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a,K-ATPase Subunit Heterogeneity as a
echanism for Tissue-Specific Ion Regulation

ustavo Blanco

The Na,K-ATPase comprises a family of isozymes that catalyze the active transport of
cytoplasmic Na� for extracellular K� at the plasma membrane of cells. Isozyme diversity for
the Na,K-ATPase results from the association of different molecular forms of the � (�1, �2,
�3, and �4) and � (�1, �2, and �3) subunits that constitute the enzyme. The various
isozymes are characterized by unique enzymatic properties and a highly regulated pattern
of expression that depends on cell type, developmental stage, and hormonal stimulation.
The molecular complexity of the Na,K-ATPase goes beyond its � and � isoforms and, in
certain tissues, other accessory proteins associate with the enzyme. These small mem-
brane-bound polypeptides, known as the FXYD proteins, modulate the kinetic characteris-
tics of the Na,K-ATPase. The experimental evidence available suggests that the molecular
and functional heterogeneity of the Na,K-ATPase is a physiologically relevant event that
serves the specialized functions of cells. This article focuses on the functional properties,
regulation, and the biological relevance of the Na,K-ATPase isozymes as a mechanism for
the tissue-specific control of Na� and K� homeostasis.
Semin Nephrol 25:292-303 © 2005 Elsevier Inc. All rights reserved.
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aintenance of an asymmetric distribution of Na� and
K� between the cytoplasm and cell surroundings is a

rucial event in the physiology of animal cells. The typical
ow Na�/K� ratio of the intracellular space depends on the
ctivity of the Na,K-ATPase or Na pump, a membrane-asso-
iated enzyme that uses the energy from the hydrolysis of
denosine triphosphate (ATP) to transport 3 Na� out of the
ell in exchange for 2 K� that are taken in.1 The ion gradients
reated by the Na,K-ATPase are necessary for many common,
s well as cell-specific, processes. The enzyme is involved in
aintaining cell osmotic balance and volume, the resting
embrane potential of most cells, the excitability of muscle

nd neuronal cells, and the Na�-coupled secondary transport
f H�, Ca�, glucose, amino acids, and neurotransmitters
cross the plasma membrane.1 In addition, the Na pump
rives the vectorial movement of water and salt across many
pithelia. It plays a primary role in urine formation in the
idney,2 and is important in maintaining the electrolyte com-
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osition of particular fluid compartments, such as the aque-
us humor,3 endolymph,4 and cerebrospinal fluid.5 The con-
ribution of the Na,K-ATPase to such diverse processes
equires its function to be adjusted specifically to the needs of
ach tissue. One of the strategies organisms have developed
o confer enzymes the functional versatility that is needed to
ulfill specific tasks is the expression of different molecular
ariants or isozymes with distinct functional capabilities. The
nteresting discovery that not one but multiple forms of the
a,K-ATPase exist in animal cells provided the basis for the
eterogeneity of the enzyme (reviewed in 6-10). This stimu-

ated intense research to unveil the physiologic role of the
a,K-ATPases. The information available at present suggests

hat the Na,K-ATPase diversity is not a biologically redun-
ant phenomenon.9 This article reviews the current knowl-
dge on the Na,K-ATPase isozymes and their significance for
he maintenance of cell-specific Na� and K� homeostasis and
issue function.

a,K-ATPase
olecular Structure

nd Subunit Composition
he Na,K-ATPase isozymes are oligomers that result from the

ssociation of various molecular forms or isoforms of 2 major
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Na,K-ATPases in tissue-specific ion control 293
olypeptides: the � and � subunits.11 A scheme of the pri-
ary structure, membrane organization, and amino acid dif-

erences among � and � isoforms are shown in Fig. 1. The �
olypeptides have a molecular weight between 110 and 112
d and are arranged in a large cytoplasmic mass, 10 mem-
rane-spanning helices, and a small ectodomain. The � sub-
nit is responsible for the catalytic and transport properties
f the Na,K-ATPase and undergoes conformational changes
designated E1 and E2) that are coupled to the binding, oc-
lusion, and translocation of the cations.11,12 For this, the �
ubunit contains the binding sites for Na�, K�, and ATP.
ardiotonic steroids such as ouabain also bind to the � sub-
nit and inhibit the enzyme. Recently, molecular modeling
ased on homology to the rabbit sarcoplasmic reticulum Ca-
TPase (SERCA1a) has helped us to understand the structure-

unction of the enzyme.13 This shows that the ATP-coupled

Figure 1 The primary structure and membrane topology
of the Na,K-ATPase and the � (�a and �b) polypeptid
subunit are shown. Amino acid alignment among the
DNAstar and Megalign software (DNASTAR, Inc., Madis
colored to indicate the homology among the polypept
subunits, or the � polypeptides; blue, residues identical f
residues different for all isoforms and variants of the �
domain between the � and � subunits. The S-S groups sh
ranslocation of ions depends on the relative motion of 3 cyto- (
lasmic domains in the protein. These include the actuator or A
omain at the N-terminus and first intracellular loop, and the
ucleotide binding (N) and phosphorylation (P) domains both

ocated between transmembrane domains 4 and 5.11,12

The � subunits are polypeptides that have molecular
eights between 40 and 60 kd, depending on isoform- and

issue-specific differences in glycosylation.14 The basic struc-
ure common to all � isoforms consists of an N-terminal
ytoplasmic tail, a single transmembrane region, and a large
-terminal extracellular domain comprising approximately
0% of the protein (Fig. 1). The ectodomain of all � subunits
haracteristically present 3 disulfide bridges and consensus
equences for glycosylation. The � subunit is essential for
ormal activity of the Na,K-ATPase and in vertebrates acts as
chaperone protein that assists in membrane insertion, fold-

ng, and delivery of the holoenzyme to the plasma membrane

(�1, �2, �3, and �4) and � (�1, �2, and �3) isoforms
sequences of the rat �1 and �1 isoforms and the �a
e 3 �, or the 2 � polypeptides was performed using

). Each block represents an amino acid, and residues are
reen, identical residues among all the � isoforms, �
forms; yellow, amino acids identical for 2 isoforms; red,
it. The area shaded in purple indicates the association
n pink represent the disulfide bridges of the � isoforms.
of the �
es. The
4 �, th
on, WI
ides. G
or 3 iso
subun
reviewed in14). In addition, the � polypeptides also deter-
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294 G. Blanco
ine, in an isoform-specific manner, some of the transport
nd catalytic properties of the enzyme.9

Besides the � and the � subunits, other small, single-mem-
rane–spanning polypeptides have been found to interact
ith the Na,K-ATPase. The first one identified, designated

he � subunit, is a hydrophobic polypeptide of approxi-
ately 7 kd that in kidney copurifies and colocalizes with the
a,K-ATPase � subunit.15 More recently, other polypeptides

hat share a FXYD signature motif with the � subunit have
een found.16 These include Phospholemman (a phospho-
rotein of cardiac sarcolemma, or FXYD1), MAT-8 (for Mam-
ary Tumor marker, or FXYD3), CHIF (for Corticosteroid
ormone Inducing Factor, or FXYD4), RIC (for Related to

on Channel, or FXYD5), and the FXYD6 (phosphohippolin)
nd FXYD7 polypeptides from the nervous system. Although
hese accessory proteins are not required for activity of the
oloenzyme, some of them influence the transport and ki-
etic properties of the Na,K-ATPase and also can operate as
hannels (reviewed in16).

ubunit Diversity
f the Na Pump

he first indication of the existence of various Na,K-ATPases
erived from functional studies of the catalytic and transport
roperties of the enzyme from different tissues. Thus, dose-
esponse curves for the inhibition of Na,K-ATPase function
y cardiotonic steroids revealed that, although in kidney
here was a single binding site for the compounds, in brain
he curves were bimodal, suggesting the existence of an ad-
itional enzyme form significantly more sensitive to the in-
ibitors.17,18 Na,K-ATPase heterogeneity then was supported
y the finding that the � subunit from brain migrates as 2
ifferent bands in sodium dodecyl sulfate–polyacrylamide
els, one similar to that of the kidney or � form, and a form
ith less mobility, named ��.7 Subsequent biochemical

tudies confirmed that �� was the isoform responsible for
he high ouabain-sensitive component of the enzyme.7 Soon
fter, dissimilarities in trypsin digestion and in the structure
f the N-terminus of � and �� were found.19 The isolation in

able 1 Chromosomal Localization and Number of Exons and

Isoform �1 �2 �3

Gene nomenclature ATP1A ATP1A2 ATP1A

uman
Chromosome 1p21 1q21-q23 19q13
Exon/intron 23/22 23/22 23/22

at
Chromosome 2q34 13q24-q26 1q21
Exon/intron 21/20 23/22 23/22
ouse
Chromosome 3F3 1H3 7A3
Exon/intron 23/22 23/22 23/22

