initial
denaturation at 92 °C for 5 min followed by cooling to 60 °C
and addition of the polymerase. Using degenerate primers, the
reaction tubes were cycled 30 times through 1 min at 92 °C,
1 min at 45 °C and 2 min at 72 °C, followed by an extension at
72 °C for 5 min 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
agarose gels, visualized by ethidium bromide staining and
extracted from the gels using the QiaQuick protocol (Qiagen).

An initial 700-base-pair PCR product obtained with
degenerate primers NAK10F (5′-ATGACIGTIGCICAYATG-
TGG-3′) and NAK16R (5′-GGRTGRTCICCIGTIACCAT-3′)
was sequenced at the Marine DNA Sequencing Center of the

Mount Desert Island Biological Laboratory using ABI 377 and
3100 automated sequencers. Callinectes-specific primers were
then designed to complete the sequencing with the aid of 3′
rapid amplification of cDNA ends (3′-RACE) (Life
Technologies) and 5′-RACE (Ambion) techniques. Sequence
assembly and analysis were performed with DNASTAR and
DNASIS software packages. Comparison with published
sequences in GenBank was made with the BLAST algorithm
(Altschul et al., 1997) and multiple alignments were produced
with ClustalW (http://antheprot-pbil.ibcp.fr/ie_sommaire.html)
and GeneDoc software (http://www.psc.edu/biomed/genedoc/).
Putative transmembrane regions were identified by
hydrophobicity analysis using AnTheProt (http://antheprot-
pbil.ibcp.fr/ie_sommaire.html).

The abundance of α-subunit mRNA in total RNA extracts
was estimated by quantitative RT-PCR using identical amounts
of total RNA in each reverse transcription reaction. The
polymerase chain reaction was carried out with biotinylated
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
nylon membranes, biotinylated products were visualized with
the Phototope protocol (New England Biolabs). A lower limit
of considerably less than a twofold difference in mRNA
abundance can be detected using this method (Weihrauch et al.,
2001).

Identification of α-subunit protein was achieved by western
blotting of partially purified plasma membranes (Lucu
and Flik, 1999) and detection with the α5 monoclonal
antibody against a highly conserved cytosolic epitope of the
α-subunit of avian Na++K+-ATPase (Lebovitz et al., 1989).
The α5 antibody was obtained from Developmental Studies
Hybridoma Bank or was kindly provided by Dr D. M.
Fambrough. Identical quantities of membrane protein were
loaded into each well of the polyacrylamide gel, as assayed
using Coomassie Blue binding and bovine serum albumin as
standard (Bradford, 1976).

Immunocytochemical localization of α-subunit protein was
carried out with the α5 antibody using previously published
methods (Lignot et al., 1999; Ziegler, 1997) following fixation
in Bouin’s fixative. Transverse sections (3µm) were incubated
in primary antibody, followed by washing and incubation in
secondary antibody (fluorescein-isothiocyanate-conjugated
goat anti-mouse IgG; Jackson Immunoresearch), and examined
in a Leitz Diaplan fluorescence microscope. Controls included
omitting primary antibody, revealing only a low background
of autofluorescence.

Results
Amplification of the α-subunit cDNA from total RNA of C.

sapidus gill was accomplished initially with degenerate
primers NAK10F and NAK16R, yielding a 700-base-pair
product. After sequencing and a BLAST search of GenBank,
the initial PCR product was clearly identified as encoding a
fragment of the Na++K+-ATPase α-subunit. Synthesis of

D. W. Towle and others
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Callinectes-specific primers enabled the amplification of the
complete α-subunit cDNA using 3′- and 5′-RACE techniques.
The resulting 3828-nucleotide cDNA encodes a putative 1039-
amino-acid polypeptide with a predicted molecular mass
of 115.6 kDa (Fig. 1). A Kozak consensus sequence
(CAACCATGG) brackets the likely start codon, an A
replacing the second position C in the most conserved
arrangement (Kozak, 1991). Several stop codons, one in-
frame, occur prior to the putative start site. The predicted
translational stop site is followed by six nucleotides and then
two additional in-frame stop codons. A polyadenylation signal
(ATTAAA, the second-most common polyadenylation signal)
(Wickens, 1990) precedes the start of the poly-A tail by 13
nucleotides. No evidence of additional isoforms or alternative
splicing products was observed.

