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I. History

It was recognized more than half a century ago
that specific movements of Na* take place across some
animal cell layers as well as across the membranes of
other cells. Some of these movements are
thermodynamically passive, i.e. they proceed along the
electrochemical gradient, e.g. when sodium channels
open during the passage of an action potential peak
along the nerve axon - this is now textbook
knowledge, since it was the basis of two Nobel prizes
for physiology and medicine (H.H. Dale and O. Loewi
1936, A.L. Hodgkin, A.F. Huxley and J.C. Eccles 1963).

However, another class of these movements
are active, proceeding against a gradient of the
electrochemical potential and are to be found in a
variety of cells and tissues, such as the frog skin (Krogh
1937, Ussing 1950), toad bladder (Leaf et al. 1959),
bird, turtle and shark rectal gland {Fange et al. 1958,
Burger and Hess 1960). At present, this type of active
sodium transport has been established for the entire
animal kingdom, ranging from primitive Hydra polyps,
insects and worms to all classes of vertebrates.

Hand in hand with the physiological
observations of active sodium transport, often dubbed
"the sodium pump", went the biochemical search for
the entity responsible for this activity. The two
protagonists of this search were J.C. Skou (1957, 1960)
and R.L. Post (1959, Post et al. 1960).

These authors isolated the microsome-bound
ATP-hydrolyzing activity from crab nerves and from
human erythrocytes, respectively, and compared it with
the concurrent sodium extrusion from cells. It was
found in the erythrocytes that (1) both systems are
located in the cell membrane, (2) both systems use
ATP in contrast to ITP, (3) both require Na* and K*
together, (4) the concentration for half-maximum
activation by K* in the presence of Na* is 3 mM for

the enzyme and 2.1 mM for the transport, (5) the
concentration for half-maximum activation by Na* in
the presence of K* is 24 mM for the enzyme and 20
mM for the transport, (6) half-maximum inhibition by
ouabain in the presence of Na* and K* was 0.1 uM for
the enzyme and 0.07 uM for the transport, (7) NH4*
substituted for K* but not for Na*.

The stage was set for attempts to isolate the
enzyme. It then took over a decade before reproducible
procedures were worked out. In the 1970s, the enzyme
was isolated from dog kidney (Kyte 1972, Jorgensen
1974), shark rectal gland and eel electric organ
(Perrone et al. 1975), duck nasal gland (Hopkins et al.
1976) and brine shrimp (Peterson and Hokin 1980). In
all these cases, and many others that have been
described up to the present, the ATPase was shown to
be the enzyme responsible for maintaining an
electrochemical disequilibrium of Na*  (lower
concentrations intra- than extracellularly) and of K*
(higher concentrations intra- than extracellularly) and,
simultaneously, for generating the membrane potential
of all the cells involved, with the negative side facing
inward. Both these functions are essential for nutrient
uptake, regulation of cell volume, membrane
excitability, electric discharge and others.

I1. Biochemistry and Genetics
of the Enzyme Molecule

The NaK-ATPase belongs to the P-type
(formerly EjEj-type) adenosinetriphosphatases, a
family which is composed of perhaps a dozen different
enzymes with appreciable homology of amino acid
sequences. The number of members of the family is
certainly not final, particularly as there is no unanimity
in assigning an identical Enzyme Commission number
to enzymes with the same function but from different
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sources and with a sequence homology of little more
than 40 % (Kotyk 1991).

This family differs substantially from other
types of ATPases involved in the translocation of
cations (H* in a vast majority of cases, Na* in some
alkaliphilic bacteria), viz. the V-type and F-type
ATPases. Both these types contain several different
subunits, some in multiple copies.

The NaK-ATPase contains one principal
catalytic subunit, designated @ and one sugar-rich
auxiliary subunit, designated S. There may be an
associated subunit y, the three occurring in a 1:1:1 ratio
(Jorgensen 1982, Glynn 1985, Forbush et al. 1978).