ata obtained from Ensembl Genome Data Resources (www.ensemb
nlm.nih.gov/entrez/)25.
ammals of the complementary DNAs for 3 � isoforms and
ene-mapping studies definitely established a genetic basis
or the heterogeneity of the Na pump. The kidney or � form
as renamed as �1, whereas �� represented a mixture of 2
olecular variants: �2 and a third isoform, �3.20,21 More

ecently, the family of Na,K-ATPase � genes has expanded
ith the discovery of a fourth � isoform (�4) in human and

at testis.22,23 The genes coding for each Na pump isoform
ave been mapped to specific chromosomal regions. This, as
ell as the intron/exon composition of the isoforms of hu-
an, rat, and mouse, are shown in Table 1.
The Na,K-ATPase � isoforms have similar primary struc-

ures. Comparison of the amino acid sequence of the � sub-
nit from a variety of species indicates a high degree of con-
ervation for the isoforms. For �1 and �2, identity is
pproximately 92% and for �3 is greater than 96%. The �4
soform, from rat, mouse, and human share 90% of the amino
cids. Comparison of different � isoforms within the same
pecies shows a lower degree of identity, being approxi-
ately 87% among �1, �2, and �3. In contrast, �4 shares

nly 76% to 78% identity with the other isoforms. The re-
ions of highest structural variability among � isoforms in-
lude 3 main regions: (1) the N-terminal portion of the
olypeptides that forms part of the A domain, (2) the extra-
ellular loop between transmembrane segments 1 and 2 that
orms part of the ouabain binding site, and (3) the isoform-
pecific region (ISR),26 an 11 amino acid sequence in the
ajor loop between transmembrane domains 4 and 5 that

omprises residues 489 to 499 of the rat �1 isoform. As
escribed later, these regions are involved in some of the
unctional characteristics that differentiate each � isoform.
n the other hand, the greatest similarities among � isoforms

orrespond to the transmembrane hydrophobic regions, the
ytoplasmic midregion around the phosphorylation site
Asp369), and the C-terminus. The striking conservation of

isoform structure and expression across species highlights
he importance of the heterogeneity of the Na pump. In ad-
ition, the identification of � isoforms in organisms such as
ydra,27 crustaceans,28 platyhelmints,29 and zebra fish30 sug-
ests that the divergence of the � genes was an event that
ccurred early in evolution.

s of Na,K-ATPase Isoform Genes From Various Species

�4 �1 �2 �3 �m (�4)

TP1A4 ATP1B1 ATP1B2 ATP1B3 ATP1B4

21-q23 1q24 17p13 3q22-q23 Xq25
/21 7/6 7/6 7/6 8/7

q24 13q22 10q24 8q31 Xq11
/21 7/6 6/5 7/6 8/7

3 1H2.2 11B3 9E3.3 XA3.1
/21 7/6 7/6 7/6 8/7

4 and the National Center for Biotechnology Information (www.ncbi.
Intron

3 A

1q
22

13
22

1H
22

l.org/)2
The discovery of the � isoforms was followed by the find-
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Na,K-ATPases in tissue-specific ion control 295
ng of multiple forms of the � subunit, each under the control
f a different gene (Table 1). Cloning of the ubiquitously
xpressed �1 was followed by 2 other isoforms: �2, named
lso adhesion molecule of glia (AMOG) for its additional func-
ion as a mediator of neuron-glia interactions,31,32 and �3.32

he � isoforms are highly conserved across species with
mino acid identity scores of 94% to 96% for �1 and �2, and
5% for �3. Amino acid sequence comparisons within the
ame species show that the � polypeptides are more diver-
ent than the � isoforms. Thus, �2 or �3 share with �1 34%
nd 39% identity, respectively, whereas �2 and �3 have 49%
f their residues conserved. The major similarities among �
soforms include the transmembrane region and the 6 cys-
eines of the extracellular domain that participate in forma-
ion of the disulfide bridges (Fig. 1). Integrity of the disulfide
ridges is important as shown by the inactivation of the en-
yme after treatment with reducing agents (reviewed in14).
he differences in primary structure among � isoforms are
cattered along the protein sequence and affects the glycosyl-
tion sites, which vary in location and number. Three N-
inked glycosylation sites are present in �1, whereas 2 to 8
ave been predicted in �2 and �3. In addition, glycosylation
f the � polypeptides varies in different tissues and species.
s expected from their lack of conservation, hydrocarbon
ontent of the � subunit is not involved directly in activity of
he Na,K-ATPase, and neither protein deglycosylation nor
utation of the glycosylated asparagines affect ATP hydroly-

is by the enzyme (reviewed in 14).
In addition to the �1, �2, and �3 isoforms, another �

ubunit has been identified in human, pig, rat, and mouse
uscle.34 This form, named �m (for muscle �), or �4, differs

rom the others by a larger N-terminal domain rich in glu-
amic acid, an unusual pattern of glycosylation of short high
annose and hybrid N-glycans, and a peculiar localization

nside the cell.35 It still remains unknown, however, whether
his isoform forms part of the Na,K-ATPase or is a component
f another X,K-ATPase.
Another mechanism that contributes to Na pump subunit

eterogeneity is the differential posttranscriptional process-
ng of the � and � subunits. Thus, in canine vascular smooth

uscle, alternative splicing of the �1 messenger RNA results
n a polypeptide of approximately 65 kd, named �1-T.36

espite the lack of 40% of the C-terminus, �1-T has been
eported to be functional when expressed in insect, HeLa,
nd opossum kidney cells.37 Also, a different truncated tran-
cript of �1, as well as a shorter form of the �1 subunit, have
een found in human retinal epithelium.38 In addition, func-
ionally active versions of �1 resulting from the use of alter-
ative initiation codons have been described in Xenopus lae-
is.39 At present, the role of all these truncated subunits in the
ative tissues remains unknown.
The molecular diversity of the Na,K-ATPase not only in-

olves the � and � isoforms, but also extends to the �
olypeptide. This was first suspected from the migration of �
s a doublet in sodium dodecyl sulfate–polyacrylamide gel
lectrophoresis (reviewed in40). Mass spectrometry then con-
rmed the existence of 2 forms (�a and �b) that, resulting

rom alternative splicing, differ only in few amino acids at the w
-terminus (Fig. 1).41 Both �a and �b forms are present in
he kidney, where they localize to different regions of the
ephron.42,43 A third form of the � polypeptide also has been
eported in fetal tissues from the mouse.44

sozyme Heterogeneity
f the Na,K-ATPase

he primary mechanism responsible for the generation of
a,K-ATPase isozymes is the association of the various � and
isoforms in different heterodimers.8-10 The co-expression

f particular arrays of � and � isoforms in several tissues
uggested that almost all �� arrangements theoretically are
ossible.9,10 Heterologous expression of � and � isoforms in
arious combinations in insect and mammalian cells con-
rmed this and showed that association between � and �

soforms is a promiscuous event.9,45 Importantly, all �� ar-
angements studied to date (�1�1, �1�2, �1�3, �2�1,
2�2, �2�3, �3�1, �3�2, �3�3, �4�1, and �4�3) resulted

n catalytically competent enzymes.45-50 This indicates that
ultiple isozymes of the Na,K-ATPase can operate in the cell;
owever, it is not known if, in the native tissues, the assembly
f certain � with particular � isoforms is regulated to favor
ormation of some isozymes over others.

The �� isoform complexity of the Na,K-ATPase may be
ven more intricate and may involve the quaternary structure
f the enzyme. Several lines of investigation support the idea
hat the Na,K-ATPase exists as an oligomer of �� subunits.51

tudies using Sf-9 cells indicate that when different � iso-
orms are expressed in the insect cells, they stably associate
nto oligomeric complexes.52 The �/� isoform association
herefore raises the possibility of multiple oligomers with a
ariable configuration of � and � polypeptides. At present,
he functional relevance of this higher structural organization
f the Na,K-ATPase remains unknown.

ell and Tissue Expression
f the Na Pump Polypeptides
ith the availability of the nucleotide sequences and the

roduction of specific antibodies, the search began to gain
nsight into the distribution of the various Na,K-ATPase iso-
orms in different cells and tissues. It soon was found that the

and � isoforms exhibit a complex tissue-specific pattern of
xpression. Expression of isoform messenger RNA and pro-
ein has been surveyed for a wide variety of tissues and spe-
ies6-10,53-65 and the data have been summarized in Table 2.
s shown, while �1�1 is the isozyme most widely expressed
nd the predominant Na,K-ATPase of the kidney, the other �
nd � isoforms exhibit a much more restricted pattern of
xpression (reviewed in6-10). The central nervous system and
etinal photoreceptors exhibit the broadest spectrum of iso-
orms, expressing all � and � polypeptides except �4. Within
he nervous tissue, mature neuronal cells are the main source
f the �3 polypeptide, whereas glial cells preferentially ex-
ress �2.8 Also, many neurons can express �1 and �2,8
hereas astrocytes and oligodendrocytes contain in addition
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296 G. Blanco
o �1, the �2 and �3 isoforms, respectively.64 The �3
olypeptide is also an abundant isoform of retinal photore-
eptor cells.65 The isoform with the most limited pattern of
xpression is �4, the polypeptide is selectively expressed in
ale germ cells of the testis.62 Recently, very low levels of a

ranscript corresponding to the human and mouse �4 or-
hologs also have been detected in heart, pancreas, liver, and
lacenta.66 In addition, a larger transcript (7.5 kb compared
ith 4 kb) encoding �4 has been found in skeletal muscle.66

he expression of �4 in tissues different from testis still re-
ains to be determined at the protein level. In addition to the

issue differences, there is some variability in isoform expres-
ion among species; this is particularly characteristic in car-
iac tissue.67

able 2 Tissue Expression of Na,K-ATPase � and � Isoforms

Tissue Speci

idney Rat
rain Rat
erebellum Rat
ineal gland Rat
ituitary gland Rat
horoid plexus Rat
eripheral nerve Rat
eart Rat (fetal)

