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Abstract The roles of allosteric eVects of ATP and pro-
tein oligomerisation in the mechanisms of P-type ATPases
belong to the most controversial and least well understood
topics in the Weld. Recent crystal structural and kinetic data,
however, now allow certain hypotheses to be deWnitely
excluded and consistent hypotheses to be developed. The
aim of this review is to critically discuss recent results and,
in the light of them, to present a set of conclusions which
could form the basis of future research. The major conclu-
sions are: (1) at saturating ATP concentrations P-type ATP-
ases function as monomeric enzymes, (2) the catalytic units
of P-type ATPases only possess a single ATP binding site,
(3) at non-saturating ATP concentrations P-type ATPases
exist as diprotomeric (or higher oligomeric) complexes, (4)
protein–protein interactions within a diprotomeric complex
enhances the enzymes’ ATP binding aYnity, (5) ATP bind-
ing to both protomers within a diprotomeric complex
causes it to dissociate into two separate monomers. The
physiological role of protein–protein interactions within a
diprotomer may be to enhance ATP binding aYnity so as to
scavenge ATP and maximize the ion pumping rate under
hypoxic or anoxic conditions. For the Wrst time a structural
basis for the well-known ATP allosteric acceleration of the
E2 ! E1 transition is presented. This is considered to be
due to a minimization of steric hindrance between neigh-

bouring protomers because of the ability of ATP to induce a
compact conformation of the enzymes’ cytoplasmic
domains.

Introduction

P-type ATPases are transmembrane ion pumps having a
phosphorylated intermediate as part of their reaction cycle.
One of their most important members and the Wrst ion
pump ever to be discovered (Skou 1957) is the Na+,K+-
ATPase, which is present in the plasma membrane of all
animal cells. This enzyme is responsible for maintaining
Na+ and K+ electrochemical gradients across the mem-
brane, which are crucial for a variety of physiological func-
tions, e.g. nerve impulse transmission, muscle contraction
and nutrient reabsorption. In the plant kingdom a similar
role is played by another member of the family, the plasma
membrane H+-ATPase (Palmgren 2001). Other important
members include the sarcoplasmic reticulum Ca2+-ATPase
(Inesi and Toyoshima 2004), responsible for muscle relaxa-
tion, and the H+,K+-ATPase (Shin et al. 2004), which
causes the acidiWcation of the stomach.

In all of these enzymes the phosphorylated intermediates
are formed under physiological conditions by phosphoryl
transfer from ATP. The intermediates are of high energy
and can only relax to low energy states by conformational
changes which simultaneously involve the release of ions to
the side of the membrane at which the ions have a higher
electrochemical potential. Thus, the hydrolysis of ATP to
ADP is coupled to ion transport. However, apart from sup-
plying the energy for ion pumping, it has been known for
many years that ATP also plays an allosteric role in the
mechanisms of these enzymes, causing an acceleration of
some of the partial reactions of their enzymatic cycles without
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undergoing hydrolysis. This was Wrst recognized in the case
of the Na+,K+-ATPase by Post and co-workers (Hegyvary
and Post 1971; Post et al. 1972), who found evidence based
on measurements of phosphoenzyme levels using radioac-
tively labelled ATP that ATP accelerates the release of K+

ions from the enzyme. This conclusion was subsequently
supported by kinetic measurements of the conformational
change associated with K+ release in the absence of any
enzyme phosphorylation using the stopped-Xow technique
with spectroscopic detection (Karlish et al. 1976; Karlish
et al. 1978; Karlish and Yates 1978; Steinberg and Karlish
1989).

Based on the pioneering work of Albers (1967) and Post
(Hegyvary and Post 1971; Post et al. 1972) the most widely
accepted working hypothesis of the reaction cycle of P-type
ATPases is the Albers–Post or E1–E2 model (see Fig. 1).
This describes a sequence of ion binding and release reac-
tions coupled to enzyme phosphorylation by ATP and the
release of inorganic phosphate. The mechanism shown in
Fig. 1 is written speciWcally for the Na+,K+-ATPase, but
analogous cycles with diVerent ions and diVerent ion stoichi-
ometries have been proposed for all of the P-type ATPases.
The K+ release reaction of the Na+,K+-ATPase, which, as
described above, was the Wrst reaction in which an allosteric
eVect of ATP was discovered, is represented according to the
E1–E2 formalism by: E2(K+)2 + 3Na+ ! E1(Na+)3 + 2K+.
In this reaction K+ ions are released to the cytoplasmic
medium. In the absence of ATP the reaction is very slow,
occurring over a timescale of seconds. However, in the pres-
ence of ATP the reaction is dramatically accelerated, reach-
ing an observed rate constant of 65–90 s¡1 at saturating ATP

concentrations (Lüpfert et al. 2001). The acceleration occurs
even in the absence of Mg2+ ions (Forbush 1987; Steinberg
and Karlish 1989; Pratap et al. 1996; Humphrey et al. 2002;
González-Lebrero et al. 2002), which are required as a cofac-
tor of ATP for any phosphorylation reactions to occur. The
acceleration must, therefore, come about solely by ATP
binding to the E2 state of the enzyme. The dissociation con-
stant of ATP to the E2 state has been estimated to be in the
range 71–450 �M (Karlish and Yates 1978; Forbush 1987;
Steinberg and Karlish 1989; Kane et al. 1997; Clarke et al.
1998; González-Lebrero et al. 2002). This is much higher
than the dissociation constant of ATP to the E1 state, which
has been determined to be in the range 0.12–0.63 �M (Nørby
and Jensen 1971a; Hegyvary and Post 1971; Fedosova et al.
2003; Grell et al. 2004; Esmann et al. 2008; Pilotelle-Bunner
et al. 2008). The site to which ATP binds on E2 and exerts its
allosteric eVect on K+ release is, thus, universally referred to
as the low aYnity site, whereas the site on the E1 state is
termed the high aYnity site. Whether or not these two sites
are in fact two distinct spatially separated sites on the enzyme
has been a topic of debate for many years, and it will be one
of the issues addressed in this review.

Acceleration of the E2 ! E1 transition by ATP and the
associated release of K+ in the mechanism of the Na+,K+-
ATPase is of great physiological importance, because it has
been shown to be the slowest reaction, i.e., the major rate-
determining reaction, of the entire cycle (Steinberg and
Karlish 1989; Lüpfert et al. 2001; Humphrey et al. 2002;
Kong and Clarke 2004). Therefore, ATP plays a crucial
role in optimizing the rate of ion pumping as well as pro-
viding the necessary energy.

Since the pioneering work of the groups of Post and
Karlish (Hegyvary and Post 1971; Post et al. 1972; Karlish
et al. 1976; Karlish et al. 1978; Karlish and Yates 1978;
Steinberg and Karlish 1989), similar allosteric roles of ATP
in the mechanisms of virtually all of the known P-type
ATPases have been discovered. In the case of the sarcoplas-
mic reticulum Ca2+-ATPase from skeletal muscle the
release of Ca2+ into the lumen of the sarcoplasmic reticu-
lum (the equivalent step to Na+ release to the extracellular
medium in the mechanism of the Na+,K+-ATPase) is accel-
erated by ATP binding to a phosphorylated form of the
enzyme (Cable et al. 1985; Champeil and Guillain 1986;
Cable and Briggs 1988). Champeil et al. (1988) also
reported an acceleration of the subsequent dephosphoryla-
tion reaction by ATP. In the case of sarcoplasmic reticulum
Ca2+-ATPase from cardiac muscle, Cable and Briggs
(1988) reported that ATP stimulates ion pumping by bind-
ing to a non-phosphorylated form of the enzyme, i.e., simi-
lar to the behaviour observed in the Na+,K+-ATPase. An
allosteric eVect of ATP has also been found in the mecha-
nism of the gastric H+,K+-ATPase (Reenstra et al. 1988).
Here the behaviour is analogous to that observed in skeletal

Fig. 1 Albers–Post model of the mechanism of P-type ATPases (shown
for the Na+,K+-ATPase). The sequence of intermediates from 1 to 6
around the cycle correspond to the following reactions: E1(Na+)3
ATP ! E2P(Na+)3 ! E2P ! E2P(K+)2 ! E2(K+)2 ! E1(K+)2. The
diagram has been modiWed from Scheiner-Bobis (2002)
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muscle sarcoplasmic reticulum Ca2+-ATPase, i.e., ATP
binds to the phosphorylated form of the enzyme and stimu-
lates the release of inorganic phosphate, Pi. The kinetic
results obtained with the H+,K+-ATPase and the skeletal
muscle sarcoplasmic reticulum Ca2+-ATPase, thus, indicate
that the binding of ATP and Pi to P-type ATPases can occur
simultaneously (Reenstra et al. 1988; Cable et al. 1985;
Champeil and Guillain 1986; Champeil et al. 1988; Cable
and Briggs 1988). In fact, kinetic data supporting ATP
binding to the phosphorylated form of the Na+,K+-ATPase
has also recently been reported (Clarke and Kane 2007;
Pilotelle-Bunner et al. 2008).

Complex ATP activation of the kinetics of both plant
(Roberts and Beaugé 1997) and yeast H+-ATPase
(Berberián et al. 1993) has also been reported. Roberts and
Beaugé (1997) suggested two ways in which this might
come about: (1) the presence of two separate ATP sites on
the enzyme, an allosteric (or regulatory) site and a catalytic
site, or (2) the presence of a single ATP site that consecu-
tively changes its property from catalytic to allosteric as the
enzyme proceeds around its pump cycle. For skeletal
muscle sarcoplasmic reticulum Ca2+-ATPase a number of
authors have supported the second of these hypotheses
(Cable et al. 1985; Bishop et al. 1987; Cable and Briggs
1988). In the light of more recent results it will be shown in
this review that a deWnitive decision in support of a single
ATP site with both regulatory and catalytic properties is
now possible.

However, in spite of all of these observations of alloste-
ric eVects of ATP, no general molecular mechanism has
ever been discovered which could account for them. Fortu-
nately, over the last few years X-ray crystal structures of
three members of the P-type ATPase family have been
solved, the Na+,K+-ATPase (Morth et al. 2007), the skeletal
muscle sarcoplasmic reticulum Ca2+-ATPase (Olesen et al.
2007; Toyoshima 2008) and the plant H+-ATPase (Peder-
sen et al. 2007). In the particular case of the skeletal muscle
sarcoplasmic reticulum Ca2+-ATPase, structures have been
solved in a number of diVerent conformations around the
pumping cycle, thus giving snapshots of the entire ion
pumping process. Since these structures appeared, a great
deal of information has been gained concerning the path-
ways followed by the transported ions and the conforma-
tional changes associated with enzyme phosphorylation by
ATP. However, the aim of this review is to concentrate on
the allosteric eVects of ATP. Do the crystal structures pro-
vide any clue to the origin of these eVects?

