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Abstract In the gills of rainbow trout and Atlantic sal-
mon, the o«la- and alb-isoforms of Na,K-ATPase are
expressed reciprocally during salt acclimation. The «la-
isoform is important for Na™ uptake in freshwater, but the
molecular basis for the functional differences between the
two isoforms is not known. Here, three amino acid sub-
stitutions are identified in transmembrane segment 5
(TMS), TMS8 and TM9 of the «la-isoform compared to the
alb-isoform, and the functional consequences are exam-
ined by mutagenesis and molecular modeling on the crystal
structures of Ca-ATPase or porcine kidney Na,K-ATPase.
In TMS of the ola-isoform, a lysine substitution,
Asn783 — Lys, inserts the e-amino group in cation site 1
in the E, form to reduce the Na*/ATP ratio. In the E, form
the e-amino group approaches cation site 2 to force ejection
of Na™ to the blood phase and to interfere with binding of
K*. In TMS, a Asp933 — Val substitution further reduces
K+ binding, while a Glu961 — Ser substitution in TM9
can prevent interaction of FXYD peptides with TM9 and
alter Na™ or K™ affinities. Together, the three substitutions
in the ola-isoform of Na,K-ATPase act to promote binding
of Na* over K from the cytoplasm, to reduce the Na*/
ATP ratio and the work done in one Na,K pump cycle of
active Na™t transport against the steep gradient from
freshwater (10-100 um Na™) to blood (160 mm Na™) and
to inhibit binding of K™ to allow Na*/H" rather than Na™/
K™ exchange.
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Abbreviations

E, Conformation of Na,K-ATPase with cation sites
adapted for Na* binding from the cytoplasmic
surface

E, Conformation of Na,K-ATPase with cation sites
adapted for K™ binding from the extracellular
surface

EST Expressed sequence tags

pdb Protein data bank

tblastn Search translated nucleotide database using a
protein query

™ Transmembrane segment

TDS Tris dodecyl sulphate

Introduction

The migrations of anadromous fish between freshwater and
seawater are accompanied by remarkable adaptive changes
in the expression of the proteins of a number of ion
transport systems in the gills and kidneys (Evans et al.
2005). Acclimation in freshwater to Na™ uptake across the
epithelial cells of the gills can be particularly challenging
because Na™ ion gradients between freshwater and blood
(Nat ~ 160 mm) of the fish can become very large in some
rivers, e.g., in Canada, where [Na™] activities in freshwater
may drop to the range of 10-50 pm (Kirschner 2004;
Bystriansky et al. 2007). In freshwater-adapted fish, Na,K-
ATPase pumps Na™ across the basolateral membrane of the
epithelial cells of the gills into the blood to maintain a low
intracellular [Na™*] activity and a gradient for apical uptake
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of Na™. The gradient could drive Na™/H" exchange across
the apical membrane (Piermarini and Evans 2001). In other
models for Na™ uptake from freshwater, an apical V-type
ATPase proton pump secretes H' from the cell to generate
an electrochemical gradient that drives Na' uptake via
channels (Kirschner 2004; Bystriansky et al. 2006).

Two ol-subunit isoforms of Na,K-ATPase have been
identified in the gills of the rainbow trout (Richards et al.
2003). The ol1a- and «1b-subunit isoforms of Na,K-ATPase
in the gills of the rainbow trout are expressed reciprocally
during acclimation, and it is proposed that the ala-isoform
is responsible for Na™ uptake in freshwater while the «1b-
isoform is involved in ion secretion in fish acclimated to
seawater. The ola-isoform is upregulated in the gills on
entry into freshwater and quickly reduced during seawater
acclimation in the rainbow trout (Oncorhynchus mykiss)
(Bystriansky et al. 2006) and in other salmonid fish like the
arctic char (Salvelinus alpinus) (Bystriansky et al. 2007)
and the Atlantic salmon (Salmo salar) (Shrimpton et al.
2005; Nilsen et al. 2007).

Another feature of the Na' uptake process after fresh-
water acclimation is that the apparent affinity for Na™ is
increased both for the transcellular transport process in the
intact zebrafish (Danio rerio) (Boisen et al. 2003) and for
the Na,K-ATPase activity in membranes isolated from the
lamella of gills. Ky, values for [Nat] activation of Na,K-
ATPase activity in freshwater-acclimated rainbow trout (O.
mykiss) gill are about half of those in seawater trout (Pa-
gliarani et al. 1991), as is also the case in milkfish (Chanos
chanos) (Lin and Lee 2005). There is also evidence that the
Na,K pump transports Na* without countertransport of K*
in freshwater-acclimated trout, and this has been proposed
to be due to displacement of the «la-isoform Na,K-ATPase
from rafts with a high content of glycosphingolipids
(Lingwood et al. 2005).

The purpose of the present work was to examine if the
observed differences between the ala- and olb-isoforms
are related to substitutions of amino acid residues known to
engage in coordination of Na™ or K¥ ions in the cation
sites of Na,K-ATPase (Jorgensen and Pedersen 2001;
Morth et al. 2007). Alignment of the «la- and olb-iso-
forms reveals a lysine substitution, Asn783 — Lys, in
transmembrane segment 5 (TMS5) of the ola-isoform of the
rainbow trout compared to the alb-isoform. This substi-
tution is located in the same position as a lysine
substitution in the «2-subunit of Na,K-ATPase of Artemia
franciscana. Salt induction of the mRNA of the lysine-
substituted a2-isoform of Na,K-ATPase in salt glands plays
a key role in the adaptation of Artemia to life in highly
saline waters at up to 280 g salt per liter (Jorgensen and
Pedersen 2001; Jorgensen and Amat 2008).

With this in mind, BLAST searches of teleost genomes
and expressed sequence tag (EST) databases in GenBank
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were performed to identify lysine substitutions and other
substitutions of charged residues in transmembrane seg-
ments of potential importance for Na*/K™ ion coordination
in Na,K-ATPase. Molecular models were constructed to
visualize the position of substitutions. In comparison of
the E; and E, conformations (E;, conformation of Na,K-
ATPase with cation sites adapted for Na* binding from the
cytoplasmic surface; E,, conformation of Na,K-ATPase
with cation sites adapted for K* binding from the
extracellular surface), the models were based on the high-
resolution crystal structures of Ca-ATPase in the E; con-
formation (Protein Data Bank [pdb] 1SU4) (Toyoshima
et al. 2000) or the E, conformation (pdb 1IWO) (Toyo-
shima and Nomura 2002). For the E,[2K] conformation,
molecular models were based on the recent crystal struc-
ture of porcine kidney Na,K-ATPase (pdb 3BSE) (Morth
et al. 2007). The relevant mutations were produced by site-
directed mutagenesis of the ol-subunit of Na,K-ATPase
from porcine kidney and expressed at high yields in yeast
cells (Pedersen et al. 1996), allowing studies of the con-
sequences of the substitutions for binding of T1*, Kt and
Na™ in direct binding assays.