Rat (adult)
Guinea pig
Chicken
Sheep
Ferret
Dog
Monkey
Human

iver Rat
pleen Rat
ung Rat
ntestine, colon Rat
keletal muscle Rat

Human
ascular smooth muscle endothelium Rat

Human
dipose tissue Rat
artilage Human
one Rat
estis Rat
as deferens Rat

Guinea pig
rostate Rat
terus Rat
lacenta Human
ed cells (reticulocytes) Human

erythrocytes) Human
ye (retina) Rat, mouse
ciliary epithelium) Rat, mouse, h
lens) Human, calf,
ar (cochlea) Rat, mouse, g
vestibule) Rat

ata from references3-10,29,32,34,41,42,61,63-68.
Several other factors are involved in the regulation of l
a,K-ATPase isoform expression. For example, in most tis-
ues, development is accompanied by an increase in the ex-
ression of 1 or more isoforms. In few other tissues, changes

n isoform pattern of expression occurs.68 A remarkable ex-
mple of the plasticity in the expression of isoforms is found
n rat heart. In this tissue, the �3 isoform, present during fetal
ife, is repressed and replaced by the adult form, �2. Inter-
stingly, this switch coincides with changes in the action
otential and excitability of the myocardiocytes, suggesting
he importance of the Na,K-ATPases in determining the elec-
rical properties of the heart.69 Changes in isoform expression
lso appear to occur in neuronal cells, as suggested by the
ecent finding that newborn mice express �2 instead of the
redominant �3 of the adult animals.70 Tissue-specific regu-

XYD Polypeptides

Isoform FXYD

�1, �1 �a, �b, CHIF
�1, �2, �3, �1, �2, �3 FXYD6,FXYD7
�1, �2, �3, �1, �2 FXYD1
�1, �2, �2
�1, �3, �2
�1, �2, �3, �1, �2 FXYD1
�1, �2, �3, �1, �2
�1, �3, �1, �2
�1, �2, �1, �2 FXYD1
�1
�1
�1
�1, �3
�1, �3
�1, �3
�1, �2, �3, �1, �2
�1, �1, �3
�1, �1, �3
�1, �2, �1, �3
�1�1 CHIF
�1, �2, �1, �2, �m FXYD1
�1, �2, �3, �1, �m
�1, �2, �3, �1T
�1, �1, �2, �3
�1, �2, �1
�1, �2, �3, �1, �2, �3
�1, �1, �2
�1, �4, �1, �3
�1, �2
�1, �2
�1, �1, �2
�1, �2, �3, �1, �2, �3
�1, �2, �3
�1, �3, �2, �3 �
�1, �3, �1, �2, �3 �
�1, �2, �3, �1, �2, �3
�1, �2, �3, �1, �2, �3
�1, �2, �3, �1

pig �1, �2, �3, �1, �2
�1, �2, �1, �2
and F

es

uman
rabbit
uinea
ation of Na,K-ATPase isoform expression also is influenced
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Na,K-ATPases in tissue-specific ion control 297
y endocrine status (reviewed in71,72), it is regulated during
xercise,73 and is altered with disease.74 All these changes
uggest the importance of Na,K-ATPase isozymes in regulat-
ng Na� and K� balance to tissue physiologic demands or for
e-establishing ion homeostasis lost during pathologic states.

inetic Properties
f the Na,K-ATPase Isozymes

nother difference among Na pump isozymes is their enzy-
atic properties. Because it constitutes nearly all the Na,K-
TPase in the kidney, the functional characteristics of the
1�1 isozyme were the first and most extensively character-

zed. Na,K-ATPase from other tissues showed intriguing ki-
etic differences. Thus, by comparison of the enzymes from
idney and axolemma, Sweadner75 showed that the �1�1

sozyme of the renal tissue not only has a higher resistance to
uabain, but also a lower ATP, similar K�, and higher Na�

ffinities than the neuronal Na,K-ATPase, abundant in �2
nd �3. Differences in response to the cations also were en-
ountered for the transport properties of the kidney and axo-
emma enzymes delivered by membrane fusion into dog
rythrocytes.76 This confirmed that the functional dissimilar-
ties actually depended on the presence of individual Na,K-
TPases, and not only on the lipidic environment surround-

ng the Na,K-ATPase. Additional studies using other tissues
nd different cell types in culture also suggested isoform-
pecific functional differences.9 However, the frequent co-
xpression of several � and � isoforms in most cells compli-
ated the analysis of Na pump isozyme kinetics. To
ircumvent this problem, several approaches were used (re-
iewed in9). One included the determination of the kinetic
ehavior of the Na,K-ATPase from tissues enriched in partic-
lar �� isoform combinations. This, for example, helped
etermine the enzymatic characteristics of the Na,K-ATPases
rom adipose tissue (containing �1�1 and �2�1)77 or pineal
land (composed of �1�2 and �3�2).78 Another approach
onsisted of studying the properties of the Na,K-ATPase at
ifferent stages of development in tissues that exhibited
hanges in isoform expression, such as heart and brain.7,9

he finding that in rats the �1 isoform is 100-fold more
esistant to ouabain than �2 and �3 was an essential tool in
ll these studies to functionally separate �1 from mixed pop-
lations of �2 or �3.9 Although this observation provided

undamental information of the functional heterogeneity of
he Na,K-ATPase, characterization of the enzymatic proper-
ies of each Na,K-ATPase required their isolation. This was
btained by heterologous expression of the different �
olypeptides in cells in culture. Thus, when expressed in
odent cells that normally contain �1, the Ki of the ouabain-
ensitive �2 and �3 isoforms was determined to be approx-
mately 40 and 80 nmol/L, respectively.79,80 Later, Jewell and
ingrel81 studied the kinetic properties of �1, �2, and �3
rom rat in HeLa cells, taking advantage of the ouabain affin-
ty differences between the exogenous isoforms and the sen-
itive Na,K-ATPase of the human cells. By changing 2 amino

cids from the first extracellular loop of �2 and �3, these c
nvestigators made the isoforms ouabain resistant. Then, the
utated isoforms, and the naturally resistant rat �1, were

ransfected into HeLa cells and stable clones expressing the
arious � polypeptides were selected with ouabain. The
unction of each isoform finally was distinguished from the
ndogenous Na,K-ATPase with ouabain. By using this ap-
roach, it was shown that �1�1 and �2�1 have affinities for
a�, K�, and ATP that are different from those of the �3�1

sozyme.81 More recent studies in HeLa cells indicated differ-
nces in isoform interaction with extracellular Na� and K�.82

n addition, the group of Pressley, by using Cos-1 and kidney
possum cells,24,83 and Daly et al,84 working with HeLa cells,
howed that the N-terminal portion of the � polypeptides is
mportant in defining the K� kinetic differences among iso-
orms. This last group also determined that the mechanistic
asis for these dissimilarities depend on isozyme differences

n E1/E2 conformational equilibrium, as well as on the rates
f partial reactions associated with the translocation of Na�

nd K�.85

The use of other expression systems, such as yeast, Xenopus
aevis oocytes, and insect cells in which the host cells have

inimal or no Na,K-ATPase, provided another excellent al-
ernative to analyze isoform function. This allowed the study
f � isoforms without having to modify their ouabain sensi-
ivity and permitted the analysis of isozymes with different
� composition in an environment free of contaminating
ndogenous Na,K-ATPase. By using expression in yeast, the
roup of Farley determined the function of hybrid enzymes
omposed of sheep �1 or rat �3 isoforms with the � subunit
f the related H,K-ATPase or chimeric Na,K-, H,K- � sub-
nits. This work helped to established the subunit require-
ents for Na,K-ATPase activity and the role of the � subunit

n modulating the interaction of Na� and K� with the en-
yme.86-88 More recently, the yeast expression system was
sed to study the response of the Na,K-ATPase human

sozymes to ouabain. It was shown that �1�1, �2�1, and
3�1 have a high affinity for the cardiotonic steroid, with
3�1 exhibiting a slightly higher Ki value for ouabain.89 Ex-
ression of � and � isoforms from different species in Xeno-
us oocytes also have been instrumental in understanding the
ssembly and functional properties of Na,K-ATPases.
hrough this system, the activation kinetics of rat isozymes to
b� indicated higher values for �1�1 than �1�2 or �1�3.48