In any biochemical context whenever one mentions the
word “allosteric” the Wrst thing which comes to mind are
allosteric globular proteins, the classical example of which
is haemoglobin. There is no positive cooperativity in the
binding of oxygen by the single polypeptide enzyme myo-
globin. Haemoglobin, however, with four subunits, shows

pronounced cooperativity, evidenced by a sigmoid oxygen
binding curve in contrast to a hyperbolic binding curve for
myoglobin. The allosteric binding of oxygen by haemoglo-
bin is attributed to protein–protein interactions between
neighbouring subunits, with the interactions increasing the
oxygen aYnity as the subunits become occupied. By anal-
ogy, one could easily imagine that, if P-type ATPases dis-
play allosteric eVects due to ATP, these could perhaps be
related to protein–protein interactions. In fact, the debate as
to whether P-type ATPases function as monomers or as
oligomers has been going on for approximately the last
30 years, and it is still a very controversial topic. Because
the monomer/oligomer question is essential to a discussion
of allosteric eVects of ATP, some of the evidence for or
against either a monomer or a dimer will also be reviewed
here.

It must be pointed out at the beginning that the aim here
is not to provide an exhaustive review of the topic of allo-
steric eVects and oligomerisation of P-type ATPases, but
instead to provide an update on what can be concluded
based on recent structural and kinetics Wndings. It is also
hoped that the hypotheses provided will stimulate further
discussion leading to advances in the Weld.

Functional unit

Whether the functional unit of P-type ATPases is a mono-
mer (i.e., an �� protomer in the case of the Na+,K+-ATPase
and the H+,K+-ATPase) or a dimer or higher oligomer has
been a subject of intense debate for over 30 years. The idea
that the Na+,K+-ATPase might function as an (��)2 dipro-
tomer was Wrst proposed in 1973 (Stein et al. 1973; Repke
and Schön 1973). Since then a number of authors have sug-
gested the involvement of diprotomers or higher oligomers
in the mechanism of the Na+,K+-ATPase (Blostein 1975;
Froehlich et al. 1997; Tsuda et al. 1998; Yokoyama et al.
1999; Tanoue et al. 2006; Clarke et al. 2007; Clarke and
Kane 2007; Pilotelle-Bunner et al. 2008). Mechanisms
involving dimers or higher oligomers have also been pro-
posed for the H+,K+-ATPase (Abe et al. 2002; Shin et al.
2005) and the sarcoplasmic reticulum Ca2+-ATPase (Froehlich
et al. 1997; Mahaney et al. 2004; Mahaney et al. 2008). The
role of subunit interactions in the mechanism of the
Na+,K+-ATPase have previously been reviewed by Askari
(1987) and again by Taniguchi et al. (2001). A review on
the signiWcance of the monomer–oligomer equilibrium for
the mechanism of the sarcoplasmic reticulum Ca2+-ATPase
was published by Andersen (1989).

The crystal structures which have been published over
the last few years of P-type ATPases in diVerent conforma-
tional states (Toyoshima et al. 2000; Toyoshima and
Nomura 2002; Toyoshima and Mizutani 2004; Toyoshima
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et al. 2004; Sørensen et al. 2004; Olesen et al. 2004; Jensen
et al. 2006; Morth et al. 2007; Olesen et al. 2007; Pedersen
et al. 2007; Toyoshima 2008) provide undisputable evi-
dence for an ion translocation pathway through the centre
of a single catalytic unit (or �-subunit in the case of the
Na+,K+-ATPase). Therefore, there is no structural reason
for P-type ion pumps to necessarily aggregate into dimers
or higher oligomers in order to translocate ions.

Functional data indicating whether the enzyme is acting
as a monomer, dimer or higher oligomer can be obtained by
measurements of the phosphorylation capacity. If one takes
a molecular mass of an �� unit of the Na+,K+-ATPase of
147,000 g mol¡1 (Jørgensen and Andersen 1988), one can
theoretically calculate that if every �� unit were function-
ally active the number of moles of phosphorylation sites per
milligram of protein should correspond to 6.8 nmol of sites
(mg of protein)¡1. Values close to this theoretical limit
have been achieved using highly puriWed enzyme from rab-
bit kidney, pig kidney and duck nasal gland (Peters et al.
1981; Vilsen et al. 1987; Martin and Sachs 1999) and on
reconstitution of Na+,K+-ATPase into phospholipid vesi-
cles (Cornelius 1995). This is clear evidence that the
Na+,K+-ATPase is acting as an �� unit under these condi-
tions, i.e., P-type ATPases can function with only a single
catalytic unit. Reconstitution of sarcoplasmic reticulum
Ca2+-ATPase from skeletal muscle with excess lipid into
vesicles such that only monomeric Ca2+-ATPase is present
has also shown that the enzyme retains a high activity
(Heegaard et al. 1990). Therefore, both structurally and
functionally there is no need for P-type ATPases to aggre-
gate in order to translocate ions. The minimal functional
unit is deWnitely a monomer.

However, in most preparations of the Na+,K+-ATPase,
phosphorylation capacities much lower than 6.8 nmol of
sites (mg of protein)¡1 are found. Therefore, could it be that
too extensive puriWcation breaks apart protein aggregates?
If this was true, then larger protein aggregates might still
have diVerent kinetics from protein monomers. In order to
test this possibility Martin et al. (2000) compared the
molecular activity or turnover number of duck salt gland
Na+,K+-ATPase in puriWed membranes and in microsomes
with diVerent distances of separation between the ��-pro-
tomers. They found no signiWcant diVerence in the turn-
over. They, therefore, concluded that: “because monomeric
protomers have the same turnover rate as closely packed ��
protomers, dimerization, if it occurs, makes no notable
change in the overall reaction mechanism.” However,
although the results of Martin et al. (2000) are certainly
very valuable, this conclusion is too generalized. In fact
what they measured was the maximal turnover under
saturating conditions of all of the enzyme’s substrates.
Therefore, the only justiWable conclusion from their mea-
surements is that the maximal turnover is not aVected

by protein dimerization. This does not exclude eVects of
protein–protein interactions on the kinetics of P-type ATP-
ases under non-saturating conditions, which are the condi-
tions under which these enzymes function in their
physiological environment. In contrast to the results of
Martin et al. (2000), Mahaney et al. (2004) showed that
complex kinetics of the sarcoplasmic Ca2+-ATPase, which
they attributed to protein–protein interactions within an oli-
gomer, disappeared on solubilisation of the enzyme with
the detergent C12E8. This detergent is known to break apart
protein oligomers and shift the equilibrium within the
membrane towards the monomeric state (Esmann 1984).

There is overwhelming evidence in the literature sug-
gesting that P-type ATPases aggregate in their native mem-
brane environment and form either dimers or higher
oligomers. In the case of the Na+,K+-ATPase this has been
shown, for example, by co-immunoprecipitation studies
after expression in insect cells (Blanco et al. 1994), radioac-
tive inactivation experiments (Nørby and Jensen 1971b)
and thermal denaturation (Donnet et al. 2001). Electronmi-
croscopic investigations have shown that the Na+,K+-ATP-
ase is able to form two-dimensional crystalline arrays
containing side-by-side diprotomers within the unit cell
(Skriver et al. 1989). It was also found that genetic data
could be more easily explained if one assumed the presence
of an oligomeric complex (Palladino et al. 2003). Recently,
stable (��)2 diprotomers and (��)4 tetraprotomers in addi-
tion to �� protomers of dog kidney Na+,K+-ATPase were
isolated chromatographically by Hayashi and his col-
leagues (Kobayashi et al. 2007; Mimura et al. 2008). In the
case of both skeletal and cardiac muscle sarcoplasmic retic-
ulum Ca2+-ATPase the presence of oligomeric protein com-
plexes has been indicated by the determination of the
rotational correlation time of phosphorescently labelled
protein via measurements of time-resolved phosphores-
cence anisotropy (Kutchai et al. 1994, 1998). Analysis of
the Ca2+ concentration dependence of the activity of the
sarcoplasmic reticulum Ca2+-ATPase in vivo at non-satu-
rating Ca2+ concentrations is also consistent with the
enzyme functioning as a dimer (Klein et al. 1991).

In summary, based on the experimental data now avail-
able the minimal functional unit of P-type ATPases is a sin-
gle catalytic unit (or �� protomer). Under saturating
conditions of all substrates it seems that protein–protein
interactions between neighbouring catalytic units either do
not exist or they have no eVect on the enzyme kinetics. Pro-
tein oligomerisation deWnitely does occur in the native
membrane environment, but it probably only aVects
enzyme kinetics under non-saturating substrate conditions
(possibly physiological conditions). The only substrate that
all P-type ATPases have in common is ATP. Therefore, in
the following sections I shall concentrate on ATP binding
and its eVects on ATPase conformation and kinetics.
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Number of ATP binding sites

It is now universally accepted that ATP plays both a cata-
lytic role and an allosteric role in the mechanism of P-type
ATPases. As stated in the “Introduction”, there are two pos-
sible explanations for this; either the enzymes have two
separate ATP binding sites, a catalytic site and an allosteric
site, or they have a single ATP binding site which can be
either catalytic or allosteric depending on which reaction
one is considering.

The hypothesis of two separate ATP binding sites per
catalytic subunit has been supported by Ward, Cavieres and
their co-workers (Ward and Cavieres 1996; Ward and
Cavieres 2003; Ward et al. 2006) based on aYnity labelling
studies. However, based on activity measurements on
highly puriWed duck nasal gland Na+,K+-ATPase in the
presence of ligands presumed to label the high and low
aYnity ATP sites, Martin and Sachs (2000) came to the
conclusion that each �-subunit of the enzyme only has a
single ATP binding site. One suggestion they oVered for
these conXicting results was that some ligands, such as
FITC, may only partially block the ATP binding site. Two
ATP sites on a single �-subunit of the Na+,K+-ATPase was
suggested by Askari and Huang (1982) on the basis of
kinetic evidence indicating that ATP can bind to the
enzyme prior to dephosphorylation, i.e., ATP and Pi can be
bound to the enzyme simultaneously. This would certainly
exclude the possibility of a single ATP site, if the ATP
binding site and the phosphorylation site were not suY-
ciently spatially separated. However, recent crystal struc-
tural data indicate that this is not the case. Sørensen et al.
(2004) have published a crystal structure of the sarcoplas-
mic reticulum Ca2+-ATPase with bound ADP and the phos-
phate analogue AlF4

¡, which represents an E1 » PADP
transition state. This indicates that nucleotide binding and
phosphate binding in P-type ATPases are not mutually
exclusive. The results of Askari and Huang (1982) are,
therefore, perfectly consistent with a single ATP binding
site per �-subunit.