Experimental Procedures

Amino acid sequences were identified by protein blast
searches of the teleost genome database in Genbank
(www.ncbi.nlm.nih.gov/blast). The tblastn option (search
translated nucleotide database using a protein query) was
employed in screening of EST databases in GenBank using
as protein queries selected sequences of the ala-isoform
(AAQS82790) and olb-isoform (AAQ82789) of rainbow
trout Na,K-ATPase (Richards et al. 2003).

Molecular models using the software Ribbons (http://
www.cbse.uab.edu/ribbons/) were kindly constructed by
Kjell O. Hakansson on the basis of the coordinates of the
Ca-ATPase in the E{(Ca) form (pdb 1SU4) and in the E,(Mg-
thapsigargin) (pdb 1IWO) conformation (Toyoshima et al.
2000; Toyoshima and Nomura 2002) or the Na,K-ATPase in
the E,[2Rb] conformation (pdb 3B8E) (Morth et al. 2007).

Site-directed mutagenesis and expression of Na,K-
ATPase, isolation of yeast membranes, tris dodecyl sul-
phate (TDS) treatment and [3H]-ouabain binding were
performed as described (Pedersen et al. 1996). Assay of
Na® binding by Na'-dependent phosphorylation in the
presence of oligomycin and assays of occlusion of TI*
were done as before (Nielsen et al. 1998; Pedersen et al.
1998). Maximum binding capacities and K, 5(Na+) values
were estimated and lines were fitted using the equation

Na'dependent E,P/ouabain ratio =
a * [NaCl]"/(c¢" + [NaCl]")
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where a is the maximum phosphorylation level, ¢ is
Kos(Na™) and n is the Hill coefficient.

For K* displacement of [*H]-ATP, aliquots of TDS-
treated gradient membranes containing 150-200 pg mem-
brane protein were incubated on ice for 30 min in 1 ml of
13 nm [3H]ATP (Amersham, Aylesbury, UK; specific
activity 36 Ci/mmol), 10 mm 3-(N-morpholino)propane-
sulfonic acid (MOPS)-Tris (pH 7.2), 10 mm EDTA-Tris
and 0.1-10 mm KCI. Choline chloride was added to
maintain constant ionic strength. Bound and unbound
[PH]ATP were separated by centrifugation at 265,000 x g
for 30 min at 4°C. The supernatant was discarded and the
remaining buffer removed with a paper towel. The pellet
was resuspended for determination of protein and bound
[PH]ATP by scintillation counting. Maximum capacities
and K, s(K") values were estimated and lines were fitted
using the Hill equation in SigmaPlot 9 (Systat, San Jose,
CA) (Pedersen et al. 1998).

Results

Identification of Lysine Substitutions in TMS and
Substitutions in TM8 and TM9 of the «la-Subunit of
Na,K-ATPase in Rainbow Trout and Atlantic Salmon

The alignments in Table 1 identify three substitutions,
Asn783 — Lys in TMS5, Asp933 — Val in TM8 and
Glu961 — Ser in TM9, in the Om-«la-isoform of rainbow
trout (O. mykiss) compared to the «l1b-isoform. The same
triad of substitutions was present in the Ss-zla- and Ss-
alb-isoforms of Na,K-ATPase in the gills of the Atlantic
salmon (Salmo salar). The lysine substitution in TMS was
found in the Dr-ola.2- and Dr-ala.3-isoforms of Na,K-
ATPase in zebrafish (D. rerio), whereas it was absent from
the six other a-subunit isoforms of Na,K-ATPase in zeb-
rafish (Rajarao et al. 2001). The lysine substitutions in
zebrafish are not accompanied by the substitutions in TMS8
and TM9 as seen in trout and salmon. Lysine substitutions
in sequences similar to TMS of the ala-isoform were
detected in libraries from the carp (Cyprinus carpio,
CF662950) (Gracey et al. 2004) and a Victoria lake cichlid
(Paralabidochromis chilotes, BJ680518) (Watanabe et al.
2004) (not shown). The three substitutions observed in the
ala-isoforms in Table 1 were found in TM5, TMS8 and
TMO of a complete sequence of the o-subunit of Na,K-
ATPase derived from the genome of the planarian flatworm
(Schmidtea mediterranea, AAWT01016032), renowned for
its pluripotent stem cells. The lysine substitution in TMS5
was also found in a leach (Helobdella robusta, EY372350),
suggesting that the substitutions examined in this work are
of more general importance for freshwater inhabitants.

Table 1 Sequence alignment of TM5, TM8 and TMO of the Om-o1a-
isoform (AAQ82790) and Om-alb-isoform (AAQ82789) sequences
of rainbow trout (Oncorhynchus mykiss) (Richards et al. 2003), the
Ss-ala-isoform (EG355177) and Ss-alb-isoform (DWO007008)
sequences of Atlantic salmon (Salmo salar) (Adzhubei et al. 2007)
and three of the eight isoforms of the a-subunit of Na,K-ATPase in
the zebrafish (Danio rerio), Dr-Zl(atplala.l) (AF286372), Dr-
Z3(atplala.2) (AF286373), and Dr-Z4(atplala.3) (AF308598) (Raj-
arao et al. 2001) with Ss-«1, the o1-subunit (AAA31002) sequence of
porcine (Sus scrofa) kidney Na,K-ATPase (Ovchinnikov et al. 1986)

™5 Om-ala ITYTLSSKIPEMTPFLFLLLANIP
Om-alb IAYTLTSNIPEISPFLLFIIANIP
Ss-ola ITYTLSSKIPEMTPFLFLLLANIP
Ss-ualb IAYTLTSNIPEITPFLFFIIANIP
Dr-ola.l IAYTLTSNIPEITPFLLFIIANIP
Dr-ola.2 IAYTLTSKIPEMSPFLMFVLVGIP
Dr-ola.3 IAYTLTSKIPEMSPFLMFVVVGIP
Ss-oal TAYTLTSNIPEITPFLIFIIANIP

™8 Om-oala CHTAYFAAVVIAQWAVLIVCK
Om-ualb CHTAFFASIVVVQWADLIICK
Ss-oala CHTAYFAAVVIAQWAVLIVCK
Ss-oalb CHTAFFASIVVVQWADLIICK
Dr-ola.l CHTPFFVTIVVVQWADLVICK
Dr-ola.2 CHTAFFTSIVIVQWADLIICK
Dr-ola.3 CHTAFFISIVVVQWADLLIVK
Sc-oal CHTAFFASIVIVQWTDLLICK