eering et al also used this system to determine the transport
roperties of human isozymes resulting from all possible
ombinations of the �1, �2, and �3 with �1, �2, and �3.50

he human � isoforms differentially influence the voltage
ependence, Na� apparent affinities, and turnover rates of
he enzyme and, as it occurs in the rat, the � isoform modu-
ates the response of the enzyme to K�.50 In addition, coin-
ident with the experiments in yeast, all human � isoforms
roduced in oocytes exhibited a sensitivity for ouabain in the
anomolar range.50 The baculovirus system and the expres-
ion of Na,K-ATPase polypeptides in Sf-9 cells also have been
ery valuable in determining the enzymatic properties of the
a pump isozymes. Insect cells produce, assemble, and tar-
et to the plasma membrane Na pump �� complexes that are

ompetent catalytically. By using this system, Blanco et
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298 G. Blanco
l9,48,91 determined the kinetic parameters for Na�, K�, ATP,
uabain, and Ca2� of various Na,K-ATPases. The results,
ummarized in Table 3, show that the rat Na,K-ATPase
sozymes significantly differ in their reactivity to the ligands.
omparison of the results obtained from different expression

ystems is difficult because of differences in the membrane
nvironment of vertebrate and insect cells, in the experimen-
al conditions used, or in species differences in �� enzyme
omposition. However, several general conclusions can be
rawn. For example, the enzymatic properties of the Na
ump isozymes mainly are dependent on the � isoform; the
subunits being secondary modulators of the interaction of

he enzyme with the cations. Isozymes containing the �3
soform exhibit much lower apparent affinity for Na� than
hose composed of �1 and �2, and the �1 isoform has lower
TP affinity than �2 and �3. Although the isozyme kinetic
arameters do not indicate large differences among the Na,K-
TPases, they are sufficient to generate changes in intracel-

ular cation levels that could impact on the membrane poten-
ial, excitability, and contractility of cells.

The most conspicuous kinetic difference among isozymes
nd species corresponds to the reactivity to ouabain. In the
at, the sensitivity to the cardiotonic steroid varies with Kis for
1, �2, and �3 that are in the millimolar, micromolar, and
anomolar range, respectively.9 In species other than ro-
ents, isoform differences in ouabain sensitivity are much

ess marked, a fact that has complicated the functional dis-
rimination between the � polypeptides. In human heart, for
xample, a tissue known to express �1, �2, and �3, results
ave been controversial and both single as well as multiple
inding sites for ouabain have been reported.92,93 Crambert
t al50 have shown that human Na,K-ATPases do differ in the
uabain association and dissociation rates, being more rapid
or �2 than for �1 and �3. Also, K� antagonism of ouabain
inding affects �1 more than �2 or �3. This suggests that
lthough the intrinsic inhibition constants of the human
a,K-ATPases to ouabain are similar, at physiologic K� the

ardiotonic steroid may target predominantly the �2 and �3
soforms. Differences in reactivity to cardiotonic steroids may
ave an important physiologic role. This is relevant particu-

arly for the control of inotropism in the heart. By inhibiting
he Na,K-ATPase, the cardiotonic steroids elicit a transient

able 3 Kinetic Characteristics of Different Isozymes of the R

Isozyme

Na�

Activation
K0.5 (mmol/L)

K� Activation
K0.5 (mmol/L)

1�1 16.4 � 0.7 1.9 � 0.2
2�1 12.4 � 0.5 3.6 � 0.3
2�2 8.8 � 1.0 4.8 � 0.4
3�1 27.9 � 1.3 5.3 � 0.3
3�2 17.1 � 1.0 6.2 � 0.4
4�1 13.5 � 1.3 5.9 � 1.1
4�3 12.9 � 0.6 5.0 � 0.3

OTE. Apparent affinities (K0.5), Km, and inhibition constant (Ki) param
for the indicated ligands. Values represent the mean � standard
ncrease in intracellular Na�. This induces via the Na/Ca t
xchanger a secondary increase in Ca2� levels, which is taken
p by the Ca-ATPase into the sarcoplasmic reticulum. Be-
ause of the increase in intracellular stores, more Ca2� can be
eleased on myocardial cell depolarization, enhancing the
orce of contraction of the heart and the cardiac output.94 The
xistence of Na pump isozymes with different affinity for
igitalis is important because it allows a fraction of the total
nzyme to be inhibited, preventing the toxicity that would be
aused by total Na,K-ATPase inactivation. The discovery that
igitalis-like compounds including ouabain are synthesized

n mammals further supports the relevance of cardiotonic
teroids as endogenous regulators of excitability and contrac-
ility in heart.95 A mechanism similar to that of heart may be
perating in vascular smooth muscle for the control of vas-
ular peripheral resistance and blood pressure, and in skele-
al muscle cells for regulation of contractility.94 Interestingly,
at Na pump isozymes expressed in insect cells also differ in
heir sensitivity to Ca2�, �2 and �3 isoforms but not �1 are
nhibited by physiologic concentrations of Ca2�.9 This may
e relevant for the overall inotropic effect because the in-
rease in Ca2� levels elicited by the cardiotonic steroids may
e enhanced further by inhibition of the ouabain-sensitive �2
nd �3 isoforms.

Expression in insect cells also has helped to determine the
unction of the �4 isoform. Because the �4 polypeptide has
pproximately the same degree of homology with the other
a,K-ATPase � isoforms and with the catalytic subunit of the
,K-ATPase, its function as a Na pump required demonstra-

ion. When co-expressed with the �1 subunit, �4 displays
he catalytic, phosphorylation, and transport characteristics
ypical of a Na,K-ATPase and, in addition, shows enzymatic
roperties that are unique.48 Thus, compared with the other

sozymes, �4�1 has a high apparent affinity for Na�, the
owest apparent affinity for K�, an intermediate Km for ATP,
nd the highest sensitivity to ouabain (Table 3). Expression of
4 in fibroblasts and HEK 293 cells showed similar results,
xcept for the affinity for K� that was reported to be higher,
nd the sensitivity to ouabain that was shown to be slightly
ower.23-96 The �4 isoform can assemble with both � isoforms
xpressed in the testis (�1 and �3), rendering isozymes with
qual functional properties.48 Importantly, �4 also is active
atalytically in the native tissue and represents 50% of the

,K-ATPase Expressed in Sf-9 Insect Cells

ATP
tivation
mmol/L)

Ouabain
Inhibition Ki

(mol/L)
Ca2� Inhibition

Ki (mol/L)

6 � 0.10 4.3 � 1.9 � 10�5 1.0 � 0.2 � 10�4

1 � 0.01 1.7 � 0.1 � 10�7 7.3 � 4.6 � 10�6

1 � 0.02 1.5 � 0.2 � 10�7

9 � 0.01 3.1 � 0.3 � 10�8 1.9 � 1.0 � 10�5

7 � 0.02 4.7 � 0.4 � 10�8

9 � 0.04 6.4 � 2.1 � 10�9

8 � 0.04 1.8 � 0.7 � 10�8

were calculated from dose-response curves of Na,K-ATPase activity
at Na

Ac
Km (

0.4
0.1
0.1
0.0
0.0
0.1
0.1

eters
otal Na,K-ATPase of the male gonad.9-48 Activity of �4 is
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Na,K-ATPases in tissue-specific ion control 299
resent in both the diploid and haploid germ cells of the testis
nd its function increases during cell differentiation to con-
titute approximately two thirds of the Na,K-ATPase of the
permatozoa.97

ccessory Polypeptides
s Modulators of
a Pump Isozyme Function

esides the � and � isoform composition, the properties of
he Na,K-ATPase depend on the interaction with the FXYD
amily of polypeptides. This interaction appears to be tissue,
s well as isoform specific. For example, the � subunit asso-
iates with �1�1 in kidney and modifies some of the func-
ional characteristics of the enzyme, such as the voltage de-
endence of K� activation, the Km for ATP, the
onformational E1/E2 equilibrium, the apparent affinities for
a� and K�, and the K�/Na� antagonism of the enzyme.40

oth the �a and �b variants of the polypeptide can affect the
esponse of the Na,K-ATPase to the cations; however, the
ffect is dependent on posttranslational modifications of the
polypeptides.98 Other FXYD members also influence the
a,K-ATPase. Phospholemman can interact with the �1, �2,

nd �3 isoforms in cerebellum and with �1 and �2 in heart,
nd when expressed in oocytes, it decreases the apparent
ffinities of the isoforms for Na� and K�.54,99 Opposite of the
ffect of � and Phospholemman, CHIF lowers the K0.5 of
1�1 for Na� when expressed in oocytes and HeLa cells.100

inally, FXYD7 is an isozyme-specific regulator of the Na,K-
TPase that has been shown to associate with �1�1 in brain
nd with �1�1, �2�1, and �3�1 in Xenopus oocytes. FXYD7
ecreases the apparent affinity of only the �1�1 and �3�1

sozymes for K� and, interestingly, it does not interact with
sozymes containing �2.101 In conclusion, the FXYD acces-
ory polypeptides represent an additional level of Na,K-AT-
ase function control, finely tuning the intrinsic properties of
he isozymes.