Hydrophobicity analysis of the α-subunit amino acid
sequence led to a prediction of eight transmembrane domains
(Fig. 1), in agreement with other topological models of the
Na++K+-ATPase α-subunit (for a review, see Horisberger et
al., 1991). The C. sapidusα-subunit amino acid sequence was
aligned with α-subunit sequences from other invertebrates
including Artemia franciscana(Baxter-Lowe et al., 1989;
Macías et al., 1991) and Drosophila melanogaster(GenBank
Accession No. AF044974) and vertebrate species including
Torpedo californica (Kawakami et al., 1985), Anguilla
anguilla (Cutler et al., 1995), Xenopus laevis(Verrey et al.,
1989), Gallus gallus(Takeyasu et al., 1990) and Homo sapiens
(Ovchinnikov et al., 1988). The multiple alignment reveals
extensive regions of highly conserved amino acid sequence,
particularly in the fourth predicted transmembrane region and
in the putative cytosolic domain, which includes the ATP
binding site (Fig. 2). Statistical analysis of the alignment using
GeneDoc software showed 81–83 % amino acid identity of the
C. sapidusα-subunit sequence with other arthropod α-subunit
sequences and 74–77 % identity with vertebrate sequences.

The posterior ion-transporting gills of euryhaline crabs are
known to have substantially higher Na++K+-ATPase enzymatic

activity than the anterior respiratory gills. Furthermore, the
enzymatic activity in the posterior gills is enhanced upon
transfer of crabs from high to low salinity (for reviews, see
Towle, 1990; Péqueux, 1995). To determine whether gene
activation might be responsible for the observed differences in
enzymatic activity, we measured the abundance of α-subunit
mRNA using quantitative RT-PCR. Using arginine kinase
mRNA as an invariant internal standard for comparison
(Kotlyar et al., 2000), we found that the relative proportion of
Na++K+-ATPase α-subunit mRNA is much higher in the
posterior gills (gills 6–8) than in the anterior gills (gills 3–5)
(Fig. 3), supporting the conclusion that transcriptional
regulation or differential mRNA stability may be responsible
for the gill differences in Na++K+-ATPase enzymatic activity.
However, little difference in α-subunit mRNA abundance was
noted following transfer from high (35 ‰) to low (5 ‰) salinity
(Fig. 3). Although it is likely that our quantitative RT-PCR
technique was insufficiently sensitive to recognize small
differences in mRNA abundance, it is clear that the doubling of
enzymatic activity following a reduction in salinity (Neufeld et
al., 1980; Piller et al., 1995; Towle et al., 1976) is not the result
of a doubling of α-subunit mRNA levels.

The α-subunit protein was identified in C. sapidusgills by
western blotting of partially purified plasma membrane proteins
separated by SDS–polyacrylamide gel electrophoresis. The
α5 antibody detected a single polypeptide of approximately
114 kDa (on the basis of a comparison with Bio-Rad
Kaleidoscope prestained standards) (Fig. 4), consistent with the
size of the α-subunit protein predicted from the cDNA
sequence. Membrane preparations from the posterior gills
contained a much greater proportion of α-subunit protein than
those from the anterior gills, paralleling our estimations of α-
subunit mRNA abundance. However, acclimation salinity
appeared to have little effect on the relative amount of α-subunit
protein in the posterior gills (Fig. 4). Although visual inspection
suggested a modest increase in levels of the α-subunit protein
following transfer from 35 to 5 ‰ salinity, digitizing the band

Fig. 3. Estimate of Na++K+-ATPase
α-subunit mRNA abundance in total
RNA extracts of anterior and posterior
gills of Callinectes sapidusacclimated
for at least 2 weeks to 35 or 5 ‰
salinity. Gills 3–5 (anterior) and 6–8
(posterior) were pooled from three
individuals for each RNA preparation.
mRNA levels were evaluated by
duplex quantitative RT-PCR under
conditions of limiting template, with
arginine kinase mRNA serving as an
invariant standard (Kotlyar et al.,
2000). The primers employed to
amplify Na++K+-ATPase α-subunit
cDNA were NAK10F and NAK16R
and for arginine kinase AKF5 (5′-CGCTGAGTCTAAGAAGGGATT-3′) and AKCALLR1 (5′-CCCAGGCTTGTCTTCTTGTCC-3′).
Biotinylated PCR products were visualized after 22 cycles using a streptavidin/alkaline phosphatase procedure (Phototope, New England
Biolabs). The data are representative of three separate experiments.