™9 Om-ala VLIFGLCSESALALFLSYCP
Om-alb ILTFGLFEETALAVFLSYCP
Ss-oala VLIFGLCSESALALFLSYCP
Ss-ualb ILTFGLFEETALAVFLSYCP
Dr-ola.l ILTFGLFEETALAAFLSYCP
Dr-ola.2 VLIFAFFEEGALAAFLSYCP
Dr-ala.3 VLTFGLLEETALAAFLSYCP
Sc-oal ILTFGLFEETALAAFLSYCP

Marked in bold text are three substitutions of charged residues in
TMS5, TM8 and TM9

The amino acid sequences of TMS, TM8 and TM9 in
Table 1, as well as those in TM4, TM6 and TM10 (not
shown), show a high degree of identity. This is an indi-
cation of the conservation from fish to pig of the structural
organization of the transmembrane segments and the
functional organization of the Na'/K™ ion coordinating
residues of the cation binding sites. The extensive func-
tional analysis by site-directed mutagenesis of the cation
coordinating residues (Jorgensen and Pedersen 2001; Jor-
gensen et al. 2003) and the crystal structure of porcine
kidney a1-Na,K-ATPase (pdb 3BSE; Morth et al. 2007) are
therefore relevant models for the arrangement of trans-
membrane segments and Na™ and K™ ion binding sites in
the «la- and alb-isoform subunits of Na,K-ATPase in the
gills of the rainbow trout and Atlantic salmon.
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Homology Modeling

Positioning of the Lysine Substitution Asn776 — Lys
in the Cation Sites of Na,K-ATPase

To visualize the position of the lysine substitution in the
E,P[3Na] conformation and its movement during transition
to the E;[2K] conformation, molecular models were con-
structed on the basis of the high-resolution (2.6 A) crystal
structure of Ca-ATPase in the E; or E, conformation (pdb
1SU4 or 1IWO) (Toyoshima et al. 2000; Toyoshima and
Nomura 2002). Figure 1a shows that in the E; conforma-
tion the e-amino group of the substituted lysine at position
776 in porcine kidney «1-subunit occupies cation site 1 to
interfere with coordination of Na™ ions to the carboxylates
of Glu779 and Asp808. During the conformational change
from the E; form with preference for binding of Na™ to the
E, form with high affinity for binding of K*, TMS5 is tilted
with Pro778 as a pivotal point (Toyoshima and Nomura
2002) and the e-amino group of Lys776 moves from cation
site 1 to approach cation site 2 to interfere with K* bind-
ing, probably due to interactions with the carboxylates of
Glu327 and Asp804 (Fig. 1b).

Recently, a three-dimensional structure of porcine kid-
ney o1-Na,K-ATPase was solved at 3.5 A resolution in the
E,[2Rb] conformation stabilized by MgF, (Morth et al.
2007). This allows positioning of the e-amino group of
lysine-776 with more confidence in the E,[2Rb] confor-
mation. The model in Fig. 2 shows that the substituted

a E, b E,

Glu??a Lys776 Glu778

|_Ser77s

\ 45 Ser775 jgkksg;zé

Asp808 K+
\ K¢<\
Asp808 Lys776
i ia
Aspao4 '\TI
Glus27 'L~
Asp804 Glu327 )

Fig. 1 a, b The position of the Asn776 — Lys substitution in the E;
or E, conformation of Na,K-ATPase modeled on the backbone of Ca-
ATPase in the E{(Ca) form (pdb 1SU4) or on the E,(Mg-thapsigargin)
(pdb 1IWO) conformation. Numbering as in the «1-subunit sequence
of pig kidney (P05024). Note that in the E; conformation the ¢-amino
group of the substituted lysine-776 occupies cation site 1 (green
spheres). During transition to the E, conformation, the e&-amino group
moves downward and to the right to approach cation site 2 (pink
spheres)
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lysine inserts into the position of cation site 2, in almost the
same position as in Fig. 1b, compatible with interference of
the g-amino group with the carboxylates of Glu327 and
Asp804 and the coordination of Rb* or K* ions.

Positioning the Asp926 — Val Substitution in TMS8
and the Glu953 — Ser Substitution in TM9 of the
ol -Subunit of Na,K-ATPase

In the molecular model of Fig. 3, the Asp926 — Val
substitution is located near the cytoplasmic end of TMS8
with the side chain extending toward cation site 2 but
outside the coordinating range for Rb* or K*.

The carboxylate group of Glu953 in TMO is directed
toward the transmembrane segment of the incomplete
structure of the y-subunit or FXYD2, as previously
observed in a crystallographic analysis of renal Na,K-
ATPase (Hebert et al. 2001). The close proximity of TM9
to FXYD2 is confirmed in the 3B8E crystal structure
(Morth et al. 2007). Based on this structure, the model in
Fig. 3 shows that the Glu953 — Ser substitution may
interfere with the association of FXYD2 with TM9 of the
a-subunit of Na,K-ATPase. This effect of the mutation was
observed before on the basis of a peptide association assay
(Li et al. 2004).

Asp808

2
Asps%a\‘.‘;{ /Ser775
%

c;:gg;hdf Kt}ﬁk.

Val325 @< @ -
< Asn776->Lys _

Fig. 2 Model of the position of the lysine substitution
Asn776 — Lys in TMS in the ol-subunit, based on the coordinates
(pdb 3B8E) of the crystal structure of porcine kidney Na,K-ATPase
(Morth et al. 2007). The e-amino group of the lysine is seen to overlap
with K* in cation site 2 to interfere with K* ion binding. Numbering
of residues as in the o1-subunit sequence of pig kidney (P05024)
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Glu953>Ser Asn776>Lys Asp926->Val

FXYD2

Fig. 3 Model of the position of substitutions Asp926 — Val in TM8
and Glu953 — Ser in TM9 of the o1a-isoform relative to the position of
Asn776 — Lys in TMS. The model, in Ribbons, is based on the
coordinates (pdb 3B8E) of the crystal structure of porcine kidney Na,K-
ATPase (Morth et al. 2007). The Asp926 — Val substitution is seen to
be remote from cation site 1. The Glu953 — Ser substitution in TM9
removes a carboxylate group of potential importance for interaction
with FXYD?2 or y-subunit (red color) of Na,K-ATPase. Numbering of
residues as in the «1-subunit sequence of pig kidney (P05024)

Site-Directed Mutagenesis and Expression
of Na,K-ATPase in Yeast

The ouabain binding data in Table 2 show that the level of
expression of the three substitutions in yeast was equal to