egulatory Mechanisms
or the Control of Na Pump
ctivity and Expression

nother reason for the existence of Na pump isozymes may
e related to the possibility of specific regulation of Na,K-
TPase function in different tissues. Na,K-ATPase regulation
an be achieved by direct modification of Na pump activity,
r by altering the amount of enzyme at the plasma membrane
f the cell through changes in the rate of synthesis/degrada-
ion or redistribution with intracellular stores.71,72 Recent ev-
dence suggests that all these mechanisms may operate in an
soform- and tissue-specific manner to regulate Na� and K�

alance. Because the isozymes have distinct affinities for Na�

nd Ca2�, the cations acting intracellularly can modulate
hem differentially. Also, ouabain and endogenous digitalis-
ike compounds binding extracellularly can affect the Na,K-

TPases differentially.9 Isoform-specific changes in expres- b
ion and shifts in �� cell compartmentalization represent an
mportant mechanism for regulation of Na pump composi-
ion at the plasma membrane. In muscle cells, �2 is translo-
ated to the cell surface on insulin stimulation.102 In contrast,
n neostriatal neurons, the same isoform is endocytosed to
ntracellular stores by dopamine.103 The effect of dopamine is
locked by glutamate, which instead elicits targeting of �1 to
he neuronal plasmalemma.103 Data from several laboratories
ndicate that a complex intracellular signaling network that
nvolves protein kinases (PK) and phosphatases, through re-
ersible phosphorylation of the � subunit, plays a major role
n the regulation of the Na,K-ATPase amounts and activity at
he cell plasma membrane. This has been studied mostly in
he kidney for the �1�1 isozyme.71,72 Less information is
vailable for isozymes different from �1�1. Nevertheless,
rotein kinase C (PKC) activation has been shown to produce
larger inhibition of the activity of �2 and �3, than �1 in
euronal cells.104 Studies in baculovirus-infected cells also
howed isoform-specific changes in response to PK activa-
ion. Phorbol esters that activate PKC lead to inhibition of all
soforms; the protein kinase A activator, dibutyryl cyclic
denosine monophosphate, stimulates the activity of �3�1
nd decreases that of �1�1 and �2�1. Finally, activation of
rotein kinase G diminishes the activity of �1�1 and �3�1,
ithout altering that of �2�1. The response of the isozymes

o PK is concurrent with the phosphorylation of all � iso-
orms.105 In �1, PKA induces phosphorylation of Ser943, a
esidue highly conserved among isoforms. In contrast, for
KC 2 serines, Ser11 and Ser18 at the N-terminus of �1 have
een recognized as targets for phosphate incorporation.72

he lack of conservation of these sites in �2, and the presence
f only Ser18 in �3, suggest that other residues or regions
ay be involved in regulation of these isoforms. Pierre et al
ave shown that the ISR region is important for the isoform-
pecific changes in function elicited by PKC. Thus, exchange
f the amino acid sequence of the ISR between the �1 and �2
soforms results in chimeras with a response to phorbol esters
hat is different from that of the wild-type enzymes. While the
SR from �2 acts as a stimulatory signal for the PKC response
f �1, the ISR of �1 confers �2 with a PKC nonresponsive
henotype.26 It is unknown at present whether the ISR by

tself is sufficient to mediate the effect of PKC or if interac-
ions with other cytoplasmic motifs in the � subunit are
equired.

hysiologic Relevance
f Na Pump Isozymes

he unique expression, function, and regulation of the Na
ump isozymes strongly suggest their physiologic impor-
ance. Accordingly, evidence for a biological role of the
zozymes in cell- and tissue-specific processes gradually is
oming to light. Because of its ubiquitous expression, the
1�1 isozyme most likely functions as the housekeeping
a,K-ATPase that maintains the basal Na� and K� gradients

n the cell. Its prevalence in kidney also suggests that �1�1 is

est adapted for salt and water reabsorption across the epi-
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300 G. Blanco
helium. In the renal tissue, activity of the isozyme at the
asolateral membrane of tubular epithelial cells is regulated
uantitative and qualitatively by the concerted action of sev-
ral hormones and intracellular messengers.2 In addition,
nteraction predominantly with � in thick ascending limb
nd CHIF in collecting ducts modifies �1�1 function.98,101

ltogether, these effectors provide the fine adjustment
eeded for the control of Na� and K� exchange along the
ephron and the regulation of natriuresis. The particular in-
uence of � in increasing �1�1 affinity for ATP also may be

mportant in allowing the isozyme to function more effi-
iently under the low-oxygen and energy-compromised en-
ironment of the renal medulla. In conclusion, in the kidney,
a,K-ATPase function is achieved mainly through multiple

egulatory mechanisms targeting one isozyme rather than
avoring the expression of different Na,K-ATPases. In other
issues, Na,K-ATPase diversity is favored instead, and ion
ransport is controlled through the activity of functionally
ifferent isoforms. For example, in neurons the rapid
hanges in Na� and K� concentrations accompanying nerve
ctivity may require the fast adjustments provided by
sozymes different from �1�1. This may be the role of the
euronal �3-containing isozymes. Because of the low appar-
nt affinity of �3 for Na�, the isoform operates at slow rates in
he cells at rest. When the ion gradients are dissipated after
epolarization, intracellular Na� levels increase and �3 be-
omes activated. In this manner, isozymes composed of �3
unction as spare pumps to help the ubiquitous �1� pumps
estore the resting membrane potential of the cells. Also, the
igh affinity of �3 for ATP allows it to function at the low
ucleotide concentrations occurring near the cell membrane
uring intense neuronal activity.
The properties of �2 suggest it is important for the func-

ion of glial, neuronal, and muscle cells. The high affinity for
TP and Na� provides �2 with a steady working capability.
his allows the isoform to clear effectively the high K� left at

he extracellular space after depolarization, even at decreased
ytosolic concentrations of Na� and ATP. In this manner, �2
s important in preventing K�-induced depolarization to

aintain excitability in cells. The role of �2 has been shown
n mice in which the expression of the isoform was knocked
ut. These mice exhibited akinesia and died soon after birth
ecause of irregular breathing caused by an abnormal rhyth-
ic firing of the neurons of the respiratory center.70 Another

mportant role of �2 derives from its ability to regulate intra-
ellular Ca2� levels. This has been shown by gene-targeting
tudies in excitable tissues of mice. Animals lacking one copy
f the �2 gene show half levels of expression of the isoform
nd abnormal heart and skeletal muscle function.106,107 In the
ransgenic animals the heart characteristically is hypercon-
ractile and skeletal muscle exhibits a greater force of contrac-
ion than in normal controls. Conversely, in mice in which
xpression of �1 is perturbed, cardiac and muscle tissue are
ypocontractile.106,107 Thus, it appears that regulation of the
1/�2 ratio at the plasma membrane is important for muscle
ontractility. This observation may explain the increase of �2
t the surface of skeletal muscle cells during exercise.73 The

ypercontractility induced by �2 in the transgenic ani- b
als106 has been attributed to larger calcium transients in
he cells, caused by a primary increase in cytoplasmic Na�

evels, which secondarily augments Ca2� levels via the
a/Ca exchanger. This mechanism in the �2-deficient
ice is supported by the abnormally increased intracellu-

ar Ca2� levels in astrocytes from these animals.108,109 In-
erestingly, Juhaszova and Blaustein110 found that in glial
ells and myocytes �2 colocalizes with the Na/Ca ex-
hanger and the underlying endoplasmic reticulum, sug-
esting that these components act as a functional unit to
egulate cytoplasmic Na� and Ca2�. In this manner, regu-
ation of the cations can be limited to microdomains pre-
enting global cell ionic changes. Coincidental with its
ole in controlling cytoplasmic Ca2� is the high binding
apacity of �2 for ouabain. This property has led to the
dea that the isoform may be responsible for mediating the
notropic effect of digitalis in the heart. In support of this,
eduction of �2 activity in hearts of transgenic animals
imics the effect of the cardiotonic steroids.106 The role of
2 as the digitalis effector has been explored by using
re-Lox technology to develop homozygous knock-in
ice that express a mutated ouabain-insensitive �2 iso-

orm. Measurements of cardiac contractility showed that
he ouabain-induced inotropy typical of normal mice is
bolished in these animals.111 Although these results
trongly suggest the relevance of �2 for the cardiotonic
ffect in rodents, it is unclear whether the isoform plays a
imilar role in other species including humans, in whom
he differences in digitalis binding is not as marked. An-
ther function of �2 is related to the ability of the isoform
o regulate body kalemia controlling K� exchange between
xtracellular and muscle stores. Evidence for such a role
erives from experiments showing a relationship between
ietary K� and plasma membrane levels of �2�2 in skel-
tal muscle.112