A. The a subunit

The a subunit has been fully sequenced for
enzymes ranging from shrimp to mammals (Kawakami
et al. 1985, Shull et al. 1985, Ovchinnikov et al. 1986,
Baxter-Lowe et al. 1989, Lebovitz et al. 1989, Takeyasu
et al. 1990). Its molar mass is 110-115 kDa and it
shows great similarity among species, the most distant
enzymes (shrimp vs. man) still showing a 60 % identity.
Moreover, it shows a substantial similarity with other
P-type ATPases, thus 53 % with the sarcoplasmic
reticulum Ca-ATPases, 81 % with gastric mucosa
H,K-ATPase, 48 % with the protozoan Leishmania
donovani H-ATPase, 50 % with the plant Arabidopsis
thaliana  H-ATPase, 47% with the yeast
Saccharomyces cerevisiae H-ATPase and 46 % with the
bacterium Streptococcus faecalis H-ATPase (Serrano
1989, Rao etal. 1992, Sachs etal. 1992). The
evolutionary ancestor of all metazoa was found to
possess a NaK-ATPase « subunit that is highly
conserved with respect to its vertebrate counterparts
(Canfield et al. 1992).

Although the a subunit contains some 20
cysteine residues, there has been hesitation about their
assignment to disulfide bridges (Kirley 1989). Perhaps
one such bridge is present (Gevondyan et al. 1989).

The a subunit occurs in several isoforms,
designated a1, a2 and a3, which differ by about 15 %
between isoforms from the same source but only by
some 7 % between different sources, for instance,
isoforms a1 from the rat and from the chicken (Mercer
1993). They are each coded by a different gene, some
of them located on different chromosomes (Sweadner
1989). The various isoforms differ primarily in their
tissue distribution, a1 predominating in the kidney and
lung, a2 in skeletal muscle and @3 in the brain. It is
possible that each of these isoforms confers different
properties on the Na,K-ATPase which allows effective
coupling to the physiological process for which it
provides energy in the form of an ion gradient. It is also
possible that the multiple isoforms are the result of
gene triplication and that they exhibit similar enzymic
properties. In this case, the expression of the triplicated
genes would be individually regulated to provide the
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appropriate amount of Na,K-ATPase to the particular
tissue and at specific periods of development. While
differences are observed in such parameters as Nat
affinity and sensitivity to cardiac glycosides, it is not
known if these properties play a functional role within
the cell (Lingrel 1992).

The disposition of the « subunit in the
membrane is still not fully clarified. There are three
distinct regions of the polypeptide chain: that at the N-
terminus with four membrane-spanning segments (H1
to H4), a large cytosolic loop (between H4 and HS)
which represents almost one-half of the enzyme’s mass
(440 amino acid residues within a volume of about 160
nm3), and a part at the C-terminus, with several, most
probably 4 or 6, transmembrane spans (HS to H10).
Fig. 1 compares the two most probable dispositions of
the 8-segment and the 10-segment model.

Although a number of authors take the 8-span
model as sufficient (Jergensen and Anderson 1988),
evidence from labelling with tritiated spiro
(adamantane-4,3-diazirine) and analogy with the
closely related plasma membrane Ca-ATPase (Shull
and Greeb 1988) speak strongly in favor of the
10-span model. Perhaps an "intermediate" model will
provide the correct answer, viz. the one where the
polypeptide segment between amino acid residues
approximately 975 and 995 is merely embedded in the
membrane rather than spanning it fully, without
showing an extracellularly exposed section between H9
and H10 (Dzhandzhugazyan and Modyanov 1994).

The « subunit carries the entire catalytic
function of the enzyme and this is reflected in its
possession of several binding and functional domains.
First of all, it is the ATP-binding region which forms a
hydrophobic pocket in the H4HS cytoplasmic loop,
represented by Leu, Ile, Val and His between residues
546 and 555, apparently a B-pleated sheet that lies
adjacent to the triphosphate part of the ATP molecule.
Binding of ATP apparently also involves amino acids
located at rather distant positions of the loop. The
results that were obtained using the ATP analog
5-(p-fluorosulfonyl)-benzoyladenosine (FSBA) suggest
amino acids 655-667 and 704-722 and probably Cys-656
and Lys-719, while those yielded by another analog,
y[-(4-N-2-chloroethyl-N-methylamino)]  benzolamide
adenosine triphosphate (CI-ATP), indicate a role of
Asp-710 (Fig. 1).