Table 2 Consequences for Na,K-ATPase activity and ouabain
binding of lysine substitution in TMS, valine in TM8 and serine in
TM9 of al-subunit Na,K-ATPase expressed in yeast

Na,K-ATPase
activity (%)

Ouabain binding

(pmol/mg protein) Ky (nM)
Asn776 — Lys 43 +6 193+ 0.3 82 +7
Asp926 — Ala 81 +£5 13.2 + 0.5 7.8 £0.9
Glu953 — Ala 76 £ 6 214 + 1 10.6 = 1.7
Wild-type 100 + 8 9.6 £04 46 £0.5

The Na,K-ATPase activities and the capacities and affinities of ouabain
binding are average values for three or more consecutive preparations.
Ouabain binding data are estimated by nonlinear regression analysis of
binding at a series of [3H]—0uabain concentrations. Specific activities of
Na,K-ATPase were estimated and expressed in percent of wild-type
activity: 100% = 71 £ 6 nmol/(min x mg protein)

or higher than that of the wild-type. The Asn776—>Lys
mutation increased the dissociation constant for ouabain
(Kg) by 17-fold, as an indication that the e-amino group of
lysine acts as an NHZ substitute for Kt to stabilize a
conformation with reduced affinity for ouabain. It is seen
that the lysine substitution reduced the Na,K-ATPase
activity to 43% of wild-type activity.

Consequences of the Lysine Substitution
Asp776 — Lys in TMS of the o1-Subunit
of Na,K-ATPase for Binding of Na* or K™ (TI")

Binding of Na*

The apparent affinity for Na™ was estimated from curves of
Nat dependence of phosphorylation from ATP in the
presence of oligomycin to prevent transition from EP to
E,P and allow monitoring of the formation of the
MgE P[3Na] complex as a dead-end reaction (Pedersen
et al. 1998). It is seen from Fig. 4a that the Asn776 — Lys
mutation caused a significant decrease of the apparent
affinity for Na* binding, without reducing the capacity for
phosphorylation. The K, s(Na+) was increased from 0.5 to
4.9 mMm, corresponding to a reduction of the Gibbs free
energy of Na® binding (AAGpnayy) of +5.4 kJ/mol
(Table 3).

Binding of TI*

In wild-type, two TI" ions are bound per ouabain binding
site with high affinity, Ko scmi) = 9 um (Fig. 4b, Table 3),
as described (Nielsen et al. 1998). The Asn776 — Lys
mutation completely eliminated T1* occlusion in the range
0-100 pm TIT. This corresponds to a large reduction
(>12 kJ/mol) of Gibbs free energy (AAGyriy)) of TIF
binding. The magnitude of this change is similar to that
observed after removal by mutagenesis of the carboxylate
side chains of Glu327, Asp804 or Asp808 (Pedersen et al.
1998).

Binding of K™

In wild-type, K" ions displaced binding of [*H]-ATP at
13 nm from the E;ATP conformation and stabilized the
alternative conformation, E,[2K], with K5 = 0.040 mm
(Pedersen et al. 1998). In the Asn776 — Lys mutation, K*
ions displaced [PH]-ATP with a K.5,k+) value of 0.65 mm,
16-fold higher than the value for wild-type, corresponding
to a reduction of the free energy of TI* binding (AAGyk 4 ))
of +8.5 kJ/mol (Table 3). The e-amino group of Lys776
therefore interferes with binding of K* ions and prevents
stabilization of the E,[2K] conformation.
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Phosphorylation (EP/ouabain)

1.0
0'8 4 P
0'6 d g
04 :
02} 1
0.0 A A A A A

0 10 20 30 40 50

[NaCl] mM

K* displacement of ATP (%)

100 P ¢

80

60

40

20

0,01 0,1 1 10
[KCI] mM

Fig. 4 (a) Na™-dependent phosphorylation from [y->*P]ATP of wild-
type (O) or Asn776 — Lys (@) substitution in the o1-subunit of pig
kidney Na,K-ATPase expressed in yeast. Data points are average
values of two separate experiments. Lines were fitted and maximum
phosphorylation levels and K;s(Na®™) values were estimated by
nonlinear least-squares regression analysis using the Hill equation and
are shown in Table 3. (b) Concentration dependence of 204+
occlusion in wild-type (O) or Asn776 — Lys (@) substituted ol-
subunit of pig kidney Na,K-ATPase expressed in yeast. Data points

Consequences of the Substitution of Asp926 — Val
in TM8 of Na,K-ATPase for Binding of Na*
or Kt (T

It is seen from Table 3 that the substitution Asp926 — Ala
had a moderate effect on Na™ binding and a more pro-
nounced effect on binding of K*. The mutation caused a
threefold increase of the Ko snay and Ko sti4 values and an

@ Springer

TI* Occlusion/ouabain

0 20 40 60 80 100
[TINO3] uM

are average values of two separate experiments with double
determinations at each cation concentration. Maximum 2**TI*
occlusion/ouabain binding ratio and Ky 5(T1") values were estimated
by nonlinear least-squares regression analysis using the Hill equation
and are shown in Table 3. (¢) K ion displacement of [PH]ATP
binding of wild-type (O) or Asn776 — Lys (@) substitution in the
ol-subunit of pig kidney Na,K-ATPase expressed in Saccharomyces
cerevisiae. Capacities and K, s(K") values were estimated using the
Hill equation and are shown in Table 3

eightfold increase of K sk, for displacement of [*H]-ATP.
This is in line with the 4.2-fold decrease of the Ky sk, for
K™ previously observed in electrophysiological assays of
Na,K pump current of the Asp926 — Leu mutation (Ya-
mamoto et al. 1996). Alanine, leucine and valine are
hydrophobic side chains; and these results predict that the
Asp926 — Val substitution will cause a similar reduction
of the affinity for binding of K.
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Table 3 Consequences of
substitutions Asn776 — Lys,

EP/ouabain ratio

Ko snat (mM) AGpNat) (kJ/mol)