A specific function also has been ascribed to the �4 iso-
orm of spermatozoa. The difference in affinity for ouabain
etween the resistant �1 and sensitive �4 isoforms was used
o discriminate between both isoforms of the male gametes
rom rat. Ouabain inhibition of �4 results in impairment of
he motility of spermatozoa.113 This suggested the impor-
ance of �4 in maintaining membrane potential and excitabil-
ty of the cells. Subsequent experiments showing that the
uabain-inhibited motility is recovered by ionophores that
llow the exit of H� from the cells suggest that �4 is involved
n control of gamete intracellular pH via the Na/H exchanger.
he functional coupling of �4 to the Na/H exchanger is sup-
orted by the colocalization of both polypeptides to the mid-
iece of the spermatozoon flagellum.113,114

Although there is some evidence for a biological function
f the � isoforms, the role of the � subunits is more obscure.
eyond the requirement of the � subunits for Na,K-ATPase
aturation and modulation of activity,9,14 an unforeseen

unction has been reported for �2. The isoform present in glia
s a recognition molecule that mediates neuron-glia interac-
ions and is important for cell adhesion, neuronal migration,
nd neurite outgrowth. These properties of �2 are supported

y the observation of motor incoordination, tremor, and pa-
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alysis in animals in which the �2 gene was deleted,115 and by
he ability of �2 to promote cell adhesion and reduce the
nvasive characteristics of glioma cells.116 At present, the re-
ationship between cell adhesion/interaction and Na�, K�

ransport in the nervous system or other tissues where �2 is
xpressed is unknown.

onclusions
wenty-five years after their discovery, knowledge about the

sozymes of Na,K-ATPase has broadened considerably. The
nformation gathered on the distinct cell expression, enzy-

atic properties, and regulation of the various Na,K-
TPases, as well as the evidence emerging from studies on

ransgenic mice suggests that the structural heterogeneity of
he enzyme is of physiologic importance. Many questions
emain concerning the role of the Na pump isozymes and
heir particular regulation in cell-specific processes. Future
tudies aimed to understand better these important aspects of
he Na,K-ATPase may help develop pharmacologic and ge-
etic means for the tissue-selective exogenous control of Na�

nd K� balance.105

cknowledgments
he author is very grateful to A. Blanco for his pertinent
omments on the manuscript and to S. W. Fernald for his
elp with Figure 1.

eferences
1. Skou JC, Esmann M: The Na,K-ATPase. J Bioenerg Biomembr 24:249-

261, 1992
2. Feraille E, Doucet A: Sodium-potassium-adenosine triphosphatase-

dependent sodium transport in the kidney: Hormonal control. Physiol
Rev 81:345-418, 2001

3. Ghosh S, Hernando N, Martin-Alonso JM, et al: Expression of multi-
ple Na,K-ATPase genes reveals a gradient of isoforms along the non-
pigmented ciliary epithelium: Functional implications in aqueous hu-
mor secretion. J Cell Physiol 149:184-194, 1991

4. Peters TA, Kuijpers W, Curfs JH: Occurrence of Na,K-ATPase iso-
forms during rat inner ear development and functional implications.
Eur Arch Otorhinolaryngol 258:67-73, 2001

5. Zlokovic BV, Mackic JB, Wang L, et al: Differential expression of
Na,K-ATPase � and � subunit isoforms at the blood-brain barrier and
the choroid plexus. J Biol Chem 268:8019-8025, 1993

6. Fambrough DM: The sodium pump becomes a family. Trends Neu-
rosci 11:325-328, 1988

7. Sweadner KJ: Isozymes of the Na�/K�-ATPase. Biochim Biophys Acta
988:185-220, 1989

8. Levenson R: Isoforms of the Na,K-ATPase: Family members in search
of function. Rev Physiol Biochem Pharmacol 123:1-45, 1994

9. Blanco G, Mercer RW: Isozymes of the Na,K-ATPase: Heterogeneity in
structure, diversity in function. Am J Physiol 275:F633-F650, 1998

10. Mobasheri A, Avila J, Cozar-Castellano I, et al: Na�,K�-ATPase
isozyme diversity; comparative biochemistry and physiological impli-
cations of novel functional interactions. Biosci Rep 20:51-91, 2000

11. Kaplan JH: Biochemistry of Na,K-ATPase. Annu Rev Biochem 71:511-
535, 2002

12. Jorgensen PL, Hakansson KO, Karlish JD: Structure and mechanism of
Na,K-ATPase. Annu Rev Physiol 65:817-849, 2003

13. Ogawa H, Toyoshima C: Homology modeling of the cation binding
sites of Na,K-ATPase. Proc Natl Acad Sci U S A 99:15977-15982,

2002
14. Geering K: The functional role of beta subunits in oligomeric P-type
ATPases. J Bioenerg Biomembr 33:425-38, 2001

15. Forbush B III, Kaplan JH, Hoffman JF: Characterization of a new
photoaffinity derivative of ouabain: Labeling of the large polypeptide
and of a proteolipid component of the Na, K-ATPase. Biochemistry
17:3667-3676, 1978

16. Sweadner KJ, Rael E: The FXYD gene family of small ion transport
regulators or channels: cDNA sequence, protein signature sequence,
and expression. Genomics 68:41-56, 2000

17. Hansen O: Non-uniform populations of g-strophanthin binding sites
of (Na� � K�)-activated ATPase. Apparent conversion to uniformity
by K�. Biochim Biophys Acta 433:383-392, 1976

18. Sweadner KJ: Two molecular forms of (Na� � K�)-stimulated ATPase
in brain. Separation, and difference in affinity for strophanthidin.
J Biol Chem 254:6060-6067, 1979

19. Lytton J: The catalytic subunits of the (Na�,K�)-ATPase � and �(�)
isozymes are the products of different genes. Biochem Biophys Res
Commun 132:764-769, 1985

20. Shull GE, Greeb J, Lingrel JB: Molecular cloning of three distinct forms
of the Na�,K�-ATPase � subunit from rat brain. Biochemistry 25:
8125-8132, 1986

21. Sverdlov ED, Monastyrskaya GS, Broude NE, et al: The family of
human Na�,K�-ATPase genes. No less than five genes and/or pseu-
dogenes related to the � subunit. FEBS Lett 217:275-278, 1987

22. Shamraj OI, Lingrel JB: A putative fourth Na�,K�-ATPase � subunit
gene is expressed in testis. Proc Natl Acad Sci U S A 91:12952-12956,
1994

23. Underhill DA, Canfield VA, Dahl JP, et al: The Na,K-ATPase alpha4
gene (Atp1a4) encodes a ouabain-resistant alpha subunit and is tightly
linked to the alpha2 gene (Atp1a2) on mouse chromosome 1. Bio-
chemistry 38:14746-14751, 1999

24. Wheeler DL, Barrett T, Benson DA, et al: Database resources of the
National Center for Biotechnology Information. Nucleic Acids Res
33:D39-45, 2005

25. Hubbard T, Andrews D, Caccamo M, et al: Ensembl 2005. Nucleic
Acids Res 33:D447-53, 2005

26. Pierre SV, Duran MJ, Carr DL, et al: Structure/function analysis of
Na�-K�-ATPase central isoform-specific region: Involvement in PKC
regulation. Am J Physiol 283:F1066-F1074, 2002

27. Canfield VA, Xu KY, D’Aquila T, et al: Molecular cloning and charac-
terization of Na,K-ATPase from Hydra vulgaris: Implications for en-
zyme evolution and ouabain sensitivity. New Biol 4:339-348, 1992

28. Baxter-Lowe LA, Guo JZ, Bergstrom EE, et al: Molecular cloning of the
Na,K-ATPase � subunit in developing brine shrimp and sequence
comparison with higher organisms. FEBS Lett 257:181-187, 1989

29. Pardon RS, Noel F: Heterogeneity of ouabain binding sites in Schis-
tosoma mansoni. First evidence for the presence of two (Na� � K�)-
ATPase isoforms in platyhelminths. Biochem Pharmacol 47:331-336,
1994

30. Rajarao SJ, Canfield VA, Mohideen MA, et al: The repertoire of Na,K-
ATPase � and � subunit genes expressed in the zebrafish, Danio rerio.
Genome Res 11:1211-1220, 2001

31. Martin-Vasallo P, Dackowski W, Emanuel JR, et al: Identification of a
putative isoform of the Na,K-ATPase beta subunit. Primary structure
and tissue-specific expression. J Biol Chem 264:4613-4618, 1989

32. Gloor S, Antonicek H, Sweadner KJ, et al: The adhesion molecule on
glia (AMOG) is a homologue of the � subunit of the Na,K-ATPase.
J Cell Biol 110:165-174, 1990

33. Malik N, Canfield VA, Beckers MC, et al: Identification of the mam-
malian Na,K-ATPase �3 subunit. J Biol Chem 271:22754-22758,
1996

34. Pestov NB, Adams G, Shakhparonov MI, et al: Identification of a novel
gene of the X,K-ATPase beta-subunit family that is predominantly
expressed in skeletal and heart muscles. FEBS Lett 456:243-248,
1999