Clearly, there is a region with which ATP
interacts through phosphorylation of the S-carboxyl
group of a particular aspartic acid residue, in usual
numbering Asp-372. These regions are remarkably well
conserved not only in all P-type ATPases but also in
other nucleotide-binding enzymes (Table 1). In
addition to the sequences shown there is almost full
identity of 17 amino acid residues starting at position
707 where FSBA and CI-ATP are bound to the
ATPase, among all the P-type ATPases examined
(Ohta et al. 1986).
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Fig.1

Topography of the 8-span (A) and 10-span (B) model of Na,K-ATPase subunit in the plasma membrane. The
asterisk shows the phosphorylatable Asp residue, the cross shows the binding site for fluorescein isothiocyanate,
the arrows point to the parts where the ATP analog FSBA is bound, open circles describe amino acid residues
probably involved in the binding of ouabain. (Adapted from Takeyasu et al. 1990.)
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Table 1
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Amino acid sequences in the nucleotide-binding and phosphorylation regions of
ATPases and some related enzymes (adapted from Jergensen and Anderson 1988)

Nucleotide binding

543 LGERV-LGFCHLFLPDEQFP 561
613 LKCRT-AGIRVIMVTGDHPI 631
611 QLCRD-AGIRVIMITGDNKG 639
545 SEARH-LGLRVKMLTGDAVG 563
243 EYFRDQEGQDVLLFIDNIFR 262
277 VL-RGNGGAFVLVLYDEIKK 295
104 EFERK-IGQPTLLLYVDAGP 122

87 EQLKK-HGIQGLVVIGGDGS 105

Fluorescein isothiocyanate binding

496 PQHLLVMKGAPERILDRCSS 515
510 PRHLLVMKGAPERVLERCSS 519
508 VGNKMFVKGAPEGVIDRCNY 517
467 GERIVCVKGAPLSALKTVEE 486
388 IDNRMIRKGSVDAIRRHVEA 407

Phosphorylation site

366 TSTICSDKTGTLTQNRM 382
379 TSVICSDKTKTLTQNRM 395
345 TSVICSDKTGTLTTNQM 361
372 VEILCSDKTGTLTKNKL 388
301 VDVLLLDKTGTITLGNR 317
293 QERITTTKKGSITSVQA 309

Na,K-ATPase

H,K-ATPase

Ca-ATPase of sarcoplasmic reticulum
H-ATPase from yeast

f3 subunit of bovine F-ATPase
ADP/ATP translocator

adenylate kinase
phosphofructokinase

Na,K-ATPase

H,K-ATPase

Ca-ATPase of sarcoplasmic reticulum
H-ATPase from yeast

K-ATPase from Escherichia coli

Na,K-ATPase

H,K-ATPase

Ca-ATPase of sarcoplasmic reticulum
H-ATPase from yeast

K-ATPase from Escherichia coli

B subunit of bovine F-ATPase*

* No phosphorylation takes place in the F-ATPase and hence the D residue is missing in the

sequence.

At the C-terminus of the a subunit there may
be a potential phosphorylation site for the action of
cAMP-dependent protein kinase or protein kinase C,
represented by the RRNSV sequence of amino acids
(Bertorello et al. 1991).

The a subunit is also the target of a highly
specific inhibitor of the Na* and K* transport, viz.
ouabain and the related digitalis glycosides. The amino
acids involved in the binding were identified following
the observation that the rat al isoform, which is
virtually insensitive to the drug, contains several
alterations in its amino acid sequence, compared, for
instance, with the sheep « subunit (Kent et al. 1987,
Price et al. 1990). The residues involved are apparently
Gln-111, Pro-118, Asp-121 and Asn-122 on the
outward-facing extramembrane segment between H1
and H2. However, other residues, such as Tyr-308 on
the H3H4 loop and Arg-880 on the H7H8 loop
(Schultheis et al. 1993), as well as some intramembrane
residues, such as Cys-104 and Tyr-108, may be
implicated. The fact that amino acid residues within the
transmembrane region affect ouabain sensitivity

suggests that the drug is partially internalized in the
lipid bilayer. Since ouabain and ouabagenin (the
aglycone) behave identically, it appears that the amino
acids identified as determinants of ouabain sensitivity
are not likely to interact with the sugar.