The recently published crystal structures of the sarco-
plasmic reticulum Ca2+-ATPase from skeletal muscle
(Sørensen et al. 2004; Toyoshima and Mizutani 2004;
Jensen et al. 2006; Olesen et al. 2007) and the plasma mem-
brane H+-ATPase of plants (Pedersen et al. 2007) with the
non-hydrolysable ATP derivative AMPPCP also show no
evidence for more than one nucleotide binding site on the
catalytic unit of these enzymes. From crystal structures
alone, however, it is extremely diYcult to discern whether a
ligand is playing purely a catalytic role or a regulatory role.
For this kinetic measurements are required. As mentioned
earlier, it is well established that the E2 ! E1 transition of
the Na+,K+-ATPase is accelerated by ATP binding at a low
aYnity site (Kd = 71–450 �M) on the E2 state of the

enzyme. However, recently it was shown that the reverse
reaction, i.e., E1 ! E2, is accelerated by ATP binding in
the sub-micromolar range, with a Kd of approximately
0.25 �M (Clarke et al. 2007). A Kd of this magnitude is typ-
ical for high aYnity binding of ATP to the E1 state, which
is generally referred to as the catalytic site, because its
occupation is required, together with Mg2+, for phosphory-
lation. Therefore, the results of Clarke et al. (2007) indicate
that the high aYnity ATP site can be either catalytic or reg-
ulatory depending on which reaction one is studying, i.e.,
phosphorylation or the E1 ! E2 transition. This is strong
evidence in favour of a single ATP binding site on the cata-
lytic sub-unit of P-type ATPases which can fulWl both cata-
lytic and regulatory functions. There is no functional need
for separate sites and there is no structural evidence for sep-
arate sites.

The acceleration of the E1 ! E2 transition by high
aYnity binding of ATP to E1 may seem strange, because it
would seem to imply that high aYnity ATP binding would
drive the Na+,K+-ATPase in reverse. However, the observa-
tion of this eVect requires the absence of Mg2+ ions, which
is not a physiological condition. In the presence of physio-
logical concentrations of Mg2+ the phosphorylation reaction
with its much faster rate constant (»200 s¡1) would far out-
weigh the reverse reaction E1 ! E2 with a rate constant of
»1 s¡1, so that no inhibition due to ATP would be appar-
ent.

Before proceeding, it should be mentioned that, although
the recent results which have been discussed here strongly
favour the hypothesis of a single ATP site on each catalytic
subunit of P-type ATPases, this does not preclude the pos-
sibility of the simultaneous presence of both high and low
aYnity bound ATP, if the ATP molecules are bound to
diVerent catalytic subunits within an oligomer and if two or
more protomers of the oligomer are present in diVerent
states of the pump cycle, i.e., the protomers are out-of-
phase. This corresponds to a hypothesis put forward by
Scheiner-Bobis et al. (1987) based on measurements in
which they could still measure ATP binding and enzyme
phosphorylation of the Na+,K+-ATPase even after blockage
of the low aYnity ATP binding site with Co(NH3)4ATP.
Later measurements from the same group (Buxbaum and
Schoner 1990, 1991) showed that inactivation of the
enzyme in the E2 state by complexation with Co(NH3)4PO4

still allowed the measurement of all activities, such as Na+–
Na+ exchange and Na+-ATPase activity, associated with the
E1 state. Conversely, inactivation of the ATP site on the E1
state by reaction with the chromium complex of adenosine
5�-[�,�-methylene]triphosphate (Hamer and Schoner 1993)
or Xuorescein 5�-isothiocyanate (FITC) (Schoner et al.
1998) was found to still allow the measurement of K+-acti-
vated p-nitrophenylphosphatase, a reaction associated with
the E2 state. Via the measurement of the eYciency of
123
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Xuorescence energy transfer between erythrosin 5�-isothio-
cyanate bound to the low aYnity ATP site and FITC bound
to the high aYnity ATP site, Linnertz et al. (1998) deter-
mined a distance between the two sites of 6.5 nm, i.e.,
greater than the diameter of a single �-subunit. These
results give further support to the hypothesis of Scheiner-
Bobis et al. (1987) of two coexisting low and high aYnity
ATP binding sites on diVerent �-subunits within an (��)2

diprotomer. The asynchronicity of pump protomers, which
the hypothesis of Scheiner-Bobis et al. (1987) requires, is
the subject of the following section.

Synchronicity of conformational changes

Although it is well known that the E2 ! E1 transition of
the Na+,K+-ATPase is stimulated, i.e., accelerated, by the
binding of ATP to the E2 state with low aYnity, what is
probably less well recognized is that ATP also changes the
mechanism of the E2 ! E1 transition and its associated K+

release to the cytoplasm. At zero or very low concentra-
tions of ATP the release of K+ or its congener Rb+ from the
enzyme follows biexponential kinetics, whereas as the ATP
concentration is increased the kinetics become increasingly
monoexponential (Forbush 1987; González-Lebrero et al.
2002; Montes et al. 2004). Similarly, measurements of the
kinetics of the E2 ! E1 transition via the voltage-sensitive
Xuorescent probe RH421 using a stopped-Xow apparatus
after mixing the enzyme with NaCl show a biexponential
Xuorescence change, but only at low ATP concentrations
(i.e., ·25 �M) (Clarke et al. 1998; Humphrey et al. 2002;
Clarke et al. 2007). RH421 responds to the kinetics of the
E2 ! E1 transition with a drop in Xuorescence, which has
been attributed to the rapid binding of Na+ to the E1 state
following the transition (Schneeberger and Apell 2001;
Apell and Diller 2002; Clarke et al. 2007), i.e., the forma-
tion of the E1(Na+)3 state.

What is the origin of biphasic kinetics at low ATP con-
centrations? Could this mean that the enzyme cycle con-
tains an additional previously undiscovered intermediate
state? Could it be due to sequential release of two K+ or Rb+

ions? In order to answer these questions it is useful to ana-
lyse more deeply the RH421 Xuorescence results. RH421
has probably been one of the most useful probes of Na+,K+-
ATPase kinetics for a number of reasons. Firstly it does not
require covalent modiWcation of the enzyme, because it
inserts itself into the membrane adjacent to the protein.
Therefore, if it is used at a suYciently low concentration it
has no inhibitory eVect on protein function (Frank et al.
1996; Kane et al. 1997). Another great advantage of RH421
is that it responds to a number of diVerent reactions around
the enzyme’s pump cycle and can, thus, be used to gain
kinetic information on several diVerent reaction steps, i.e.,

phosphorylation by ATP, phosphorylation by Pi, dephos-
phorylation and E1P ! E2P in addition to E2 ! E1
(Forbush and Klodos 1991; Stürmer et al. 1991; Klodos 1994;
Apell et al. 1996; Kane et al. 1998; Cornelius et al. 1998;
Cornelius 1999; Clarke et al. 2007; Clarke and Kane 2007).
Based on the agreement between RH421 Xuorescence tran-
sients and kinetic measurements of pump activity by elec-
trical methods, the probe is believed to respond to changes
in electric Weld strength within the membrane associated
with electrogenic partial reactions of the enzyme, in
particular ion binding and release (Bühler et al. 1991;
Domaszewicz and Apell 1999). From careful equilibrium
titrations Apell and co-workers (Domaszewicz and Apell
1999; Schneeberger and Apell 2001; Apell and Diller 2002)
were able to show that, in the case of ion binding to the
cytoplasmic side of the Na+,K+-ATPase, RH421 responds
only to the binding of the third Na+ ion, not to the Wrst or
the second. This Wnding has important consequences for the
interpretation of the biphasic kinetics observed using
RH421 to study the E2 ! E1 transition. It means that each
kinetic phase observed must be due to the formation of
enzyme in the E1(Na+)3 state, i.e., the formation of E1Na+

or E1(Na+)2 are insuYcient to cause a Xuorescence change.
If either the binding of the Wrst or the second Na+ ion could
produce a Xuorescence change, then a biphasic Xuorescence
change could be consistent with a two step Na+ binding
process to an enzyme monomer. However, if only binding
of the third Na+ ion is detected by RH421, this is no longer
possible. Therefore, because it is well established that no
more than three Na+ ions can bind per �-subunit, the only
possible explanation for two phases is that the enzyme
exists as a diprotomer.

According to the above argument the mechanism of the
E2 ! E1 transition in the absence and presence of ATP
can be described by the scheme shown in Fig. 2 (Clarke
et al. 2007). Based on this scheme and experimentally
determined observed rate constants of the RH421 Xuores-
cence transients one can estimate rate constants for the
E2(K+)2:E2(K+)2 ! E2(K+)2:E1(Na+)3 and the E2(K+)2:E1
(Na+)3 ! E1(Na+)3:E1(Na+)3 transitions of 6.9 and
0.33 s¡1, respectively. It appears, therefore, that, in the
absence of ATP, after one protomer has undergone the tran-
sition and bound three Na+ ions, a change in protein–pro-
tein interactions between the two protomers must occur so
that the second protomer undergoes the transition to E1
with a lower rate constant. However, in the presence of
ATP both protomers appear to undergo the transition syn-
chronously, i.e., the whole reaction occurs in a single step
E2(K+)2ATP:E2(K+)2 ! E1(Na+)3ATP:E1(Na+)3. The rate
constant estimated for this reaction was 34 s¡1 (Clarke et al.
2007). Therefore, ATP not only accelerates the E2 ! E1
transition (which has been known for many years); it also
synchronizes the transition of two protomers within a dimer.
123



Eur Biophys J (2009) 39:3–17 9
A further interesting allosteric eVect of ATP on the
mechanism of the Na+,K+-ATPase is that increasing the
ATP concentration causes an increase in the rate constant
of the phosphorylation reaction (Clarke and Kane 2007). Of
course the normal physiological phosphorylation of the
enzyme by ATP cannot occur in the absence of ATP and
the rate of phosphorylation must, therefore, increase with
increasing ATP concentration. However, recent results
show that the concentration dependence of the amplitudes
of RH421 Xuorescence transients associated with the
reaction E1(Na+)3 ! E2P + 3Na+ (Clarke and Kane 2007;
Pilotelle-Bunner et al. 2008) can only be explained if one
assumes that the enzyme is capable of binding two mole-
cules of ATP, with each ATP binding step leading to an
acceleration of the phosphorylation reaction. As discussed
earlier, it now seems certain that each �-subunit of the
Na+,K+-ATPase only has a single ATP binding site. There-
fore, if two ATP binding equilibria occur, the only logical
explanation for this is again that the enzyme exists in the
membrane as a diprotomer, with two separate ATP binding
equilibria coming about because of protein–protein interac-
tions causing a cooperativity in ATP binding. The kinetic
model describing this is shown in Fig. 3. Based on this
model it was possible to reproduce the RH421 Xuorescence
amplitudes observed in stopped-Xow experiments over Wve
orders of magnitude of the ATP concentration (Clarke and

Kane 2007). The Kd of the initial ATP binding used was
0.25 �M, which agrees with equilibrium binding studies of
ATP to the E1 conformation of the enzyme (Nørby and
Jensen 1971a; Hegyvary and Post 1971; Fedosova et al.
2003; Grell et al. 2004; Esmann et al. 2008; Pilotelle-Bunner
et al. 2008). In order to best reproduce the data, the Kd of
the second ATP binding step was taken as 7.0 �M. This
implies a negative cooperativity between the two protom-
ers, i.e., the binding of the Wrst ATP molecule weakens the
binding of ATP to the second protomer. A second ATP
binding step with a Kd of around 7 �M has so far never
been observed in equilibrium binding studies, although val-
ues of this order of magnitude have frequently been deter-
mined from pre-steady-state kinetic studies (Froehlich et al.
1983; Borlinghaus and Apell 1988; Fendler et al. 1993;
Friedrich et al. 1996; Kane et al. 1997; Clarke et al. 1998).
A possible explanation for this is that the second ATP bind-
ing site only becomes accessible when all of the physiolog-
ical substrates are present, i.e., ATP, Na+ and Mg2+. In
equilibrium binding studies one of these must always be
omitted in order to achieve the equilibrium condition.