Asp926 — Ala and
Glu953 — Ala of the ol-

Na™-dependent phosphorylation EP/ouabain ratio and Ko sNa+

subunit of pig kidney Na,K- Wild-type 0.93 £ 0,03 049 £ 04 —17.3
ATPase for Nat, TI™ or K ion AAGyNa+) (kJ/mol)
as estimated by regression 766K 0.94 + 0.05 54404 +5.4
;Iil;l};sls from data like those in 926A 091 =+ 0.05 15+ 03 1238
’ 953A 0.82 £ 0.02 0.81 £+ 0.05 +1.4
TI"™ occlusion/ouabain ratio Ko st (LM) AGyt14 (KJ/mol)
TI* occlusion/ouabain ratio and Ky st
Wild-type 1.70 £ 0.02 7.0 £ 0.2 —28.3
AAGyr14) (KJ/mol)
766K 0.02 Nd >12
926A 1.32 £ 0.8 22.6 + 0.51 +3.3
Gibbs free energy of Na*, TI* 953A 1.6 £03 17+£9 +2.2
or K* ion binding was
estimated from the data using Capacity (%) Koskq (LM) AGyk ) (kJ/mol)
the equation AGy(X") = —RT :
In(EP/ouab/K s(x+))WT, where K™ displacement of ["H]JATP (%) and Ko s+
X can be Na*, TI* or K*. The Wild-type 108 + 0.03 35+£2 —236
changes of free energy, AAGy,
were estimated using the AAGuc (kI/mol)
equation of Fersht (1999): 766K 9+1 790 + 38 +8.5
AAGy = —RT In[(maximum 926A 96 + 2 300 £ 13 +5.2
binding/Ky.s)mut/(maximum 953A 111+ 6 93 £ 0.01 +2.2

binding/Ky s)WT]

Consequences of the Glu953 — Ala Substitution
in TM9 of Na,K-ATPase for Association with FXYD
and Binding of Na*

As seen from Table 3, the Glu953 — Ala substitution had
only minor effects on binding of Na*, TI" or K*. This was
expected as the side chain of Glu953 in TM9 points away
from the cation sites and toward the transmembrane seg-
ment of the y-subunit or FXYD2 regulatory peptide of
Na,K-ATPase. Interference with binding of FXYD peptides
after substitution of the carboxylate of Glu953 by alanine or
serine cannot be monitored in this system since the yeast
cells are not transformed to express FXYD peptides.
GenBank tblastn searches using rat Na,K-ATPase
FXYD2 or FXYD4 as probe revealed nucleotide sequences
of multiple FXYD peptides in rainbow trout, Atlantic sal-
mon, zebrafish and carp with derived amino acid sequence
identities in the range of 30-47%. FXYD peptides with
similarity to FXYD2 (y-subunit of Na,K-ATPase) were
identified in rainbow trout (CX255728), carp (CA969834)
and zebrafish (XM_001334460). Using FXYD4 as probe, a
series of derived peptides with FXYD signature sequences
were found in rainbow trout (CA352723) and zebrafish
(BC054135, FXYD6), but FXYD4 was not identified
with certainty among these sequences. In Atlantic salmon
the two probes detected several sequences: FXYD2
(BK006252), FXYD5 (BK006253), FXYD6 (BK006241),

FXYD7 (NM_001123727), FXYD8 (NM_001123731),
FXYD9 (NM_001123725), FXYDI11 (NM_001123728)
and FXYD12 (BK006249). Among these, FXYD9 and
FXYDI11 show the highest identities (%) of amino acid
sequences with tetrapod FXYD4 or CHIF. Expression of
mRNA of several of these FXYD genes in gill and kidney
of Atlantic salmon was recently shown to differ between
freshwater and seawater (Tipsmark 2008).

Discussion

The data point at functional differences between the ola-
and o1b-isoforms of Na,K-ATPase in the gills of rainbow
trout and Atlantic salmon. The structural and functional
analyses of the three substitutions in TMS5, TMS8 and TM9
of the o«la-isoform compared to the walb-isoform raise
important questions concerning the significance of the
reduction of the 3 Na™/ATP ratio and the pronounced
inhibition of K* ion binding due to the lysine substitution
Asn783 — Lys in TMS5 as well as the additional inhibition
of K* ion binding by the Asp933 — Val substitution in
TMS. The third substitution, Glu961 — Ser in TM9, raises
the possibility that the ion transport regulators of the
FXYD family have important effects on Na,K-ATPase in
the gills of anadromous fish comparable to their role in the
tubular cells of mammalian kidneys (Garty and Karlish
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2006) and in the salt glands of the shark, Squalus acanthias
(Mahmmoud et al. 2003).

Detection of a lysine substitution in TMS5 of the «-sub-
unit of Na,K-ATPase in rainbow trout, salmon, zebrafish,
carp and a cichlid suggests that this is a widespread
evolutionary modification among fish migrating into
freshwater. At present, the number of identified lysine
substitutions in this group appears to be limited by the
dearth of full-length amino acid sequences of teleost
o-subunits of Na,K-ATPase.

It is also intriguing that extreme salinity challenges at
either end of the spectrum elicit the same modification,
expression of a lysine-substituted o-isoform of Na,K-
ATPase, as part of the solution by natural evolution to
survival of fish in salt-depleted freshwater and to survival
of a crustacean, Artemia franciscana, in salt lakes at up to
5 M salt. Lysine substitutions have not been identified in
Na,K-ATPase sequences other than those shown here in
fish, flatworm and leach or earlier in Artemia (Jorgensen
and Amat 2008). In the closely related gastric H,K-ATP-
ase, a lysine substitution is inserted in a position similar to
Ser775 in Figs. 1a and 2 (Maeda et al. 1990) to adjust the
ratio to one H" per ATP hydrolyzed. In the a-subunit of
Na,K-ATPase, the mutation Ser775 — Lys (adjacent to
Asn776 studied in this work) strongly inhibits extracellular
K" binding and Rb' uptake in oocytes (Burnay et al.
2003).

Positively charged arginine or histidine residues are
inserted in the cation sites of P-type proton pumps in plants
and yeast to keep the H"/ATP ratio close to a value of 1
and to allow the buildup of steep electrochemical H™
gradients with membrane potentials up to 250 mV
(Pedersen et al. 2007).

The cartoon model in Fig. 5 illustrates the effects of the
substituted lysine in TM5 on the Na™ stoichiometry and the
movement of the positively charged e-amino group during
the E,—E, transition. In the E; conformation the &-amino
group occupies cation site 1 and acts as a fixed internal
cation to prevent binding of at least one Na™ ion, thus
reducing the ratio of the pump from 3Na*/ATP to 2Na*/
ATP. In the E;-E, conformational change, twisting or
tilting of the transmembrane helices adapts distances
between cation coordinating oxygen atoms to the dimen-
sions suitable for coordination of K* ions (Jorgensen and
Pedersen 2001). In the E, conformation the ¢-amino group
of the substituted lysine has moved to cation site 2, where
the protonated group can interact with Glu327 of TM4 and
Asp804 of TM6 and displace the transported Na™ ions. The
movements of the transmembrane helices also open a
pathway to the extracellular space (Olesen et al. 2007),
allowing for exchange of Na* for K*. The electrostatic
repulsion of the positively charged e-amino group of the
lysine contributes to the ejection of the transported Na™t
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Fig. 5 Cartoon model of the position and functions of the lysine
substitution in the ol-subunit of Na,K-ATPase. In the E; conforma-
tion, the e-amino group of Lys776 (Lys783 in trout ola-isoform)
occupies cation site 1 and acts as a fixed internal cation to prevent
binding of at least one Na™ ion, thus reducing the stoichiometry of the
pump to 2Na/ATP. During transition to the E, conformation, the &-
amino group of Lys776 approaches cation site 2, where the protonated
group can displace the transported Na' ions and interfere with
binding of K*

ions from the water-filled pathway to the extracellular
medium and to the inhibition of the binding of K™ ions.