In fact, there have been a great many reports
on the presence of a digitalis-like substance produced
endogenously by the mammalian body. Such a
substance was recently purified from human plasma
and identified as a cis-trans-cis steroid of plant origin
and similar to the humoral factor produced in the
hypothalamus (Hamlyn and Manunta 1992). The factor
inhibits the NaK-ATPase and cross-reacts with za
digoxin antibody (Yamada et al. 1992). An increased
level of the endogenous digitalis-like substance may be
involved in the mechanism of hypertension associated
with insulin-dependent diabetes (Chen et al. 1993) and
also in pregnancy-induced hypertension (Amler et al.
1993a, 1994). For recent reviews of the physiological
role of the digitalis-like factors see, e.g., Schoner (1993)
and Doris (1994).
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It is somewhat ironical that amino acid
residues involved in the actual movement of Na* and
K* ions across the membrane are not known, in spite
of considerable effort toward that objective (Jorgensen
and Anderson 1988).

When expressed in HeLa cells, the three
isoforms of the a subunit exhibit a two- to three-fold
difference in their Kp s for Na* (al = a2 < a3) (Jewell

a | (4

o, subunit

Fig. 2
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and Lingrel 1992). Unfortunately, these experiments do
not reveal a region in the al or a3 isoform that is
clearly responsible for the apparent affinity for Na*. It
is possible that molecular interactions involving amino
acids that span virtually the entire Na,K-ATPase
molecule contribute to the determination of this

parameter.

B subunit

Extracellular view of the Na,K-ATPase disposition in the membrane, assuming 8 transmembrane segments (a) and
10 transmembrane segments (b). Residues that could form ion-conducting pathways are shown in heavy lines. The
most variable sites are marked with crosses (+). (According to Modyanov et al. 1992.)

Some acidic amino acid residues, however,
have been identified as being involved in sodium or
potassium transport across the membrane, especially
dicarboxylic amino acids. Incubation of purified renal
Na,K-ATPase with the fluorescent carboxyl-selective

reagent, 4-(diazomethyl)-7-(diethylamino)-coumarin,
results in enzyme inactivation via disruption of the
univalent cation binding sites and loss of K* and Na*
binding capacity. Modification of one or two carboxyl
residues in the a subunit in a K*- or Na*-preventable
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manner, however, leaves the ATP binding unaltered,
and the enzyme is still able to undergo the major
conformational transitions (Arguello and Kaplan 1991).
The latest work along this path applied site-directed
mutagenesis of negatively charged residues within the
membrane. There are several of them: Glu-327, Glu-
779, Asp-804, Asp-808, Asp-926, Glu-953 and Glu-954
(Fig. 2). Now Glu-779 appears to be essential for the
binding of both Na* and K* (Arguello and Kaplan
1994) while modification of the last two had virtually no
effect on the binding (Lingrel et al. 1994).

The location of Glu-779 in the fifth
transmembrane segment provides a way in which
information about ATP binding and phosphorylation in
the major cytoplasmic loop of the enzyme is
transmitted to intramembrane cation sites during the
reaction cycle.

The only thing that appears to be almost
certain in this context is that the Na*-binding sites and
the K*-binding sites are not simultaneously present on
the a-subunit molecule (see section on reaction
mechanisms).

B. The 8 subunit

This subunit contains between 302 and 305
amino acid residues, with an approximate molar mass
of 35 kDa, depending on the species. The full sequence
is now known from several mammals, chicken, frogs
and fishes. The homology is high among mammals
(about 95 %) but less so in comparison with the
amphibian and fish enzymes. There are two highly
conserved regions in all the species examined between
residues 35 and 63, and between 233 and 250. The first
of these is now established as the single membrane-
spanning segment of the B subunit while the second is
probably in close contact with the membrane and/or
with a hydrophobic part of the a subunit.

There are two interesting structural aspects
that distinguish the B subunit from the a subunit:
(1) the presence of three disulfide bonds at Cys-
125-Cys-148, Cys-158-Cys-174 and Cys-212—-Cys-275;
(2) the presence of sugar-binding sites, three in the
mammalian enzyme, four in the fish enzyme,
characterized by the Asn-X-Ser or Asn-X-Thr
sequence, at Asn-157, Asn-164 and Asn-192
(Ovchinnikov et al. 1986). This contrasts with the
absence of such situation in the a subunit. The N-
linked sugars are oligosaccharides with terminal sialic
acid, penultimate galactose and a high mannose
content, adding up to a molar mass of as much as 2328
kDa (Miller and Farley 1988).