Apart from causing a weakening of the ATP aYnity, it
was found that ATP binding to the diprotomer aVected the
rate constant for the formation of E2P from E1, increasing
from only 15 s¡1 when only a single ATP was bound per
diprotomer to 173 s¡1 when two ATP molecules are bound

Fig. 2 Dimer model of the 
E2 ! E1 conformational 
change of the Na+,K+-ATPase

Fig. 3 Dimer model of Na+,K+-
ATPase phosphorylation by 
ATP
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per diprotomer (Clarke and Kane 2007). It is, thus, pro-
posed that the enzyme has two gears of ion pumping. This
leads to the modiWcation to the Albers–Post cycle shown in
Fig. 4. This scheme actually represents two classical
Albers–Post cycles combined. In the lower faster cycle both
protomers proceed around the Albers–Post cycle in unison.
In the upper slower cycle one protomer stays locked in the
E1(Na+)3 state while the other protomer proceeds around
the Albers–Post cycle. Therefore, the scheme shown in
Fig. 4 does not involve the introduction of any new inter-
mediate states. The enzyme simply exists as a diprotomer
in which either a single protomer pumps ions alone or both
protomers pump ions synchronously.

The performance of quenched-Xow measurements anal-
ogous to the Xuorescent-based stopped-Xow measurements
of Clarke and Kane (2007) is diYcult because the experi-
ments require high concentrations of radioactively labelled
ATP. However, experiments have in fact been reported by
PeluVo et al. (1992). They found that the amount of phos-
phoenzyme formed continued to increase at ATP concen-
trations above 10 �M, where one would have expected
based on a single high aYnity ATP site with a Kd of around
0.2 �M that all of the enzyme’s ATP binding sites should
be saturated. They termed this observation “superphosph-

orylation”. The results of PeluVo et al. (1992) are, there-
fore, consistent with two ATP binding equilibria with
diVerent aYnities, both leading to phosphorylation, as
shown in Fig. 4. Thoenges and Schoner (1997) reported a
30-fold increase in the rate of ATP hydrolysis when two
ATP binding sites are occupied relative to when only one is
occupied. At the time they performed their work, however,
in the absence of any crystal structural information it was
not possible for either PeluVo et al. (1992) or Thoenges and
Schoner (1997) to distinguish between the possibilities of
phosphorylation on two separate sites on a single �� pro-
tomer or phosphorylation on separate �-subunits within an
(��)2 diprotomer. Based on the information discussed in the
previous section, the Wrst of these possibilities can now be
excluded.

In the kinetic scheme shown in Fig. 4 the inactive pro-
tomer in the lower gear of pumping is shown in the
E1(Na+)3 state. The reason for this is that in the experi-
ments carried out by Clarke and Kane (2007), the enzyme
was equilibrated in a solution containing 130 mM NaCl,
which would be expected to stabilize the E1 state. How-
ever, this does not preclude the possibility that this pro-
tomer could exist in other conformations. For example, if
one of the protomers was locked into the E1 state via the

Fig. 4 Two-gear dimeric model 
of Na+,K+-ATPase function. The 
upper cycle (1) represents the 
pathway followed at low con-
centrations of ATP, when only 
one of the ATP binding sites of 
an �-subunit is occupied. The 
lower cycle (2) represents the 
pathway followed at high con-
centrations of ATP, when both 
of the ATP sites of the (��)2 
dimer are occupied. The arrows 
indicate the physiological direc-
tion of cycling by the enzyme
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binding of a non-phosphorylating ATP derivative or FITC
and suYcient K+ ions were present in solution, its likely
that the other protomer would convert to the E2(K+)2 state.
It is, furthermore, possible that this protomer could be capa-
ble of undergoing phosphorylation by inorganic phosphate,
even while the other protomer says in the E1 state. This
would be consistent with the results of Schoner and
co-workers (Buxbaum and Schoner 1990, 1991; Hamer and
Schoner 1993; Schoner et al. 1998) showing that blocking
of the enzyme in either the E1 or the E2 state does not abol-
ish enzyme activity associated with the other state.

It should be pointed out that a bicyclic model of the
Na+,K+-ATPase mechanism involving subunit interactions
has previously been proposed by Plesner and co-workers
(Plesner et al. 1981; Plesner 1987). However, the model
which they presented consisted of two separate cycles
depending on the ionic conditions. They proposed an “Na+–
enzyme cycle” for conditions with no K+ ions in the
medium and an “(Na+ + K+)-enzyme cycle” for conditions
when both Na+ and K+ ions are present in millimolar con-
centrations. In contrast, in the bicyclic model shown in
Fig. 4 the cycle followed by the enzyme does not depend on
the Na+ or K+ concentrations but on the ATP concentration.

A further interesting point about the schemes shown in
Figs. 2 and 4 is that inherent in both schemes is the idea that
as the ATP concentration increases the enzyme protomers
should become increasingly synchronous. Asynchronicity is
only present at low ATP concentrations in both schemes.
A number of researchers have postulated kinetic models
involving asynchronous pumping by P-type ATPases in the
past, i.e., for the Na+,K+-ATPase (Froehlich et al. 1997;
Taniguchi et al. 2001; Yokoyama et al. 1999; Tanoue et al.
2006), the sarcoplasmic reticulum Ca2+-ATPase (Froehlich
et al. 1997; Mahaney et al. 2004; Mahaney et al. 2008) and
the H+,K+-ATPase (Abe et al. 2002; Shin et al. 2005). Con-
sistent with these models, the lower gear of pumping shown
in Fig. 4 (when only one ATP has bound to the diprotomer,
i.e., upper cycle) does involve the presence of dimeric spe-
cies in which the two protomers can be in two diVerent inter-
mediate states of the pump cycle. However, once the enzyme
becomes saturated with ATP, the schemes shown in Figs. 2
and 4 indicate that both protomers should be synchronous.
How might synchronicity come about? The simplest possible
way would be if all protomers were completely dissociated
from one another, i.e., if the oligomers broke up into mono-
mers. In this case every monomer would possess the same
rate constant and they would appear synchronous in a
stopped-Xow experiment simply because they were synchro-
nously stimulated, e.g. by mixing with ATP or with NaCl. If
this is true then the faster cycle in Fig. 4 (when two ATP
molecules have bound per diprotomer) would simply corre-
spond to individual �-subunits proceeding around the pump
cycle independently of one another.

In summary, in the light of all of the experimental evi-
dence available it would seem that the highest rate of
pumping by the Na+,K+-ATPase occurs when the enzyme
exists as a monomer. A lower gear of pumping, which
comes about due to protein–protein interactions, only
occurs at non-saturating ATP concentrations. ATP binding
itself is responsible for the dissociation of the diprotomers
into monomers. These conclusions are perfectly consistent
with the results of Peters et al. (1981), Vilsen et al. (1987),
Martin and Sachs (1999), Cornelius (1995) and Martin
et al. (2000), discussed earlier, which indicate, based on
measurements of phosphorylation capacity and turnover at
diVerent pump densities in the membrane, that under satu-
rating substrate conditions the enzyme behaves as a mono-
mer. Nevertheless, the kinetic scheme shown in Fig. 4 also
allows the possibility that protein–protein interactions play
an important physiological role when the ATP concentra-
tion is non-saturating.

What might the physiological signiWcance be of protein–
protein interactions, as described by the scheme shown in
Fig. 4? Physiologically there would seem to be no advan-
tage for an ion pump to have a slow gear of pumping. A fast
pumping rate could more eVectively counter passive diVu-
sion of ions across the membrane so that a cell would need
to express fewer ion pump molecules in the membrane to
establish or maintain the ion concentration gradients neces-
sary for each associated physiological process (e.g. nerve
activity, muscle contraction and relaxation, digestion, nutri-
ent reabsorption). However, although the slow gear of
pumping has a lower turnover than the faster gear, the
slower gear is also associated with a higher aYnity for
ATP, i.e., Kd t 0.25 �M (in comparison to 7 �M for the
second ATP binding step). The physiological role of pro-
tein–protein interactions may not be to produce a slower
turnover of ion pumping, but instead to increase the ATP
aYnity. Even if the turnover is lower when only a single
ATP molecule is bound to a diprotomer, at very low ATP
concentrations, if the ATP aYnity is higher than that of a
monomer, then the enzyme could more eVectively bind
ATP and this could in fact lead to an overall higher rate of
ion pumping than if the enzyme existed as a monomer. The
results of Clarke and Kane (2007) suggest that this might be
the case at sub-micromolar concentrations of ATP. There-
fore, the physiological importance of protein–protein inter-
actions in P-type ATPases may be to maximize the rate of
ion pumping under extreme hypoxic or anoxic conditions
when the ATP level in the cell falls to a very low level.

If the role of protein–protein interactions is to enhance
ATP binding aYnity, it is probably more appropriate to
speak of a positive cooperative eVect. Experimentally the
kinetic results indicate that the aYnity for ATP decreases
after the binding of the Wrst ATP molecule to a diprotomer,
which formally would be described as a negative cooperative
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eVect. However, it now seems that this negative cooperativ-
ity is due to the dissociation of the diprotomer, not to pro-
tein–protein interactions themselves. The protein–protein
interactions are only present at low ATP concentrations
where they positively enhance ATP binding. This interpre-
tation is in accord with results obtained many years ago by
Møller et al. (1980) on the sarcoplasmic reticulum Ca2+-
ATPase. They found that solubilisation of the protein into
monomers using the detergent C12E8 decreased the
enzyme’s ATP aYnity. For aggregated enzyme in its native
membrane environment they measured a Kd for ATP of
2 �M, whereas for detergent-solubilized enzyme they mea-
sured a Kd of 7 �M. Although this diVerence is much
smaller than that suggested here based on experiments on
the Na+,K+-ATPase, the direction is the same. For both
enzymes (and perhaps for all P-type ATPases), protein–
protein interactions enhance the ATP aYnity. The next
important question is what the mechanism of this enhance-
ment might be.