The present data are compatible with a reduction of the
Nat/ATP ratio in the ola-isoform of Na,K-ATPase, but
the precise stoichiometry cannot be determined because
the relatively low affinity for Nat prevents direct assay of
radiolabeled **Na™ binding at equilibrium in recombinant
Na,K-ATPase preparations. A reduction of the Nat/ATP
ratio is important as the work done will be reduced if only
two Na™ ions are transported per Na,K pump cycle, as
shown in Fig. 6 in calculations based on the assumptions
of Kirschner (2004). At freshwater [Na™'] activities of 10—
100 pm, the cost of one Na,K pump cycle with 3Na*/ATP
will exceed the free energy of ATP hydrolysis: —AG =
50-60 kJ/mol at 25°C (Lauger 1991). Reduction by a
lysine substitution of the ratio to two Na* ions transferred
per ATP hydrolyzed would probably allow Na,K-ATPase
to handle absorption against this steep gradient. In the
arctic char (Salvelinus alpinus) the increase in expression
of the ala-isoform of Na,K-ATPase in the gills is partic-
ularly pronounced during its migration into rivers in
northern Canada, where the fish can thrive at [Na™]
activities in the range of 10-50 pm (Bystriansky et al.
2007); but amino acid sequences are not available to
identify putative lysine substitutions in the ola-isoform of
the arctic char.

The rate-limiting step for Na,K pump turnover in epi-
thelial cells during Na™ absorption from freshwater is the
loading of cytoplasmic Na* sites from the intracellular
medium with a relatively low [Na®] and a much higher
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Fig. 6 Estimation of the energy barrier for absorption of Na™ (kJ/mol
Na™ transported) across gill epithelial cells as a function of freshwater
[Na*] activity from 10 um to 10 mm at transepithelial potentials
(TEP) of 10 or 40 mV and blood Na™ at 170 mm. Calculations based
on the equation by Kirschner (2004): AuNa = RT log[Na*]s/[Na*]a
+ zFAWY, where R, the gas constant, is 8.31J ("K)_l mole™"; T is
temperature (~ 287°K); F is the Faraday constant (96.5 kJ mole™); z
is valence (here +1); AW is the transepithelial potential (V); s is
serosal or blood side; and a is apical. Dotted lines represent the
estimated energy barrier for Nat absorption (kJ/mol Na*) at 3Na™ or
2Na* per Na,K-ATPase cycle, assuming 100% utilization of the free
energy of ATP hydrolysis (—AG = 60 kJ/mol) (Lauger 1991)

[K*] activity (Jorgensen 1980; Jgrgensen et al. 2003). In an
unmodified «1-Na,K pump, the ratio of the apparent affini-
ties for Na* and K™ at the cytoplasmic surface corresponds
to a 16-fold preference for Na* over K* (Jorgensen and
Pedersen 2001). As the combined effect of substitutions
Asn783 — Lysand Asp933 — Valis to reduce the apparent
affinity for K™ much more than that for Na*, they will
increase the preference for binding of Nat over binding of
K™ at the cytoplasmic pump surface. This can contribute to
the increase of the apparent affinity for Na™ observed in
titrations of the ola-isoform Na,K-ATPase activity in vitro
(Pagliariani et al. 1991; Lin and Lee 2005) and to the
increased apparent affinity for Na® in the uptake process
in vivo in freshwater-adapted zebrafish (Boisen et al. 2003).

For the estimates in Fig. 6 it is assumed that the active
transcellular transport of Na™ is catalyzed by Na,K-ATP-
ase, and the calculations must be modified if other primary
active transporters contribute to Na* uptake across the
apical membrane. One proposal is that an apical V-type
ATPase secretes H from the cell to generate an electro-
chemical gradient that drives Na® uptake via channels
(Kirschner 2004; Evans et al. 2005). Another possibility is
that the severe reduction of the affinity for K* can alter the

transport mode of Na,K-ATPase. In the E, conformation,
extracellular K* ions bind at sites with a large preference
for K™ over Na™ ions but protons compete with K™ for
binding to the cation sites of Na,K-ATPase (Apell 2003).
When the apparent affinity for K* is strongly reduced by
the fixed internal positively charged e-amino group of
lysine, H" can substitute for K™ ions and the ala-isoform
Na,K-ATPase can mediate Nat/H" exchange and con-
tribute to the gradient required for Na'/H' exchange
across the apical membrane of the gill cells. Na™/H"
exchange has earlier been demonstrated as a transport
mode in Na,K-ATPase (Polvani and Blostein 1988), and
the P-type Ca-ATPase catalyzes Ca’'/2H' exchange
(Olesen et al. 2007).

With respect to K+ binding, the «la-isoform Na,K-
ATPase in fish is different from the o2-NaK-ATPase in
Artemia franciscana. In the salt glands of Artemia,
increasing salinity strongly induces the mRNA of the o2-
subunit of Na,K-ATPase with double lysine substitutions to
drive secretion of Nat from blood (170 mm Na') to salt
brine at 280 g/l salt (~5 M Na™). In the o2-subunit of
Artemia, the Asn776 — Lys substitution in TM5 is sup-
plemented by a second Asn324 — Lys substitution in
TM4. The side chain of Lys324 points away from the
cation sites but interacts with Lys776 to restore binding to
about one T1* or K™ ion per «2-subunit and to allow Na™*/
K" exchange (Jorgensen and Amat 2008). In contrast, K*
and TI" binding remain severely reduced in the «la-iso-
form Na,K-ATPase, suggesting that it can catalyze Na™/H™
exchange in the gills of trout and salmon. An important
aspect of this transport mode of the ola-isoform Na,K-
ATPase is that it may represent a solution to the problem of
taking up Na™ from freshwater with high affinity without
losing K* to the environment.