Na++K+-ATPase α-subunit mRNA

Arginine kinase mRNA

35 5 35 5 DNA marker

Anterior Posterior

Salinity (‰)
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densities with NIH Image software (Scion Corporation) failed
to support such a conclusion.

Immunocytochemical analysis of α-subunit localization in
cross sections of posterior gill lamellae indicated its
predominance in basolateral membrane regions of the
epithelium and its absence from the apical region (Fig. 5), in
agreement with earlier ultracytochemical studies (Towle and
Kays, 1986). Comparison of immunostaining between crabs
acclimated to 35 or 5 ‰ salinity revealed little difference in
intensity, consistent with western blot analysis of α-subunit
protein abundance. An examination of anterior gills by
immunocytochemistry indicated very low levels of α-subunit
protein (data not shown).

Discussion
Ion-transporting cells in the branchial epithelium of

brachyuran crabs are identified by an abundance of
mitochondria and high specific Na++K+-ATPase activity
localized in the basolateral membrane (Péqueux, 1995; Towle
and Kays, 1986). These cells are arranged in a recognizably
dark-colored ‘patch’ adjacent to the afferent blood vessel in
each lamella of the posterior gills (Barra et al., 1983; Compère
et al., 1989; Copeland and Fitzjarrell, 1968). The anterior gills
are essentially devoid of the ion-transporting cell type and are
thought to play a major role in respiratory processes (Taylor
and Taylor, 1992). The area of the dark-colored patch in the
posterior gills is known to increase following transfer of blue
crabs from high to low salinity, reaching a maximum at
approximately 7 days post-transfer (Aldridge and Cameron,
1982; Towle and Burnett, 2001). Thus, it might be expected

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
of euryhaline crab species (for reviews, see Harris and Bayliss,
1988; Lucu, 1993; Péqueux, 1995; Towle, 1990).

Despite numerous studies of salinity-related changes in
Na++K+-ATPase activity in crustacean gills, it remains unclear
whether the measured increases in activity result from de
novo synthesis of Na++K+-ATPase mRNA and/or protein or
from post-translational processes such as subunit assembly,
membrane trafficking or cell signaling. Amplification and
sequencing of the α-subunit cDNA has allowed us to assess
whether differences in mRNA availability might explain some
of the variation in enzymatic activity. It is clear that the high
Na++K+-ATPase activity in the posterior gills compared with
the anterior gills can be explained largely by the much greater
abundance of α-subunit mRNA in total RNA extracts of
posterior gills. Whether the high level of α-subunit mRNA in
the posterior gills is the result of higher gene transcription rates

D. W. Towle and others

Fig. 4. Western blot analysis of Na++K+-ATPase α-subunit protein
in partially purified plasma membrane preparations from anterior and
posterior gills of Callinectes sapidusacclimated for 2 weeks to 35 or
5 ‰ salinity. Gills 3–5 (anterior) and 6–8 (posterior) from four crabs
were pooled for each treatment. Following SDS–polyacrylamide gel
electrophoresis and transfer to nylon membranes, α-subunit protein
was detected by incubation with α5 monoclonal antibody. The left-
hand lane contains Kaleidoscope prestained standards with the
indicated molecular masses. The data are representative of three
separate experiments.

Fig. 5. Immunocytochemical localization of Na++K+-ATPase α-
subunit protein in the basolateral membrane of gill epithelial cells in
the blue crab Callinectes sapidus. (A) Phase-contrast
photomicrograph of portions of two cross-sectioned gill lamellae. c,
cuticle; e, epithelial layer; s, intralamellar septum; h, hemolymph
space. (B) Immunocytochemical identification of α-subunit protein
using the α5 monoclonal antibody against a highly conserved
cytosolic epitope. Intense fluorescence is evident in the basolateral
membrane region (b) but not the apical membrane region (a) of the
epithelial cells. Scale bars, 100µm.
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or of greater mRNA stability cannot be assessed by our
experiments. However, the 3′ untranslated region of the α-
subunit cDNA contains no adenosine- and uridine-rich
instability elements such as are found in short-lived mRNAs
(Chen and Shyu, 1995), suggesting that this mRNA may be
quite long-lived.