Structural eVect of ATP binding

Over the last few years, crystal structures of the sarcoplas-
mic reticulum Ca2+-ATPase from skeletal muscle have
been determined in a number of diVerent conformational
states around the enzyme cycle. With respect to the alloste-
ric role played by ATP in the mechanism of P-type ATP-
ases, the most interesting results are those published by
Sørensen et al. (2004) and Jensen et al. (2006), who deter-
mined structures of both the calcium-free E2 state and the
calcium-bound E1 state in the presence and absence of the
non-hydrolysable ATP analogue AMPPCP. The cytoplas-
mic domains of the relevant structures are shown in Fig. 5,
kindly reproduced by permission of the authors. There it
can be seen that the E2, E2-ATP and Ca2E1-ATP states are
all in a compact closed conformation with tight association
between the protein’s N- and P-domains. The Ca2E1 state
is, however, in a much more open state with wider separa-
tion of the N- and P-domains. Conversion between the E2
and the Ca2E1 conformations would, therefore, require a
much greater structural rearrangement than between the
E2-ATP and Ca2E1-ATP states. It has recently been found
that phosphorylated states of the pump cycle, such as
Ca2E1 » P-ADP, E2P and E2P-ATP, also have compact
closed conformations (Olesen et al. 2007). Therefore,
Olesen et al. (2007) have proposed that ATP has an impor-
tant modulatory role in maintaining the enzyme in a com-
pact state throughout the whole enzymatic cycle. Based on
the structures shown in Fig. 5, Jensen et al. (2006) pro-
posed that under normal physiological conditions the cycle
of the Ca2+-ATPase would not include the Ca2E1 state at
all. Because of the similarity between the published structures

of the Ca2+-ATPase and the Na+,K+-ATPase (Morth et al.
2007), the same is very likely to be true for the Na3E1 state.
A typical intracellular ATP concentration is 1–5 mM,
depending on the type of cell (Gribble et al. 2000). At such
a high ATP concentration, the ATP-free enzyme states E2
and E1 would not be expected to be appreciably occupied.
Under such conditions the enzyme could, thus, maintain its
closed conformation throughout the process of releasing K+

ions to the cytoplasm and binding Na+ ions.
At ATP concentrations below the normal physiological

level it is, however, still possible that open states such as
Ca2E1 or Na3E1 could still inXuence pump kinetics even if
they are not part of the physiological pump cycle. If at low
ATP concentrations P-type ATPases exist as dimers, as dis-
cussed in the previous section, then open states such as
Ca2E1 and Na3E1 could inXuence the pumping rate of the
neighbouring protomer within the dimer via protein–pro-
tein interactions. In the lower gear of pumping of the
kinetic model shown in Fig. 4 (upper cycle) one can see
that one protomer is thought to stay Wxed in the E1(Na+)3

state while the other protomer proceeds around the pump
cycle. If the two protomers of the dimer are in close prox-
imity to one another, then the open conformation of the
E1(Na+)3 state would be expected to increase the extent of
protein–protein interactions between the cytoplasmic
domains of the neighbouring protomers, which could
reduce the rate of pumping of the active protomer but
increase its ATP aYnity. At higher ATP concentrations the
initially inactive E1(Na+)3 state would also bind ATP and
convert to the closed E1(Na+)3ATP state. With both pro-
tomers in closed states, the extent of protein–protein inter-
actions would be signiWcantly reduced and this would
enable both protomers to pump ions individually as mono-
mers at a higher rate. The two gear model shown in Fig. 4
in which P-type ATPases function as diprotomers at low
ATP concentrations and monomers at high ATP concentra-
tions is, thus, not only consistent with kinetic data, there is
also a basis for it in the published crystal structures.

The acceleration and synchronisation of the E1 ! E2
transition by ATP also makes sense in terms of the crystal
structures (see Fig. 2). In the E2(K+)2:E2(K+)2 state both
protomers would be in a closed state based on crystal struc-
tural data and, therefore, the interaction between their cyto-
plasmic domains would be expected to be small. However,
the sequence of reactions E2(K+)2:E2(K+)2 ! E2(K+)2:E1
(Na+)3 ! E1(Na+)3:E1(Na+)3 would involve an opening of
the cytoplasmic domains of a protomer at each step. Each
opening would increase the extent of protein–protein inter-
actions between the two protomers and presumably
increase steric hindrance, thus leading to the successive
deceleration of the transition which has been experimen-
tally observed (Clarke et al. 2007). However, if both pro-
tomers initially have ATP bound, then the conversion of
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E2(K+)2ATP to E1(Na+)3ATP does not involve any open-
ing of the cytoplasmic domains at all, because both are in a
compact closed conformation. Therefore, under these condi-
tions all protomers could remain as monomers and, because
the steric interaction with a neighbouring monomer within
the membrane is minimal, each could undergo the confor-
mational transition from E1 to E2 at an accelerated rate.
Finally then, based on the idea of a diprotomeric enzyme
complex, a structural basis for the allosteric acceleration of
the E2 ! E1 transition by ATP has been obtained.

Conclusion

Much has been learnt in the past few years from crystal
structural data concerning the atomic detail of ion transport
through the catalytic unit of P-type ATPases and the confor-
mational changes associated with phosphorylation by ATP.
The crystallization of these proteins has been a magniWcent
achievement and has led to a renaissance in research into
their function. However, it is important to bear in mind that
these are membrane proteins. In diagrams showing enzyme
structures the membrane is generally not shown at all, and in
the crystallization process the lipids constituting the mem-
brane are removed and replaced by detergent. Therefore, the
consideration of the crystal structure of a single catalytic unit

of a P-type ATPase removed from its physiological environ-
ment of the membrane is unlikely to give a full picture of the
mechanism of these enzymes. Nevertheless, the crystal
structures do give very valuable information, and, together
with kinetic data obtained in the native membrane environ-
ment, as demonstrated here a much clearer description of
their mechanism is evolving. This review has been devoted
to allosteric eVects of ATP in the mechanism of P-type ATP-
ases, for which up to now no explanation has been oVered
based on crystal structural data. If the views expressed in
this paper are accepted, the reason for this is that the basis
for these eVects lies not in the structure of a single catalytic
unit of these enzymes but in the interaction between them in
their membrane surroundings.

Acknowledgments The author thanks Professor Wilhelm Schoner
for valuable discussions, Dr. Claus Olesen for kindly providing images
of Ca2+-ATPase structures and the Australian Research Council/Na-
tional Health and Medical Research Council funded Research Network
“Fluorescence Applications in Biotechnology and the Life Sciences”
(RN0460002) for Wnancial support.

References

Abe K, Kaya S, Imagawa T, Taniguchi K (2002) Gastric H/K-ATPase
liberates two moles of Pi from one mole of phosphoenzyme
formed from a high-aYnity ATP binding site and one mole of

Fig. 5 Crystal structures of the 
cytoplasmic domains of the 
skeletal muscle sarcoplasmic 
reticulum Ca2+-ATPase in the 
E2, E2-ATP, Ca2E1-ATP and the 
Ca2E1 states (Sørensen et al. 
2004; Jensen et al. 2006), repro-
duced by kind permission of the 
authors. Thapsigargin (Tg) is an 
inhibitor which stabilizes the 
enzyme in the E2 conformation. 
Adenosine (�–� methylene)-
triphosphate (AMPPCP) is a 
non-hydrolysable ATP ana-
logue. E439 is a glutamate resi-
due involved in ATP binding. 
D351 is an aspartate residue to 
which a phosphate group from 
ATP is transferred. The TGES 
motif is a threonine–glycine–
glutamate–serine amino acid 
sequence which catalyses 
dephosphorylation of the 
enzyme (Olesen et al. 2004)
123



14 Eur Biophys J (2009) 39:3–17
enzyme-bound ATP at the low-aYnity site during cross-talk
between catalytic subunits. Biochemistry 41:2438–2445.
doi:10.1021/bi015622r

Albers RW (1967) Biochemical aspects of active transport. Annu Rev
Biochem 36:727–756. doi:10.1146/annurev.bi.36.070167.003455

Andersen JP (1989) Monomer-oligomer equilibrium of sarcoplasmic
reticulum Ca-ATPase and the role of subunit interaction in the
Ca2+ pump mechanism. Biochim Biophys Acta 988:47–72

Apell HJ, Diller A (2002) Do H+ ions obscure electrogenic Na+ and K+

binding in the E1 state of the Na+,K+-ATPase? FEBS Lett
532:198–202. doi:10.1016/S0014-5793(02)03675-X

Apell HJ, Roudna M, Corrie JET, Trentham DR (1996) Kinetics of
phosphorylation of Na,K-ATPase by inorganic phosphate detect-
ed by a Xuorescence method. Biochemistry 35:10922–10930.
doi:10.1021/bi960238t

Askari A (1987) (Na+ + K+)-ATPase: on the number of the ATP sites
of the functional unit. J Bioenerg Biomembr 19:359–374.
doi:10.1007/BF00768539

Askari A, Huang W (1982) Na+,K+-ATPase: evidence for the binding
of ATP to the phosphoenzyme. Biochem Biophys Res Commun
104:1447–1453. doi:10.1016/0006-291X(82)91412-7

Berberián G, Helguera G, Beaugé L (1993) ATP activation of plasma
membrane yeast H+-ATPase shows complex kinetics indepen-
dently of the degree of puriWcation. Biochim Biophys Acta
1153:283–288. doi:10.1016/0005-2736(93)90417-X

Bishop JE, Al-Shawi MK, Inesi G (1987) Relationship of the regula-
tory nucleotide site to the catalytic site of the sarcoplasmic retic-
ulum Ca-ATPase. J Biol Chem 262:4658–4663

Blanco G, Koster JC, Mercer RW (1994) The � subunit of the Na+,K+-
ATPase speciWcally and stably associates into oligomers. Proc
Natl Acad Sci USA 91:8542–8546. doi:10.1073/pnas.91.18.8542

Blostein R (1975) Na+ATPase of the mammalian erythrocyte mem-
brane. Reversibility of phosphorylation at 0°. J Biol Chem
250:6118–6124

Borlinghaus R, Apell HJ (1988) Current transients generated by the
Na+/K+-ATPase after an ATP concentration jump: dependence on
sodium and ATP concentration. Biochim Biophys Acta 939:197–
206. doi:10.1016/0005-2736(88)90063-6