The contribution of the Glu953 — Ser substitutions in
TMO of the ala-isoform in the gills of trout and salmon is
more uncertain. The structural data (Hebert et al. 2001) and
previous mutagenesis experiments (Li et al. 2004) suggest
that this substitution can interfere with the association of
FXYD peptides with TM9 of the «1a-subunit and thus alter
the affinities for Na* or K* (Garty and Karlish 2006).
Recent data reveal a complex pattern of expression of
mRNA of several FXYD peptides in gill and kidney of the
Atlantic salmon depending on salinity. A substantial
number of regulators—FXYD5, FXYD6, FXYD7,
FXYD8, FXYD9 and FXYD11—appear to be expressed in
the gills of freshwater-adapted salmon (Tipsmark 2008).

In seawater-adapted gills, Na,K-ATPase appears to be
embedded in glycosphingolipid-enriched rafts, but the ola-
isoform Na,K-ATPase in freshwater trout is insensitive to
arylsulfatase and probably not associated with rafts (Ling-
wood et al. 2005). These authors suggest that the freshwater
ola-isoform Na,K-ATPase catalyzes uncoupled Na™ efflux
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and that Na®™/K" exchange depends on interactions with
glycosphingolipid. The present experiments rather show that
the e-amino group of lysine interferes with K* binding to
alter the transport mode of the ola-isoform Na,K-ATPase
from Na*/K* to Na®/H™" exchange. The dissociation of the
ala-isoform Na,K-ATPase from rafts could be due to sub-
stitutions other than those in the segments of transmembrane
helices of importance for cation binding.

The predictions in the present work are based on bioin-
formatics, molecular modeling and site-directed mutagenesis
experiments on the al-subunit of porcine Na,K-ATPase.
Better understanding of the physiological consequences of
the substitutions requires further progress in localization of
the ala- and o 1b-isoforms of Na,K-ATPase in the epithelial
cells of the gills and identification of the ion transport regu-
lators of the FXYD family in these cells. Equally important
are direct measurements of the transport modes, Nat/K™* or
Nat/Ht exchange, and identification of the channels and
cotransporters involved in the transcellular Na™ absorption
from freshwater.

Acknowledgements The author is grateful to Kjell O. Hakansson
for molecular modeling using Ribbons and to Anne M. Thomsen and
David Sorensen for excellent technical assistance. This work was
supported by the Danish Natural Science Research Council and the
Novo-Nordic and Carlsberg Foundations.

References

Adzhubei AA, Vlasova AV, Hagen-Larsen H, Ruden TA, Laerdahl
JK, Hgyheim B (2007) Annotated expressed sequence tags
(ESTs) from pre-smolt Atlantic salmon (Salmo salar) in a
searchable data resource. BMC Genomics 8:209

Apell HJ (2003) Toward an understanding of ion transport through the
Na,K-ATPase. Ann N Y Acad Sci 986:133-140

Boisen AM, Amstrup J, Novak I, Grosell M (2003) Sodium and
chloride transport in soft water and hard water acclimated
zebrafish (Danio rerio). Biochim Biophys Acta 1618:207-218

Burnay M, Crambert G, Kharoubi-Hess S, Geering K, Horisberger JD
(2003) Electrogenicity of Na,K- and H,K-ATPase activity and
presence of a positively charged amino acid in the fifth
transmembrane segment. J Biol Chem 278:19237-19244

Bystriansky JS, Richards JG, Schulte PM, Ballantyne JS (2006)
Reciprocal expression of gill Nat/K*-ATPase o-subunit iso-
forms ola and «lb during seawater acclimation of three
salmonid fishes that vary in their salinity tolerance. J Exp Biol
209:1848-1858

Bystriansky JS, Frick NT, Richards JG, Schulte PM, Ballantyne JS
(2007) Wild Arctic char (Salvelinus alpinus) up-regulate gill
Na*,K*-ATPase in final stage of freshwater migration. Physiol
Biochem Zool 80:270-282

Evans DH, Piermarini PM, Choe KP (2005) The multifunctional fish
gill: dominant site of gas exchange, osmoregulation, acid-base
regulation, and excretion of nitrogenous waste. Physiol Rev
85:97-177

Fersht AR (1999) Structure and mechanism in protein science—a
guide to enzyme catalysis and protein folding. Freeman, New
York, pp 129-131

@ Springer

Garty H, Karlish SJ (2006) Role of FXYD proteins in ion transport.
Annu Rev Physiol 68:431-459

Gracey AY, Fraser EJ, Li W, Fang Y, Taylor RR, Rogers J, Brass A,
Cossins AR (2004) Coping with cold: an integrative, multitissue
analysis of the transcriptome of a poikilothermic vertebrate. Proc
Natl Acad Sci USA 101:16970-16975

Hebert H, Purhonen P, Vorum H, Thomsen K, Maunsbach AB (2001)
Three-dimensional structure of renal Na,K-ATPase from cryo-
electron microscopy of two-dimensional crystals. J Mol Biol
314:479-494

Jgrgensen PL (1980) Sodium and potassium ion pump in kidney
tubules. Physiol Rev 60:864-917

Jorgensen PL, Amat F (2008) Regulation and function of lysine-
substituted Na,K pumps in salt adaptation of Artemia francis-
cana. J] Membr Biol 221:39-49

Jorgensen PL, Hakansson KO, Karlish SJ (2003) Structure and
mechanism of Na,K-ATPase: functional sites and their interac-
tions. Annu Rev Physiol 65:817-849

Jorgensen PL, Pedersen PA (2001) Structure—function relationships of
Na*, K*, ATP, or Mg>" binding and energy transduction in
Na,K-ATPase. Biochim Biophys Acta 1505:57-74

Kirschner LB (2004) The mechanism of sodium chloride uptake in
hyperregulating aquatic animals. J Exp Biol 207:1439-1452

Li C, Grosdidier A, Crambert G, Horisberger JD, Michielin O,
Geering K (2004) Structural and functional interaction sites
between Na,K-ATPase and FXYD proteins. J Biol Chem 279:
38895-38902

Lauger P (1991) Electrogenic ion pumps. Sinauer, Boston, pp 198-207

Lin CH, Lee TH (2005) Sodium or potassium ions activate different
kinetics of gill Na, K-ATPase in three seawater- and freshwater-
acclimated euryhaline teleosts. J Exp Zool A Comp Exp Biol
303:57-65

Lingwood D, Harauz G, Ballantyne JS (2005) Regulation of fish gill
Na*-K*-ATPase by selective sulfatide-enriched raft partitioning
during seawater adaptation. J Biol Chem 280:36545-36550

Maeda M, Oshiman K, Tamura S, Futai M (1990) Human gastric
H,K-ATPase gene. Similarity to Na,K-ATPase genes in exon/
intron organization but difference in control region. J Biol Chem
265:9027-9032

Mahmmoud YA, Cramb G, Maunsbach AB, Cutler CP, Meischke L,
Cornelius F (2003) Regulation of Na,K-ATPase by PLMS, the
phospholemman-like protein from shark: molecular cloning,
sequence, expression, cellular distribution, and functional effects
of PLMS. J Biol Chem 278:37427-37438