35. Zhao H, Pestov NB, Korneenko TV, et al: Accumulation of beta(m), a
structural member of X,K-ATPase beta-subunit family, in nuclear en-
velopes of perinatal myocytes. Am J Physiol 286:C757-C767, 2004
36. Medford RM, Hyman R, Ahmad M, et al: Vascular smooth muscle



302 G. Blanco
expresses a truncated Na�, K�-ATPase �1 subunit isoform. J Biol
Chem 266:18308-18312, 1991

37. Allen JC, Zhao X, Odebunmi T, et al: Alpha 1T can support Na,K-
ATPase: Na� pump functions in expression systems. Ann N Y Acad
Sci 834:457-458, 1997

38. Ruiz A, Bhat SP, Bok D: Characterization and quantification of full-
length and truncated Na,K-ATPase �1 and �1 RNA transcripts ex-
pressed in human retinal pigment epithelium. Gene 155:179-184,
1995

39. Burgener-Kairuz P, Horisberger JD, Geering K, et al: Functional ex-
pression of N-terminal truncated � subunits of Na,K-ATPase in Xe-
nopus laevis oocytes. FEBS Lett 290:83-86, 1991

40. Therien AG, Pu HX, Karlish SJ, et al: Molecular and functional studies
of the gamma subunit of the sodium pump. J Bioenerg Biomembr
33:407-414, 2001

41. Kuster B, Shainskaya A, Pu HX, et al: A new variant of the � subunit of
renal Na,K-ATPase. Identification by mass spectrometry, antibody
binding, and expression in cultured cells. J Biol Chem 275:18441-
18446, 2000

42. Wetzel RK, Sweadner KJ: Immunocytochemical localization of Na-K-
ATPase � and � subunits in rat kidney. Am J Physiol 281:F531-F545,
2001

43. Pu HX, Cluzeaud F, Goldshleger R, et al: Functional role and immu-
nocytochemical localization of the �a and �b forms of the Na,K-
ATPase � subunit. J Biol Chem 276:20370-20378, 2001

44. Jones DH, Golding MC, Barr KJ, et al: The mouse Na�-K�-ATPase �

subunit gene (Fxyd2) encodes three developmentally regulated tran-
scripts. Physiol Genom 6:129-135, 2001

45. Lemas MV, Yu HY, Takeyasu K: Assembly of Na,K-ATPase � subunit
isoforms with Na,K-ATPase � subunit isoforms and H,K-ATPase �

subunit. J Biol Chem 269:18651-18655, 1994
46. Blanco G, Koster JC, Sanchez G, et al: Kinetic properties of the �2�1

and �2�2 isozymes of the Na,K-ATPase. Biochemistry 34:319-325,
1995

47. Blanco G, Sanchez G, Mercer RW: Comparison of the enzymatic prop-
erties of the Na,K-ATPase �3�1 and �3�2 isozymes. Biochemistry
34:9897-9903, 1995

48. Blanco G, Melton RJ, Sanchez G, et al: Functional characterization of
a testes-specific � subunit isoform of the Na,K-ATPase. Biochemistry
38:13661-13669, 1999

49. Yu CL, Xie ZJ, Askari A, et al: Enzymatic properties of human Na,K-
ATPase �1�3 isozyme. Arch Biochem Biophys 345:143-149, 1997

50. Crambert G, Hasler U, Beggah AT, et al: Transport and pharmacolog-
ical properties of nine different human Na, K-ATPase isozymes. J Biol
Chem 275:1976-1986, 2000

51. Taniguchi K, Kaya S, Abe K, et al: The oligomeric nature of Na/K-
transport ATPase. J Biochem 129:335-342, 2001

52. Blanco G, Koster JC, Mercer RW: The � subunit of the Na,K-ATPase
specifically and stably associates into oligomers. Proc Natl Acad Sci
U S A 91:8542-8546, 1994

53. Arystarkhova EK, Sweadner J: Tissue-specific expression of the Na,K-
ATPase �3 subunit. The presence of �3 in lung and liver addresses the
problem of the missing subunit. J Biol Chem 272:22405-22408, 1997

54. Fink DJ, Fang D, Li T, et al: Na,K-ATPase beta subunit isoform ex-
pression in the peripheral nervous system of the rat. Neurosci Lett
183:206-209, 1995

55. Zahler R, Gilmore-Hebert M, Baldwin JC, et al: Expression of alpha
isoforms of the Na,K-ATPase in human heart. Biochim Biophys Acta
1149:189-194, 1993

56. Pierre S, Compe E, Grillasca JP, et al: RT-PCR detection of Na,K-
ATPase subunit isoforms in human umbilical vein endothelial cells
(HUVEC): Evidence for the presence of �1 and �3. Cell Mol Biol
47:319-324, 2001

57. Noel F, Quintas LE, Freitas E, et al: Quantitative analysis of the high-
affinity binding sites for [3H]ouabain in the rat vas deferens and their
immunological identification as the �2 isoform of Na,K-ATPase. Bio-
chem Pharmacol 55:1531-1535, 1998
58. Mobasheri A, Pestov NB, Papanicolaou S, et al: Expression and cellu-
lar localization of Na,K-ATPase isoforms in the rat ventral prostate.
BJU Int 92:793-802, 2003

59. Ong MD, Payne DM, Garner MH: Differential protein expression in
lens epithelial whole-mounts and lens epithelial cell cultures. Exp Eye
Res 77:35-49, 2003

60. Floyd R, Mobasheri A, Martin-Vasallo P, et al: Na,K-ATPase isoforms
in pregnant and nonpregnant rat uterus. Ann N Y Acad Sci 986:614-
616, 2003

61. Esplin MS, Fausett MB, Faux DS, et al: Changes in the isoforms of the
sodium pump in the placenta and myometrium of women in labor.
Am J Obstet Gynecol 188:759-764, 2003

62. Blanco G, Sanchez G, Melton RJ, et al: The �4 isoform of the Na,K-
ATPase is expressed in the germ cells of the testes. J Histochem Cyto-
chem 48:1023-1032, 2000

63. Hoffman JF, Wikrema A, Potapova O, et al: Na pump isoforms in
human erythroid progenitor cells and mature erythrocytes. Proc Natl
Acad Sci U S A 99:14572-14577, 2002

64. Martin-Vasallo P, Wetzel RK, Garcia-Segura LM, et al: Oligodendro-
cytes in brain and optic nerve express the �3 subunit isoform of
Na,K-ATPase. Glia 31:206-218, 2000

65. Wetzel RK, Arystarkhova E, Sweadner KJ: Cellular and subcellular
specification of Na,K-ATPase � and � isoforms in the postnatal devel-
opment of mouse retina. J Neurosci 19:9878-9889, 1999

66. Keryanov S, Gardner KL: Physical mapping and characterization of
the human Na,K-ATPase isoform, ATP1A4. Gene 292:151-166, 2002

67. Sweadner KJ, Herrera VL, Amato S, et al: Immunologic identification
of Na,K-ATPase isoforms in myocardium. Isoform change in deoxy-
corticosterone acetate-salt hypertension. Circ Res 74:669-678, 1994

68. Orlowski J, Lingrel JB: Tissue-specific and developmental regulation
of rat Na,K-ATPase catalytic � and � subunit mRNAs. J Biol Chem
263:10436-10442, 1988

69. Lucchesi PA, Sweadner KJ: Postnatal changes in Na,K-ATPase isoform
expression in rat cardiac ventricle. Conservation of biphasic ouabain
affinity. J Biol Chem 266:9327-9331, 1991

70. Moseley AE, Lieske SP, Wetzel RK, et al: The Na,K-ATPase �2 isoform
is expressed in neurons, and its absence disrupts neuronal activity in
newborn mice. J Biol Chem 278:5317-5324, 2003

71. Therien AG, Blostein R: Mechanisms of sodium pump regulation.
Am J Physiol 279:C541-C566, 2000

72. Ewart HS, Klip A: Hormonal regulation of the Na,K-ATPase: Mecha-
nisms underlying rapid and sustained changes in pump activity. Am J
Physiol 269:C295-C311, 1995

73. Ng YC, Nagarajan M, Jew KN, et al: Exercise training differentially
modifies age-associated alteration in expression of Na�-K�-ATPase
subunit isoforms in rat skeletal muscles. Am J Physiol 285:R733-
R740, 2003

74. Muller-Ehmsen J, McDonough AA, Farley RA, et al: Sodium pump
isoform expression in heart failure: Implication for treatment. Basic
Res Cardiol 97:I25-I30, 2002 (suppl 1)

75. Sweadner KJ: Enzymatic properties of separated isozymes of the Na,K-
ATPase. Substrate affinities, kinetic cooperativity, and ion transport
stoichiometry. J Biol Chem 260:11508-11513, 1985

76. Munzer JS, Daly SE, Jewell-Motz EA, et al: Tissue- and isoform-spe-
cific kinetic behavior of the Na,K-ATPase. J Biol Chem 269:16668-
16676, 1994

77. Brodsky JL, Guidotti G: Sodium affinity of brain Na�-K�-ATPase is
dependent on isozyme and environment of the pump. Am J Physiol
258:C803-C811, 1990