Similarly as the a subunit, the 8 subunit occurs
in several isoforms. Thus B2 with seven potential
glycosylation sites was found in the rat brain and in
human liver (Martin-Vasallo et al. 1989) and a f83
isoform was detected in Xenopus (Good et al. 1990)
which differs quite substantially from both B1 and 2.
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There have been various reports on the
function of the B subunit or its lack. It appears to be
essential for the transport of the whole enzyme
complex and its insertion into the plasma membrane
and for its activity (McDonough et al. 1990). It was
shown to influence the stability of the cation-binding
site on the a subunit, particularly with respect to K*
(Lutsenko and Kaplan 1993).

C. The y subunit

This is a hydrophobic proteolipid of molar
mass roughly 10 kDa. Although very little is known
about its function, it does appear to be obligatorily
associated with the a8 complex. It occurs in a 1:1 ratio
with the other subunits, is labelled with ouabain
derivatives in much the same manner as the a subunit
is and its amino acid sequence is well conserved from
shark to lamb (Hardwicke and Freytag 1981),
suggesting some important function for it.

It spans the membrane once, the external
C-terminus being highly charged (Mercer et al. 1991,
Mercer 1993). Its amino acid composition (58 residues)
corresponds to a peptide of molar mass of 6.5 kDa.

Its importance is emphasized by the fact that
other P-type ATPases are accompanied by analogous
proteolipids. The best explored of these is the one
associated with the yeast H?-transporting plasma
membrane ATPase (Navarre et al. 1992); it contains 38
amino acids and may occur as a dimer.

D. Quaternary structure and assembly of the enzyme

It is a commonly accepted fact that the @ and
subunits exist in a complex. The assembly of the & and
B subunits is necessary for the cell-surface delivery of
the active enzyme. In view of the similarity between the
Na,K-ATPase and the gastric H,K-ATPase, results
obtained with the latter’s incorporation into the
membrane may be relevant (Gottardi and Caplan
1993). The a subunit requires its 8 subunit for efficient

cell-surface expression. The H,K-ATPase 3 protein was
able to reach the cell surface unaccompanied by any
a subunit but not vice versa.

A recent study proved the direct extracellular
interaction of the a and S subunits. Forster energy
transfer studies localized the oligosaccharides of the
a subunits to the vicinity of the ouabain-binding site.
This site should be at an average distance of 1.8 nm
from Lucifer Yellow (LY) attached to the 8 subunit
(Amler et al. 1991).

The expression of the Na,K-ATPase « and 8
subunit genes is influenced by a complex series of
regulatory pathways. For example, unequal amounts of
subunit mRNAs are detected in several tissues, both at
rest and upon mRNA induction, even though equal
quantities of subunit proteins exist. Differential
translational efficiency may contribute to the equal
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biosynthesis of subunit proteins in those tissues in
which subunit mRNAs either exist in unequal amounts
or are differentially induced (Devarajan et al. 1992).
However, in the membrane the molar ratio between
the « and B subunits is one.

The minimum functional unit associated with
ATP hydrolysis, ion transport and regulation in vivo is
certainly the af8 heterodimer (frequently designated as
the protomer). However, over the years evidence has
kept accumulating that in fact it is an (af)
heterotetramer (sometimes called the diprotomer).
Radiation studies have in general reported a target size
for the Na,K-ATPase activity greater than the sum of
the @ and B subunit pair (Ottolenghi and Ellory 1983).
For example, studies of Norby and Jensen (1989), using
the frozen enzyme, suggest that the inactivation size of
the enzyme for nucleotide, vanadate and ouabain
binding, as well as K*-p-nitrophenylphosphatase
activity, is close to the mass of only 112 000 while the
Na,K-ATPase activity and TI* occlusion reflect an
apparent molecular weight of 195 000.

Some laboratories showed that with dodecyl
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diprotomers are present (Brotherus et al. 1983,
Hayashi et al. 1989). Also negative staining and
computer-enhanced electron microscopy imaging of
two-dimensional crystalline arrays of the membrane-
embedded enzyme show both protomers and
diprotomers, depending on the conditions (Skriver et
al. 1981, Beall et al. 1989)

The existence of the diprotomers was
supported recently by the observation that coexpression
of different subunits in cultured cells resulted in a
stable association into oligomeric complexes (Blanco et
al. 1994).