Morth JP, Pedersen BP, Toustrup-Jensen MS, Sgrensen TL, Petersen
J, Andersen JP, Vilsen B, Nissen P (2007) Crystal structure of
the sodium-potassium pump. Nature 450:1043—-1049

Nielsen JM, Pedersen PA, Karlish SJD, Jgrgensen PL (1998)
Importance of intramembrane carboxylic acids for occlusion of
K* ions at equilibrium in renal Na,K-ATPase. Biochemistry
37:1961-1966

Nilsen TO, Ebbesson LO, Madsen SS, McCormick SD, Andersson E,
Bjornsson BT, Prunet P, Stefansson SO (2007) Differential
expression of gill Na*,K™-ATPase alpha- and beta-subunits,
Nat,K*™,2CI cotransporter and CFTR anion channel in juvenile
anadromous and landlocked Atlantic salmon Salmo salar. J Exp
Biol 210:2885-2896

Olesen C, Picard M, Winther AM, Gyrup C, Morth JP, Oxvig C,
Mgller JV, Nissen P (2007) The structural basis of calcium
transport by the calcium pump. Nature 450:1036-1042

Ovchinnikov YA, Modyanov NN, Broude NE, Petrukhin KE, Grishin
AV, Arzamazova NM, Aldanova NA, Monastyrskaya GS,
Sverdlov ED (1986) Pig kidney Na,K-ATPase. Primary structure
and spatial organization. FEBS Lett 201:237-245

Pagliariani A, Ventrella V, Ballestrazzi R, Trombet F, Trigari G
(1991) Salinity dependence of the properties of gill NaK-



P. L. Jorgensen: Lys-Substituted Na,K-ATPase in Trout Gills

47

ATPase in rainbow trout (Oncorhynchus mykiss). Comp Bio-
chem Physiol 100B:229-236

Pedersen BP, Buch-Pedersen MJ, Morth JP, Palmgren MG, Nissen P
(2007) Crystal structure of the plasma membrane proton pump.
Nature 450:1111-1114

Pedersen PA, Rasmussen JH, Jgrgensen PL (1996) Expression in high
yield of pig «1f1 Na,K-ATPase and inactive mutants D369N
and D807N in Saccharomyces cerevisiae. J Biol Chem 271:
2514-2522

Pedersen PA, Nielsen JM, Rasmussen JH, Jgrgensen PL (1998)
Contribution to TIT, K™ and Na™ binding of Asn’’®, Ser775,
Thr’’? and Tyr’”' in cytoplasmic part of fifth transmembrane
segment in o-subunit of renal Na,K-ATPase. Biochemistry 37:
17818-17827

Piermarini PM, Evans DH (2001) Immunochemical analysis of the
vacuolar proton-ATPase B-subunit in the gills of a euryhaline
stingray (Dasyatis sabina): effects of salinity and relation to
Nat/K*-ATPase. J Exp Biol 204:3251-3259

Polvani C, Blostein R (1988) Protons as substitutes for sodium and
potassium in the sodium pump reaction. J Biol Chem 263:
16757-16763

Rajarao SJ, Canfield VA, Mohideen MA, Yan YL, Postlethwait JH,
Cheng KC, Levenson R (2001) The repertoire of Na,K-ATPase
alpha and beta subunit genes expressed in the zebrafish, Danio
rerio. Genome Res 11:1211-1220

Richards JG, Semple JW, Bystriansky JS, Schulte PM (2003) Nat/
K*-ATPase a-isoform switching in gills of rainbow trout

(Oncorhynchus mykiss) during salinity transfer. J Exp Biol
206:4475-4486

Shrimpton JM, Patterson DA, Richards JG, Cooke SJ, Schulte PM,
Hinch SG, Farrell AP (2005) Ionoregulatory changes in different
populations of maturing sockeye salmon Oncorhynchus nerka
during ocean and river migration. J Exp Biol 208:4069—4078

Tipsmark CK (2008) Identification of FXYD protein genes in a
teleost: tissue-specific expression and response to salinity
change. Am J Physiol 294:R1367-R1378

Toyoshima C, Masayoshi N, Hiromi N, Haruo O (2000) Crystal
structure of the calcium pump of sarcoplasmatic reticulum at
2.6 A resolution. Nature 405:647-655

Toyoshima C, Nomura H (2002) Structural changes in the calcium
pump accompanying the dissociation of calcium. Nature 418:
605-611

Watanabe M, Kobayashi N, Shin IT, Horiike T, Tateno Y, Kohara Y,
Okada N (2004) Extensive analysis of ORF sequences from two
different cichlid species in Lake Victoria provides molecular
evidence for a recent radiation event of the Victoria species
flock: identity of EST sequences between Haplochromis chilotes
and Haplochromis sp. Gene 343:263-269

Yamamoto S, Kuntzweiler TA, Wallick ET, Sperelakis N, Yatani A
(1996) Amino acid substitutions in the rat Na, K-ATPase alpha
2-subunit alter the cation regulation of pump current expressed
in HeLa cells. J Physiol 495:733-742

@ Springer



	Importance for Absorption of Na+ from Freshwater of Lysine, Valine and Serine Substitutions in the &agr;1a-Isoform of Na,K-ATPase in the Gills of Rainbow Trout (Oncorhynchus mykiss) �and Atlantic Salmon (Salmo salar)
	Abstract
	Introduction
	Experimental Procedures
	Results
	Identification of Lysine Substitutions in TM5 and Substitutions in TM8 and TM9 of the &agr;1a-Subunit of Na,K-ATPase in Rainbow Trout and Atlantic Salmon
	Homology Modeling
	Positioning of the Lysine Substitution Asn776 &rarr; Lys �in the Cation Sites of Na,K-ATPase
	Positioning the Asp926 &rarr; Val Substitution in TM8 �and the Glu953 &rarr; Ser Substitution in TM9 of the �&agr;1-Subunit of Na,K-ATPase

	Site-Directed Mutagenesis and Expression �of Na,K-ATPase in Yeast
	Consequences of the Lysine Substitution Asp776 &rarr; Lys in TM5 of the &agr;1-Subunit �of Na,K-ATPase for Binding of Na+ or K+ (Tl+)
	Binding of Na+
	Binding of Tl+
	Binding of K+

	Consequences of the Substitution of Asp926 &rarr; Val �in TM8 of Na,K-ATPase for Binding of Na+ �or K+ (Tl+)
	Consequences of the Glu953 &rarr; Ala Substitution in™TM9 of Na,K-ATPase for Association with FXYD and Binding of Na+

	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