Bühler R, Stürmer W, Apell HJ, Läuger P (1991) Charge translocation
by the Na,K-pump: I. Kinetics of local Weld changes studied by
time-resolved Xuorescence measurements. J Membr Biol
121:141–161. doi:10.1007/BF01870529

Buxbaum E, Schoner W (1990) Blocking of Na+/K+ transport by the
MgPO4 complex analogue Co(NH3)4PO4 leaves the Na+/Na+-ex-
change reaction of the sodium pump unaltered and shifts its high
aYnity ATP-binding site to a Na+-like form. Eur J Biochem
193:355–360. doi:10.1111/j.1432-1033.1990.tb19346.x

Buxbaum E, Schoner W (1991) Phosphate binding and ATP-binding
sites coexist in Na+/K+-transporting ATPase, as demonstrated by
the inactivating MgPO4 complex analogue Co(NH3)4PO4. Eur J
Biochem 195:407–419. doi:10.1111/j.1432-1033.1991.tb15720.x

Cable MB, Briggs FN (1988) Allosteric regulation of cardiac sarco-
plasmic reticulum Ca-ATPase: a comparative study. Mol Cell
Biochem 82:29–36. doi:10.1007/BF00242512

Cable MB, Feher JJ, Briggs FN (1985) Mechanism of allosteric regu-
lation of the Ca, Mg-ATPase of sarcoplasmic reticulum: studies
with 5�-adenylyl methylenediphosphate. Biochemistry 24:5612–
5619. doi:10.1021/bi00341a049

Champeil P, Guillain F (1986) Rapid Wltration of the phosphorylation-
dependent dissociation of calcium from transport sites of puriWed
sarcoplasmic reticulum ATPase and ATP modulation of the
catalytic cycle. Biochemistry 25:7623–7633. doi:10.1021/
bi00371a053

Champeil P, Riollet S, Orlowski S, Guillain F, Seebregts CJ, McIntosh
DB (1988) ATP regulation of sarcoplasmic reticulum Ca2+-ATP-
ase. Metal-free ATP and 8-bromo-ATP bind with high aYnity to

the catalytic site of phosphorylated ATPase and accelerate
dephosphorylation. J Biol Chem 263:12288–12294

Clarke RJ, Kane DJ (2007) Two gears of ion pumping by the Na+,K+-
ATPase. Biophys J 93:4187–4196. doi:10.1529/biophysj.107.
111591

Clarke RJ, Kane DJ, Apell H-J, Roudna M, Bamberg E (1998) Kinetics
of Na+-dependent conformational changes of rabbit kidney
Na+,K+-ATPase. Biophys J 75:1340–1353

Clarke RJ, Apell H-J, Kong BY (2007) Allosteric eVect of ATP on
Na+,K+-ATPase conformational kinetics. Biochemistry 46:7034–
7044. doi:10.1021/bi700619s

Cornelius F (1995) Phosphorylation/dephosphorylation of reconsti-
tuted shark Na+,K+-ATPase: one phosphorylation site per �� pro-
tomer. Biochim Biophys Acta 1235:197–204. doi:10.1016/0005-
2736(95)80005-Z

Cornelius F (1999) Rate determination in phosphorylation of shark
rectal Na,K-ATPase by ATP: temperature sensitivity and eVects
of ADP. Biophys J 77:934–942

Cornelius F, Fedosova NU, Klodos I (1998) E2P phosphoforms of
Na,K-ATPase. II. Interaction of substrate and cation-binding sites
in Pi phosphorylation of Na,K-ATPase. Biochemistry 37:16686–
16696. doi:10.1021/bi981571v

Domaszewicz W, Apell HJ (1999) Binding of the third Na+ ion to the
cytoplasmic side of the Na,K-ATPase is electrogenic. FEBS Lett
458:241–246. doi:10.1016/S0014-5793(99)01162-X

Donnet C, Arystarkhova E, Sweadner KJ (2001) Thermal denaturation
of the Na,K-ATPase provides evidence for �-� oligomeric
interaction and � subunit association with the C-terminal domain.
J Biol Chem 276:7357–7365. doi:10.1074/jbc.M009131200

Esmann M (1984) The distribution of C12E8-solubilized oligomers of
the (Na+ + K+)-ATPase. Biochim Biophys Acta 787:81–89

Esmann M, Fedosova NU, Marsh D (2008) Osmotic stress and viscous
retardation of the Na,K-ATPase ion pump. Biophys J 94:2767–
2776. doi:10.1529/biophysj.106.101774

Fedosova NU, Champeil P, Esmann M (2003) Rapid Wltration analysis
of nucleotide binding to Na,K-ATPase. Biochemistry 42:3536–
3543. doi:10.1021/bi0268302

Fendler K, Jaruschewski S, Hobbs A, Albers W, Froehlich JP (1993)
Pre-steady state charge translocation in NaK-ATPase from eel elec-
tric organ. J Gen Physiol 102:631–666. doi:10.1085/jgp.102.4.631

Forbush BIII (1987) Rapid release of 42K and 86Rb from an occluded
state of the Na,K-pump in the presence of ATP or ADP. J Biol
Chem 262:11104–11115

Forbush BIII, Klodos I (1991) Rate-limiting steps in Na translocation
by the Na/K pump. In: Kaplan JH, DeWeer P (eds) The sodium
pump: structure, mechanism and regulation. Rockefeller Univer-
sity Press, New York, pp 211–225

Frank J, Zouni A, van Hoek A, Visser AJWG, Clarke RJ (1996)
Interaction of the Xuorescent probe RH421 with ribulose-1, 5-bis-
phosphate carboxylase/oxygenase and with Na+,K+-ATPase
membrane fragments. Biochim Biophys Acta 1280:51–64.
doi:10.1016/0005-2736(95)00277-4

Friedrich T, Bamberg E, Nagel G (1996) Na+,K+-ATPase pump cur-
rents in giant excised patches activated by an ATP concentration
jump. Biophys J 71:2486–2500

Froehlich JP, Hobbs AS, Albers RW (1983) Evidence for parallel path-
ways of phosphoenzyme formation in the mechanism of ATP
hydrolysis by electrophorus Na,K-ATPase. Curr Top Membr
Transp 19:513–535

Froehlich JP, Taniguchi K, Fendler K, Mahaney JE, Thomas DD,
Albers RW (1997) Complex kinetic behaviour in the Na,K- and
Ca-ATPases. Evidence for subunit-subunit interactions and ener-
gy conversion during catalysis. Ann N Y Acad Sci 834:280–296.
doi:10.1111/j.1749-6632.1997.tb52259.x

González-Lebrero RM, Kaufman SB, Montes MR, Nørby JG,
Garrahan PJ, Rossi RC (2002) The occlusion of Rb+ in the
123

http://dx.doi.org/10.1021/bi015622r
http://dx.doi.org/10.1146/annurev.bi.36.070167.003455
http://dx.doi.org/10.1016/S0014-5793(02)03675-X
http://dx.doi.org/10.1021/bi960238t
http://dx.doi.org/10.1007/BF00768539
http://dx.doi.org/10.1016/0006-291X(82)91412-7
http://dx.doi.org/10.1016/0005-2736(93)90417-X
http://dx.doi.org/10.1073/pnas.91.18.8542
http://dx.doi.org/10.1016/0005-2736(88)90063-6
http://dx.doi.org/10.1007/BF01870529
http://dx.doi.org/10.1111/j.1432-1033.1990.tb19346.x
http://dx.doi.org/10.1111/j.1432-1033.1991.tb15720.x
http://dx.doi.org/10.1007/BF00242512
http://dx.doi.org/10.1021/bi00341a049
http://dx.doi.org/10.1021/bi00371a053
http://dx.doi.org/10.1021/bi00371a053
http://dx.doi.org/10.1529/biophysj.107.111591
http://dx.doi.org/10.1529/biophysj.107.111591
http://dx.doi.org/10.1021/bi700619s
http://dx.doi.org/10.1016/0005-2736(95)80005-Z
http://dx.doi.org/10.1016/0005-2736(95)80005-Z
http://dx.doi.org/10.1021/bi981571v
http://dx.doi.org/10.1016/S0014-5793(99)01162-X
http://dx.doi.org/10.1074/jbc.M009131200
http://dx.doi.org/10.1529/biophysj.106.101774
http://dx.doi.org/10.1021/bi0268302
http://dx.doi.org/10.1085/jgp.102.4.631
http://dx.doi.org/10.1016/0005-2736(95)00277-4
http://dx.doi.org/10.1111/j.1749-6632.1997.tb52259.x


Eur Biophys J (2009) 39:3–17 15
Na+/K+-ATPase. J Biol Chem 277:5910–5921. doi:10.1074/jbc.
M105886200

Grell E, Lewitzki E, Schacht A, Stolz M (2004) Nucleotide/protein
interaction. Energetic and structural features of Na,K-ATPase.
J Therm Anal Calorim 77:471–481. doi:10.1023/B:JTAN.00000
38987.75618.33

Gribble FM, Loussouarn G, Tucker SJ, Zhao C, Nichols CG, Ashcroft
FM (2000) A novel method for measurement of submembrane
ATP concentration. J Biol Chem 39:30046–30049. doi:10.1074/
jbc.M001010200

Hamer E, Schoner W (1993) ModiWcation of the E1ATP binding site
of Na+/K+-ATPase by the chromium complex of adenosine 5�-[�,
�-methylene]triphosphate blocks the overall reaction but not the
partial activities of the E2 conformation. Eur J Biochem 213:743–
748. doi:10.1111/j.1432-1033.1993.tb17815.x

Heegaard CW, le Maire M, Gulik-Krzywicki T, Møller JV (1990)
Monomeric state and Ca2+ transport by sarcoplasmic reticulum
Ca2+-ATPase, reconstituted with an excess of phospholipid.
J Biol Chem 265:12020–12028

Hegyvary C, Post RL (1971) Binding of adenosine triphosphate to
sodium and potassium ion-stimulated adenosine triphosphatase.
J Biol Chem 246:5234–5240

Humphrey PA, Lüpfert C, Apell H-J, Cornelius F, Clarke RJ (2002)
Mechanism of the rate-determining step of the Na+,K+-ATPase.
Biochemistry 41:9496–9507. doi:10.1021/bi025836o

Inesi G, Toyoshima C (2004) Catalytic and transport mechanism of the
sarco-(endo)plasmic reticulum Ca2+-ATPase (SERCA). In: Futai
F, Wada Y, Kaplan JH (eds) Handbook of ATPases. Biochemistry,
cell biology, pathophysiology. Wiley-VCH, Weinheim, pp 63–87

Jensen A-ML, Sørensen TL-M, Olesen C, Møller JV, Nissen P (2006)
Modulatory and catalytic modes of ATP binding by the calcium
pump. EMBO J 25:2305–2314. doi:10.1038/sj.emboj.7601135