Forster energy transfer measurements provide
an additional means of investigating the quaternary
structure of Na,K-ATPase. The method has the great
advantage of yielding information on the enzyme in its
native state. By using this technique, it was concluded
(Amler et al. 1992, 1993b) that the diprotomer (af); is
the organizational unit of Na,K-ATPase in its native
state. Fig. 3 represents the possible disposition of the
diprotomer of the enzyme in the native membrane.

octacthylene monoether both protomers and
ASP
Fig.3

— 6 nm

— 5 nm
ASP

- 3 nm

=~ 0

L -4 nm

B

Disposition of the (o) Na,K-ATPase in the lipid bilayer. A, a subunit; B, 8 subunit. The black region stands for
the ATP-binding site (defined by FITC binding), ASP shows the phosphorylatable aspartate residue, the hatched
region shows the ouabain binding area. The binding sites for Lucifer Yellow (LY), for FITC and for ouabain form
a triangle such that the distance between LY and FITC is 8.5 nm, that between LY and ouabain 1.8 nm and that
between FITC and ouabain 7.0 nm. The FITC site is about 2.8 nm from the centre between the two aff protomers.
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The membrane-bound enzyme ajpears to be
closely associated with the lipid milieu, some 60 lipid
molecules lying within the protein-associated boundary
layer (Brotherus et al. 1980). Even the purified enzyme
carries with it some 200 phospholipid molecules, the
limiting number for its activity being about 100.
Phosphatidylserine and  phosphatidylinositol ~ are
probably more important for the activity than other
phospholipids (Wheeler and Whittam 1970).

Addition of Na,K-ATPase to phospholipid
vesicles changes their structure, they become larger
and a multilamellar population appears (Volet et al.
1994). The presence of a protein in the membrane
phase or of a compound in the water phase can
influence and direct vesicle formation in vitro.

The interface between the lipids and the
intramembranous domains was conserved on removal
of the extramembranous parts of the protein (Esmann
et al. 1994). The ability to occlude Rb* was also
retained by the trypsinized membranes, as previously
observed with pig kidney Na,K-ATPase. Interestingly,
the rotational mobility of the tryptic fragments in the
Na*-trypsinized membranes was lower than for the
Rb*-trypsinized membranes, indicating rearrangement
of the peptides. In addition, the occlusion capacity was
lost when trypsinization was carried out in the presence
of Na*, suggesting a correlation between structure and
function in the trypsinized membranes.

II1. Kinetics and the Reaction Cycle

The overall kinetic and energetic performance
of the Na,K-ATPase is characterized by the transport
of Na ions (ideally three) out of cells and of K ions
(ideally two) into cells, at the expense of the free
energy of hydrolysis of the terminal phosphate of ATP.
The partial reactions responsible for this process are
many and, in spite of 35 years of systematic effort
starting with Skou’s work in the late 1950s and
proceeding to latest schemes (Goldschleger et al.
1994), still not unanimously accepted.

Several properties of the reaction cycle are
now firmly established.

1.The enzyme exists in two distinct
conformations. E; and E, the first of these displaying a
high affinity for sodium and being amenable to ATP
binding and phosphorylation, the second showing a
high affinity for potassium and being amenable to
dephosphorylation.

2. ATP binds to the E; form (or possibly, by
binding to the E form, it changes it to the E; form).

3. At a certain stage of the reaction cycle, ATP
phosphorylates an Asp residue and ADP leaves the
molecule.

4. At another stage of the cycle, the enzyme is
dephosphorylated.
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5. The Na and K ions bind alternatively to the
enzyme. Three Na*t are accepted by the ATP-binding
E; inside the cell and, after several reaction steps,
released on the external face of the membrane. This
may occur in two steps, first one Na ion, then two Na
ions being ejected. Two K* are accepted on the
outside, immediately as the three Na' are released
and, after several steps, are ejected inside the cell.