78. Shyjan AW, Cena V, Klein DC, et al: Differential expression and en-
zymatic properties of the Na�,K�-ATPase �3 isoenzyme in rat pineal
glands. Proc Natl Acad Sci U S A 87:1178-1182, 1990

79. Hara YO, Urayama K, Kawakami H, et al: The third type of alpha
subunit of Na,K-ATPase. Prog Clin Biol Res 268A:73-78, 1988

80. Kolansky DM, Brines ML, Gilmore-Hebert M, et al: The A2 isoform of
rat Na�,K�-adenosine triphosphatase is active and exhibits high
ouabain affinity when expressed in transfected fibroblasts. FEBS Lett
303:147-153, 1992
81. Jewell EA, Lingrel JB: Comparison of the substrate dependence prop-



1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Na,K-ATPases in tissue-specific ion control 303
erties of the rat Na,K-ATPase �1, �2, and �3 isoforms expressed in
HeLa cells. J Biol Chem 266:16925-16930, 1991

82. Balshaw DM, Millette LA, Tepperman K, et al: Combined allosteric
and competitive interaction between extracellular Na� and K� during
ion transport by the �1, �2, and �3 isoforms of the Na, K-ATPase.
Biophys J 79:853-862, 2000

83. Petrosian SA, Carr DL, Guerrero G, et al: Mutagenesis disrupts post-
translational processing of the Na,K-ATPase catalytic subunit. Arch
Biochem Biophys 357:249-258, 1998

84. Daly SE, Lane LK, Blostein R: Structure/function analysis of the ami-
no-terminal region of the �1 and �2 subunits of Na,K-ATPase. J Biol
Chem 271:23683-23689, 1996

85. Segall L, Daly SE, Blostein R: Mechanistic basis for kinetic differences
between the rat �1, �2, and �3 isoforms of the Na,K-ATPase. J Biol
Chem 276:31535-31541, 2001

86. Horowitz B, Eakle KA, Scheiner-Bobis G, et al: Synthesis and assembly
of functional mammalian Na,K-ATPase in yeast. J Biol Chem 265:
4189-4192, 1990

87. Eakle KA, Kabalin MA, Wang SG, et al: The influence of � subunit
structure on the stability of Na�/K�-ATPase complexes and interac-
tion with K�. J Biol Chem 269:6550-6557, 1994

88. Eakle KA, Lyu RM, Farley RA: The influence of � subunit structure on
the interaction of Na�/K�-ATPase complexes with Na�. A chimeric �
subunit reduces the Na� dependence of phosphoenzyme formation
from ATP. J Biol Chem 270:13937-13947, 1995

89. Muller-Ehmsen J, Juvvadi P, Thompson CB, et al: Ouabain and sub-
strate affinities of human Na,K-ATPase �1�1, �2�1, and �3�1 when
expressed separately in yeast cells. Am J Physiol 281:C1355-C1364,
2001

90. Jaisser FP, Jaunin K, Geering BC, et al: Modulation of the Na,K-pump
function by � subunit isoforms. J Gen Physiol 103:605-623, 1994

91. Blanco G, Xie ZJ, Mercer RW: Functional expression of the �2 and �3
isoforms of the Na,K-ATPase in baculovirus-infected insect cells. Proc
Natl Acad Sci U S A 90:1824-1828, 1993

92. Erdmann E, Werdan K, Brown L: Evidence for two kinetically and
functionally different types of cardiac glycoside receptors in the heart.
Eur Heart J 5:297-302, 1984

93. Wang J, Velotta JB, McDonough AA, et al: All human Na,K-ATPase �
subunit isoforms have a similar affinity for cardiac glycosides. Am J
Physiol 281:C1336-C1343, 2001

94. Blaustein MP: Physiological effects of endogenous ouabain: Control of
intracellular Ca2� stores and cell responsiveness. Am J Physiol 264:
C1367-C1387, 1993

95. Schoner W: Endogenous cardiac glycosides, a new class of steroid
hormones. Eur J Biochem 269:2440-2448, 2002

96. Woo AL, James PF, Lingrel JB: Characterization of the fourth alpha
isoform of the Na,K-ATPase. J Membr Biol 169:39-44, 1999

97. Blanco G: Functional expression of the �4 isoform of the Na,K-
ATPase in both diploid and haploid germ cells of male rats. Ann N Y
Acad Sci 986:536-538, 2003

98. Arystarkhova E, Donnet C, Asinovski NK, et al: Differential regulation
of renal Na,K-ATPase by splice variants of the � subunit. J Biol Chem

277:10162-10172, 2002
99. Crambert G, Fuzesi M, Garty H, et al: Phospholemman (FXYD1)
associates with Na,K-ATPase and regulates its transport properties.
Proc Natl Acad Sci U S A 99:11476-11481, 2002

00. Beguin P, Crambert G, Guennoun S, et al: CHIF, a member of the
FXYD protein family, is a regulator of Na,K-ATPase distinct from the
gamma-subunit. EMBO J 20:3993-4002, 2001

01. Geering K, Beguin P, Garty H, et al: FXYD proteins: New tissue- and
isoform-specific regulators of Na,K-ATPase. Ann N Y Acad Sci 986:
388-394, 2003

02. Marette A, Krischer J, Lavoie L, et al: Insulin increases the Na,K-
ATPase alpha 2-subunit in the surface of rat skeletal muscle: Morpho-
logical evidence. Am J Physiol 265:C1716-C1722, 1993

03. Teixeira VL, Katz AI, Pedemonte CH, et al: Isoform-specific regulation
of Na,K-ATPase endocytosis and recruitment to the plasma mem-
brane. Ann N Y Acad Sci 986:587-594, 2003

04. Nishi A, Fisone G, Snyder GL, et al: Regulation of Na,K-ATPase iso-
forms in rat neostriatum by dopamine and protein kinase C. J Neuro-
chem 73:1492-1501, 1999

05. Blanco G, Sanchez G, Mercer RW: Differential regulation of Na,K-
ATPase isozymes by protein kinases and arachidonic acid. Arch Bio-
chem Biophys 359:139-150, 1998

06. Shelly DA, He S, Moseley A, et al: Na pump �2 isoform specifically
couples to contractility in vascular smooth muscle: Evidence from
gene-targeted neonatal mice. Am J Physiol 286:C813-C820, 2004

07. He S, Shelly DA, Moseley AE, et al: The �1 and �2 isoforms of Na-K-
ATPase play different roles in skeletal muscle contractility. Am J
Physiol 281:R917-R925, 2001

08. Hartford AK, Messer ML, Moseley AE: Na,K-ATPase �2 inhibition
alters calcium responses in optic nerve astrocytes. Glia 45:229-237,
2004

09. Golovina VA, Song H, James PF, et al: Na pump �2 subunit expression
modulates Ca2� signaling. Am J Physiol 284:C475-C486, 2003

10. Juhaszova M, Blaustein MP: Na pump low and high ouabain affinity
alpha subunit isoforms are differently distributed in cells. Proc Natl
Acad Sci U S A 94:1800-1805, 1997

11. Dostanic I, Lorenz JN, Schultz JJ, et al: The �2 isoform of Na,K-
ATPase mediates ouabain-induced cardiac inotropy in mice. J Biol
Chem 278:53026-53034, 2003

12. McDonough AA, Thompson CB, Youn JH: Skeletal muscle regulates
extracellular potassium. Am J Physiol 282:F967-F974, 2002

13. Woo AL, James PF, Lingrel JB: Sperm motility is dependent on a
unique isoform of the Na,K-ATPase. J Biol Chem 275:20693-20699,
2000

14. Woo AL, James PF, Lingrel JB: Roles of the Na,K-ATPase �4 isoform
and the Na�/H� exchanger in sperm motility. Mol Reprod Dev 62:
348-356, 2002

15. Magyar JP, Bartsch U, Wang Z-Q, et al: Degeneration of neural cells in
the central nervous system of mice deficient in the gene for the adhe-
sion molecule on glia, the �2 subunit of murine Na,K-ATPase. J Cell
Biol 127:835-845, 1994

16. Senner V, Schmidtpeter S, Braune S, et al: AMOG/�2 and glioma
invasion: Does loss of AMOG make tumour cells run amok? Neuro-

pathol Appl Neurobiol 29:370-377, 2003


	Na,K-ATPase Subunit Heterogeneity as a Mechanism for Tissue-Specific Ion Regulation
	Na,K-ATPase Molecular Structure and Subunit Composition
	Subunit Diversity of the Na Pump
	Isozyme Heterogeneity of the Na,K-ATPase
	Cell and Tissue Expression of the Na Pump Polypeptides
	Kinetic Properties of the Na,K-ATPase Isozymes
	Accessory Polypeptides as Modulators of Na Pump Isozyme Function
	Regulatory Mechanisms for the Control of Na Pump Activity and Expression
	Physiologic Relevance of Na Pump Isozymes
	Conclusions
	Acknowledgments
	References