Jørgensen PL, Andersen JP (1988) Structural basis for E1–E2 confor-
mational transitions in Na,K-pump and Ca-pump proteins.
J Membr Biol 103:95–120. doi:10.1007/BF01870942

Kane DJ, Fendler K, Grell E, Bamberg E, Taniguchi K, Froehlich JP,
Clarke RJ (1997) Stopped-Xow kinetic investigations of confor-
mational changes of pig kidney Na+,K+-ATPase. Biochemistry
36:13406–13420. doi:10.1021/bi970598w

Kane DJ, Grell E, Bamberg E, Clarke RJ (1998) Dephosphorylation
kinetics of pig kidney Na+,K+-ATPase. Biochemistry 37:4581–
4591. doi:10.1021/bi972813e

Karlish SJD, Yates DW (1978) Tryptophan Xuorescence of
(Na+ + K+)-ATPase as a tool for study of the enzyme mechanism.
Biochim Biophys Acta 527:115–130

Karlish SJD, Yates DW, Glynn IM (1976) Transient kinetics of
(Na+ + K+)-ATPase studied with a Xuorescent substrate. Nature
264:251–253. doi:10.1038/263251a0

Karlish SJD, Yates DW, Glynn IM (1978) Conformational transitions
between Na+-bound and K+-bound forms of (Na+ + K+)-ATPase,
studied with formycin nucleotides. Biochim Biophys Acta
525:252–264

Klein MG, Kovacs L, Simon BJ, Schneider MF (1991) Decline of myo-
plasmic Ca2+, recovery of calcium release and sarcoplasmic Ca2+

pump properties in frog skeletal muscle. J Physiol 414:639–671
Klodos I (1994) Partial reactions in Na+/K+- and H+/K+-ATPase

studied with voltage-sensitive Xuorescent dyes. In: Bamberg E,
Schoner W (eds) The sodium pump. SteinkopV Verlag, Darms-
tadt, pp 517–528

Kobayashi T, Tahara Y, Takenaka H, Mimura K, Hayashi Y (2007)
Na+- and K+-dependent oligomeric interconversion among ��-
protomers, diprotomers and higher oligomers in solubilized Na+/
K+-ATPase. J Biochem 142:157–173. doi:10.1093/jb/mvm150

Kong BY, Clarke RJ (2004) IdentiWcation of potential regulatory sites
of the Na+,K+-ATPase by kinetic analysis. Biochemistry
43:2241–2250. doi:10.1021/bi0355443

Kutchai H, Mahaney JE, Geddis LM, Thomas DD (1994) Hexanol and
lidocaine aVect the oligomeric state of the Ca-ATPase of sarco-
plasmic reticulum. Biochemistry 33:13208–13222. doi:10.1021/
bi00249a007

Kutchai H, Geddis LM, Jones LR, Thomas DD (1998) DiVerential
eVects of general anesthetics on the quaternary structure of
Ca-ATPases of cardiac and skeletal sarcoplasmic reticulum. Bio-
chemistry 37:2410–2421. doi:10.1021/bi9722002

Linnertz H, Urbanova P, Obsil T, Herman P, Amler E, Schoner W
(1998) Molecular distance measurements reveal an (��)2 dimeric
structure of Na+,K+-ATPase. High aYnity ATP binding site and
K+-activated phosphatase reside on diVerent �-subunits. J Biol
Chem 273:28813–28821. doi:10.1074/jbc.273.44.28813

Lüpfert C, Grell E, Pintschovius V, Apell H-J, Cornelius F, Clarke RJ
(2001) Rate limitation of the Na+,K+-ATPase pump cycle. Bio-
phys J 81:2069–2081

Mahaney JE, Thomas DD, Froehlich JP (2004) The time-dependent
distribution of phosphorylated intermediates in native sarcoplas-
mic reticulum Ca2+-ATPase from skeletal muscle is not compati-
ble with a linear kinetic model. Biochemistry 43:4400–4416.
doi:10.1021/bi035068g

Mahaney JE, Thomas DD, Farrance IK, Froehlich JP (2008) Intermo-
lecular interactions in the mechanism of skeletal muscle
sarcoplasmic reticulum Ca2+-ATPase (SERCA1): evidence for a
tri-protomer. Biochemistry 47:13711–13725

Martin DW, Sachs JR (1999) Preparation of Na+,K+-ATPase with near
maximal speciWc activity and phosphorylation capacity: evidence
that the reaction mechanism involves all of the sites. Biochemis-
try 38:7485–7497. doi:10.1021/bi983019b

Martin DW, Sachs JR (2000) Ligands presumed to label high aYnity
and low aYnity ATP binding sites do not interact in an (��)2
diprotomer in duck nasal gland Na+,K+-ATPase, nor do the sites
coexist in native enzyme. J Biol Chem 275:24512–24517.
doi:10.1074/jbc.M003179200

Martin DW, Maracek J, Scarlata S, Sachs JR (2000) �� Protomers of
Na+,K+-ATPase from microsomes of duck salt gland are mostly
monomeric: formation of higher oligomers does not modify
molecular activity. Proc Natl Acad Sci USA 97:3195–3200.
doi:10.1073/pnas.050558397

Mimura K, Tahara Y, Shinji N, Tokuda E, Takenaka H, Hayashi Y
(2008) Isolation of stable (��)4-tetraprotomer from Na+/K+-ATP-
ase solubilized in the presence of short-chain fatty acids. Bio-
chemistry 47:6039–6051. doi:10.1021/bi800445f

Møller JV, Lind KE, Andersen JP (1980) Enzyme kinetics and sub-
strate stabilization of detergent-solubilized and membranous
(Ca2+ + Mg2+)-activated ATPase from sarcoplasmic reticulum.
EVect of protein-protein interactions. J Biol Chem 255:1912–
1920

Montes MR, González-Lebrero RM, Garrahan PJ, Rossi RC (2004)
Quantitative analysis of the interaction between the Xuorescent
probe eosin and the Na+,K+-ATPase studied through Rb+ occlu-
sion. Biochemistry 43:2062–2069. doi:10.1021/bi0351763

Morth JP, Pedersen BP, Toustrup-Jensen MS, Sørensen TL-M,
Petersen J, Andersen JP, Vilsen B, Nissen P (2007) Crystal struc-
ture of the sodium-potassium pump. Nature 450:1043–1050.
doi:10.1038/nature06419

Nørby JG, Jensen J (1971a) Binding of ATP to brain microsomal ATP-
ase. Determination of the ATP binding capacity and the dissocia-
tion constant of the enzyme-ATP complex as a function of K+

concentration. Biochim Biophys Acta 233:104–116. doi:10.1016/
0005-2736(71)90362-2

Nørby JG, Jensen J (1971b) Functional signiWcance of the oligomeric
structure of the Na,K-pump from radiation inactivation and ligand
binding. In: Kaplan JH, De Weer P (eds) The sodium pump: struc-
ture, mechanism, and regulation. Rockefeller University Press,
New York, pp 173–188
123

http://dx.doi.org/10.1074/jbc.M105886200
http://dx.doi.org/10.1074/jbc.M105886200
http://dx.doi.org/10.1023/B:JTAN.0000038987.75618.33
http://dx.doi.org/10.1023/B:JTAN.0000038987.75618.33
http://dx.doi.org/10.1074/jbc.M001010200
http://dx.doi.org/10.1074/jbc.M001010200
http://dx.doi.org/10.1111/j.1432-1033.1993.tb17815.x
http://dx.doi.org/10.1021/bi025836o
http://dx.doi.org/10.1038/sj.emboj.7601135
http://dx.doi.org/10.1007/BF01870942
http://dx.doi.org/10.1021/bi970598w
http://dx.doi.org/10.1021/bi972813e
http://dx.doi.org/10.1038/263251a0
http://dx.doi.org/10.1093/jb/mvm150
http://dx.doi.org/10.1021/bi0355443
http://dx.doi.org/10.1021/bi00249a007
http://dx.doi.org/10.1021/bi00249a007
http://dx.doi.org/10.1021/bi9722002
http://dx.doi.org/10.1074/jbc.273.44.28813
http://dx.doi.org/10.1021/bi035068g
http://dx.doi.org/10.1021/bi983019b
http://dx.doi.org/10.1074/jbc.M003179200
http://dx.doi.org/10.1073/pnas.050558397
http://dx.doi.org/10.1021/bi800445f
http://dx.doi.org/10.1021/bi0351763
http://dx.doi.org/10.1038/nature06419
http://dx.doi.org/10.1016/0005-2736(71)90362-2
http://dx.doi.org/10.1016/0005-2736(71)90362-2


16 Eur Biophys J (2009) 39:3–17
Olesen C, Sørensen TL-M, Nielsen RC, Møller JV, Nissen P (2004)
Dephosphorylation of the calcium pump coupled to counterion
occlusion. Science 306:2251–2255. doi:10.1126/science.
1106289

Olesen C, Picard M, Winther A-ML, Gyrup C, Morth JP, Oxvig C,
Møller JV, Nissan P (2007) The structural basis of calcium trans-
port by the calcium pump. Nature 450:1036–1044. doi:10.1038/
nature06418

Palladino MJ, Bower JE, Kreber R, Ganetzky B (2003) Neural dys-
function and neurodegeneration in Drosophila Na+/K+-ATPase
alpha subunit mutants. J Neurosci 23:1276–1286

Palmgren MG (2001) Plant plasma membrane H+-ATPases: power-
houses for nutrient uptake. Annu Rev Plant Physiol Plant Mol
Biol 52:817–845. doi:10.1146/annurev.arplant.52.1.817

Pedersen BP, Buch-Pedersen MJ, Morth JP, Palmgren MG, Nissan P
(2007) Crystal structure of the plasma membrane proton pump.
Nature 450:1111–1115. doi:10.1038/nature06417

PeluVo RD, Garrahan PJ, Rega AF (1992) Low aYnity superphosph-
orylation of the Na,K-ATPase by ATP. J Biol Chem 267:6596–
6601

Peters WHM, Swarts HGP, de Pont JJHHM, Schuurmans Stekhoven
FMAH, Bonting SL (1981) (Na+ + K+)ATPase has one function-
ing phosphorylation site per � subunit. Nature 290:338–339.
doi:10.1038/290338a0

Pilotelle-Bunner A, Matthews JM, Cornelius F, Apell H-J, Sebban P,
Clarke RJ (2008) ATP binding equilibria of the Na+,K+-ATPase.
Biochemistry 47:13103–13114. doi:10.1021/bi801593g

Plesner IW (1987) Application of the theory of enzyme subunit inter-
actions to ATP-hydrolyzing enzymes. The case of Na,K-ATPase.
Biophys J 51:69–78

Plesner IW, Plesner L, Nørby JG, Klodos I (1981) The steady-state
kinetic mechanism of ATP hydrolysis catalyzed by membrane-
bound (Na+ + K+)-ATPase from ox brain. III. A minimal model.
Biochim Biophys Acta 643:483–494. doi:10.1016/0005-2736
(81)90090-0