6. There are stages in the process where the
ions are bound to the enzyme in an "occluded" form
when they cannot be released or exchanged. This
occurs with Na* in the E; form and with K* in the E;
form. In fact, the number of binding sites for sodium
and potassium is still widely discussed (Jorgensen
1992). In the E; form stabilized as an oligomycin
complex, three sites for Na* occlusion were found per
a subunit. In E; forms stabilized as the phosphorylated
ouabain complex, two Na* or two Rb* were occluded
per «a subunit. Selective chymotryptic cleavage
(Leu-266) in the second cytoplasmic loop completely
blocked the Ei-E; transition, and ion and charge
translocation without affecting ligand binding to the
protein. Structural transitions of this segment reflect
changes in capacity and orientation of cation sites that
are part of the ion-translocation process in the «
subunit of the Na,K-pump.

7.The sodium release is an electrogenic
process, being mainly responsible for the generation of
the membrane potential across the ATPase-containing
membranes.

Cation occlusion from the cytoplasmic surface
is suggested to occur in two steps (Or et al. 1993). In an
initial recognition, either transported cations or sodium
antagonists interact with carboxyl groups. The second
step is selective for transported cations and involves
occlusion of cations (either potassium or sodium) and a
conformational change to a compact structure which is
resistant to proteolysis and thermal inactivation.

The latest model of the Na,K-ATPase
operation is shown in Fig. 4. It should be made clear
that in the classical model, first formulated by Albers et
al. (1963) and by Sen et al. (1969), and generally
accepted by most of the leading authorities in the field
(Kaplan 1985, Glynn 1988, Jergensen and Anderson
1988, Skou 1990), the transport steps (i.e. release of
Nat* and K* at the two opposite sides of the
membrane) were concurrent with the switch from E; to
E; and back, respectively. At present the view gains
acceptance (Repke and Schon 1992) that, in fact, both
forms are able to bind transiently either Na*t or K*.

Kinetically, the basic feature of the models is
that the binding sites are open to either one or the
other side of the membrane but not to both at the same
time - fundamental characteristic of a carrier as
opposed to a channel (Kotyk ef al. 1988). Of the two
mechanistic possibilities involved, viz. a moving site or
a moving barrier, the latter appears to be correct here.
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Internal

Fig. 4
A contemporary model for the reaction cycle of Na,K-ATPase. The occluded zone may be considered as
intracellular because both ADP and P; release occur within the cells. (Adapted from Goldschleger et al. 1994.)



270 Kotyk, Amler

Several features of the process are worth
noting.

1. ATP is the substrate of choice, the second
best CTP providing roughly 15 % activity (Skou 1974).

2. Mg ions are required for full function of the
enzyme; they can be replaced at 10 % efficiency with
Mn?* and Co?*. In the presence of Mg?*, a number
of divalent cations are inhibitory: Fe2*, Ca2*, Zn2*,
Cu?t, Ba?*, Sr2* and Be2*.

3. The dissociation constant of Na* binding in
the native enzyme is 0.19-0.26 mM, that of K * binding
about 9 mM, that of ATP binding 0.1-0.2 uM. There is
distinct cooperativity in Na* binding (Hegyvary and
Post 1971). The specificity for Na* is nearly absolute
(Post et al. 1965) but K* can be replaced with other
cations in the following sequence of efficiency:
TI* >Rb*=K*>Cs*=NH4* >Li* (Robinson 1977).

4. The Na,K-ATPase is able to hydrolyze
various phosphorylated compounds, e.g.
p-nitrophenylphosphate (Robinson 1977).

5. The rate constants for interconversion of the
four cardinal forms of the enzyme, based on data of
Karlish et al. (1978) working the with pig kidney

Vol. 44
E;Na3 ATP == E;P.(Na3) 180s7!
E;.P.(Na3) —p E;.P.(K2) 75571
E2.P.(K2) - E.(K2) 230571
E»(K2) + ATP <= E;K2ATP  Kp=0.45mM
E3.K2.ATP ——p E;.Na3ATP 54571

IV. Note in conclusion

In spite of its having been investigated for well
over 30 years, the Na,K-ATPase remains a subject of
study, attracting scientists to specialized meetings and
extracting from them perhaps a hundred primary
publications every year. Many of the aspects addressed
in these publications are of clinical nature and many of
them reflect attempts to utilize the knowledge of
ATPase function for therapeutical purposes. However,
there remains one basic feature that has defied analysis
- and it is one shared by other ion-transporting
ATPases, viz. the path taken by the transported ions
and the individual amino acid residues taking part in
this process. Will this intriguing problem be solved
before the end of the century ?

enzymes, are as follows:
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