Identification of the Callinectes sapidusNa++K+-ATPase α-
subunit protein with a heterologous antibody against the avian
α-subunit revealed a single protein band of approximately the
expected size on western blots. Because the monoclonal α5
antibody is directed against the highly conserved cytosolic
domain of the α-subunit, it is not surprising that it would react
strongly with the crustacean protein. Indeed, the antibody has
been employed to characterize the α-subunit of another
arthropod, Drosophila melanogaster(Lebovitz et al., 1989).
We can therefore be confident that the α5 antibody is detecting
the appropriate protein in the western blots of C. sapidusgill
cell membranes. The detected band is located at approximately
114 kDa, in close agreement with the size of the α-subunit
protein (115.6 kDa) predicted from the cDNA sequence. The
α5 antibody also identifies a protein that is restricted to the
basolateral membrane of the gill epithelial cells, in agreement
with the previously demonstrated ultracytochemical
localization of the Na++K+-ATPase (Towle and Kays, 1986).

A comparson of the relative abundance of α-subunit protein
in membranes from posterior and anterior gills showed clearly
that the posterior gills contain a much higher level of α-subunit
protein, consistent with the higher expression of α-subunit
mRNA in posterior gills. We tentatively conclude on the basis
of these observations that the process of cellular differentiation
leading to the production and maintenance of ion-transporting
cells in the posterior gill epithelium depends at least in part on
transcriptional activation of the α-subunit gene in these cells,
yielding high levels of both mRNA and protein. Assembly of
the α-subunit protein with the β and possibly γ subunits (if the
latter exists in the Na++K+-ATPase of C. sapidus) and
targeting to the basolateral membrane would yield a functional
pump protein poised to energize Na+ uptake (and NH4+

excretion) across the posterior gill epithelium. Reduced
transcription of the α-subunit gene in the anterior gills would
lead to specializations other than ion transport.

Acclimation salinity appears to have little effect on the
expression of α-subunit mRNA and protein in the gills of the
blue crab. Although it is difficult to make strictly quantitative
determinations using either the RT-PCR technique or western
blotting, we have shown that a twofold difference in mRNA
abundance is easily detected by our RT-PCR method
(Weihrauch et al., 2001). If variation in α-subunit mRNA
availability were the underlying cause of the reported
differences in Na++K+-ATPase activity, we should have
detected at least some change in mRNA levels. Under our
experimental conditions, neither α-subunit mRNA nor protein
levels appeared to vary very much with salinity.

Because we standardized both the RT-PCR method and the
western blot with equivalent amounts of total RNA (reverse-
transcribed to cDNA) and membrane protein, respectively, it

is conceivable that our approach masked the differentiation of
additional ion-transporting cells in the gill epithelium. Such an
ontogenetic change following a reduction in salinity would
probably recruit a large number of transport and regulatory
proteins involved in transepithelial ion movements, with the α-
subunit as one component of the recruitment process. Thus, the
relative proportion of the α-subunit to total RNA and protein
could remain constant even in the event of substantial
upregulation of transcription and translation.

However, most published measurements of Na++K+-
ATPase activity are specific activity measurements, factoring
in the concentration of total protein in the homogenate or
membrane fraction. Thus, the apparent lack of change in α-
subunit protein content with salinity suggests that post-
translational processes may play an important role in the
response of Na++K+-ATPase activity to salinity change. In
mammalian tissues, a wide variety of mechanisms regulating
the Na++K+-ATPase have been studied. These include
interaction with the γ-subunit and cytoskeletal elements,
endogenous ouabain-like inhibitors and hormones that may act
through protein kinases and phosphatases (for a review, see
Therien and Blostein, 2000).

Studies of crustacean gills have revealed several candidate
regulatory molecules that may participate in controlling the
function of the Na++K+-ATPase. Dopamine and cyclic AMP
have been implicated by several authors (Bianchini and Gilles,
1990; Lucu and Flik, 1999; Mo et al., 1998; Sommer and
Mantel, 1988, 1991). A sinus gland component, later identified
as crustacean hyperglycemic hormone, has been shown to
enhance Na+ transport and Na++K+-ATPase activity in
perfused gills of the intertidal crab Pachygrapsus marmoratus
(Eckhardt et al., 1995; Spanings-Pierrot et al., 2000). Methyl
farnesoate levels increased in the hemolymph of Carcinus
maenasfollowing transfer from sea water to dilute salinity
(Lovett et al., 2001); whether levels of Na++K+-ATPase
activity are affected by this molecule is unknown. Future
studies are therefore necessary to identify the transport-
regulating factors and their mode of action on the Na++K+-
ATPase as well as other ion transporters.
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