Post RL, Hegyvary C, Kume S (1972) Activation by adenosine triphos-
phate in the phosphorylation kinetics of sodium and potassium
ion transport adenosine triphosphatase. J Biol Chem 247:6530–
6540

Pratap PR, Palit A, Grassi-Nemeth E, Robinson JD (1996) Kinetics of
conformational changes associated with potassium binding to and
release from Na+/K+-ATPase. Biochim Biophys Acta 1285:203–
211. doi:10.1016/S0005-2736(96)00162-9

Reenstra WW, Bettencourt JD, Forte JG (1988) Kinetic studies of the
gastric H,K-ATPase. Evidence for simultaneous binding of ATP
and inorganic phosphate. J Biol Chem 263:19618–19625

Repke KRH, Schön R (1973) Flip-Xop model of (NaK)-ATPase func-
tion. Acta Biol Med Ger 31:K19–K30

Roberts G, Beaugé L (1997) Complex ATP-activation kinetics of plant
H+-transporting ATPase may or may not require two substrate
sites. Eur J Biochem 246:228–232. doi:10.1111/j.1432-033.1997.
00228.x

Scheiner-Bobis G (2002) The sodium pump. Its molecular properties
and mechanics of ion transport. Eur J Biochem 269:2424–2433.
doi:10.1046/j.1432-1033.2002.02909.x

Scheiner-Bobis G, Fahlbusch K, Schoner W (1987) Demonstration of
cooperating � subunits in working (Na+ + K+)-ATPase by the
use of the MgATP complex analogue cobalt tetraammine ATP.
Eur J Biochem 168:123–131. doi:10.1111/j.1432-1033.1987.
tb13396.x

Schneeberger A, Apell HJ (2001) Ion selectivity of the cytoplasmic
binding sites of the Na,K-ATPase: II. Competition of various cat-
ions. J Membr Biol 179:263–273. doi:10.1007/s002320010051

Schoner W, Mertens W, Helms M, Fortes G (1998) Binding of the
Co(NH3)4 derivative of (2�)3�-O-[N-methyl-anthraniloyl]-ATP
to the E2ATP site of Na+/K+-transporting ATPase lowers the

conformational Xexibility of its E1ATP site. Eur J Biochem
253:245–250. doi:10.1046/j.1432-1327.1998.2530245.x

Shin JM, Vagin O, Munson K, Sachs G (2004) Gastric H+,K+-ATPase.
In: Futai F, Wada Y, Kaplan JH (eds) Handbook of ATPases.
Biochemistry, cell biology, pathophysiology. Wiley-VCH,
Weinheim, pp 179–209

Shin JM, Grundler G, Senn-BilWnger J, Simon WA, Sachs G (2005)
Functional consequences of the oligomeric form of the mem-
brane-bound gastric H,K-ATPase. Biochemistry 44:16321–
16332. doi:10.1021/bi051342q

Skou JC (1957) The inXuence of some cations on an adenosine triphos-
phatase from peripheral nerves. Biochim Biophys Acta 23:394–
401. doi:10.1016/0006-3002(57)90343-8

Skriver E, Maunsbach AB, Hebert H, Scheiner-Bobis G, Schoner W
(1989) Two-dimensional crystalline arrays of Na,K-ATPase
with new subunit interactions induced by cobalt-tetrammine-ATP.
J Ultrastruct Mol Struct Res 102:189–195. doi:10.1016/0889-
1605(89)90013-X

Sørensen TL-M, Møller JV, Nissen P (2004) Phosphoryl transfer and
calcium ion occlusion in the calcium pump. Science 304:1672–
1675. doi:10.1126/science.1099366

Stein WD, Lieb WR, Karlish SJD, Eilam Y (1973) A model for active
transport of sodium and potassium ions as mediated by a tetra-
meric enzyme. Proc Natl Acad Sci USA 70:275–278. doi:10.1073/
pnas.70.1.275

Steinberg M, Karlish SJD (1989) Studies of conformational changes in
Na,K-ATPase labeled with 5-iodoacetamidoXuorescein. J Biol
Chem 264:2726–2734

Stürmer W, Bühler R, Apell H-J, Läuger P (1991) Charge translocation
by the Na,K-pump: II. Ion binding and release at the extracellular
face. J Membr Biol 121:163–176. doi:10.1007/BF01870530

Taniguchi K, Kaya S, Abe K, Mårdh S (2001) The oligomeric nature
of Na/K-transport ATPase. J Biochem 129:335–342

Tanoue K, Kaya S, Hayashi Y, Abe K, Imagawa T, Taniguchi K,
Sakaguchi K (2006) New evidence for ATP binding induced
catalytic subunit interactions in pig kidney Na/K-ATPase. J Bio-
chem 140:599–607. doi:10.1093/jb/mvj191

Thoenges D, Schoner W (1997) 2�-O-Dansyl analogs of ATP bind with
high aYnity to the low aYnity ATP site of Na+/K+-ATPase and
reveal the interaction of two ATP sites during catalysis. J Biol
Chem 272:16315–16321. doi:10.1074/jbc.272.26.16315

Toyoshima C (2008) Structural aspects of ion pumping by Ca2+-ATP-
ase of sarcoplasmic reticulum. Arch Biochem Biophys 476:3–11.
doi:10.1016/j.abb.2008.04.017

Toyoshima C, Mizutani T (2004) Crystal structure of the calcium
pump with a bound ATP analogue. Nature 430:529–535.
doi:10.1038/nature02680

Toyoshima C, Nomura H (2002) Structural changes in the calcium
pump accompanying the dissociation of calcium. Nature
418:605–611. doi:10.1038/nature00944

Toyoshima C, Nakasako M, Nomura H, Ogawa H (2000) Crystal
structure of the calcium pump of sarcoplasmic reticulum at 2.6 Å
resolution. Nature 405:647–655. doi:10.1038/35015017

Toyoshima C, Nomura H, Tsuda T (2004) Lumenal gating mechanism
revealed in calcium pump crystal structures with phosphate ana-
logues. Nature 432:361–368. doi:10.1038/nature02981

Tsuda T, Kaya S, Yokoyama T, Hayashi Y, Taniguchi K (1998) ATP
and acetyl phosphate induces molecular events near the ATP
binding site and the membrane domain of Na+,K+-ATPase. The
tetrameric nature of the enzyme. J Biol Chem 273:24339–24345.
doi:10.1074/jbc.273.38.24339

Vilsen B, Andersen JP, Petersen J, Jørgensen PL (1987) Occlusion of
22Na+ and 86Rb+ in membrane-bound and soluble protomeric ��-
units of Na,K-ATPase. J Biol Chem 262:10511–10517

Ward DG, Cavieres JD (1996) Binding of 2�(3�)-O-(2, 4, 6-trinitrophe-
nyl)ADP to soluble �� protomers of Na,K-ATPase modiWed with
123

http://dx.doi.org/10.1126/science.1106289
http://dx.doi.org/10.1126/science.1106289
http://dx.doi.org/10.1038/nature06418
http://dx.doi.org/10.1038/nature06418
http://dx.doi.org/10.1146/annurev.arplant.52.1.817
http://dx.doi.org/10.1038/nature06417
http://dx.doi.org/10.1038/290338a0
http://dx.doi.org/10.1021/bi801593g
http://dx.doi.org/10.1016/0005-2736(81)90090-0
http://dx.doi.org/10.1016/0005-2736(81)90090-0
http://dx.doi.org/10.1016/S0005-2736(96)00162-9
http://dx.doi.org/10.1111/j.1432-033.1997.00228.x
http://dx.doi.org/10.1111/j.1432-033.1997.00228.x
http://dx.doi.org/10.1046/j.1432-1033.2002.02909.x
http://dx.doi.org/10.1111/j.1432-1033.1987.tb13396.x
http://dx.doi.org/10.1111/j.1432-1033.1987.tb13396.x
http://dx.doi.org/10.1007/s002320010051
http://dx.doi.org/10.1046/j.1432-1327.1998.2530245.x
http://dx.doi.org/10.1021/bi051342q
http://dx.doi.org/10.1016/0006-3002(57)90343-8
http://dx.doi.org/10.1016/0889-1605(89)90013-X
http://dx.doi.org/10.1016/0889-1605(89)90013-X
http://dx.doi.org/10.1126/science.1099366
http://dx.doi.org/10.1073/pnas.70.1.275
http://dx.doi.org/10.1073/pnas.70.1.275
http://dx.doi.org/10.1007/BF01870530
http://dx.doi.org/10.1093/jb/mvj191
http://dx.doi.org/10.1074/jbc.272.26.16315
http://dx.doi.org/10.1016/j.abb.2008.04.017
http://dx.doi.org/10.1038/nature02680
http://dx.doi.org/10.1038/nature00944
http://dx.doi.org/10.1038/35015017
http://dx.doi.org/10.1038/nature02981
http://dx.doi.org/10.1074/jbc.273.38.24339


Eur Biophys J (2009) 39:3–17 17
Xuorescein isothiocyanate. Evidence for two distinct nucleotide
sites. J Biol Chem 271:12317–12321. doi:10.1074/jbc.271.21.
12317

Ward DG, Cavieres JD (2003) Inactivation of Na,K-ATPase following
Co(NH3)4ATP binding at a low aYnity site in the protomeric
enzyme unit. J Biol Chem 278:14688–14697. doi:10.1074/
jbc.M211128200

Ward DG, Taylor M, Lilley KS, Cavieres JD (2006) TNP-8N3-ADP
photoaYnity labeling of two Na,K-ATPase sequences under

separate Na+ plus K+ control. Biochemistry 45:3460–3471.
doi:10.1021/bi051927k

Yokoyama T, Kaya S, Abe K, Taniguchi K, Katoh T, Yazawa M,
Hayashi Y, Mårdh S (1999) Acid-labile ATP and/or ADP/Pi
binding to the tetraprotomeric form of Na/K-ATPase accompany-
ing catalytic phosphorylation-dephosphorylation cycle. J Biol
Chem 274:31792–31796. doi:10.1074/jbc.274.45.31792
123

http://dx.doi.org/10.1074/jbc.271.21.12317
http://dx.doi.org/10.1074/jbc.271.21.12317
http://dx.doi.org/10.1074/jbc.M211128200
http://dx.doi.org/10.1074/jbc.M211128200
http://dx.doi.org/10.1021/bi051927k
http://dx.doi.org/10.1074/jbc.274.45.31792

	Mechanism of allosteric eVects of ATP on the kinetics of P-type ATPases
	Abstract
	Introduction
	Functional unit
	Number of ATP binding sites
	Synchronicity of conformational changes
	Structural eVect of ATP binding
	Conclusion
	References




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

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


