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Pig kidney Na/K-ATPase preparations showed a positive cooperative effect for pNPP in
Na-pNPPase activity. Measurements of the Na-pNPPase activity, Na-ATPase activity
and the accumulation of phosphoenzyme (EP) under conditions of pNPP saturation
showed several different ATP affinities. The presence of pNPP reduced both the max-
imum amount of EP and Na-ATPase activity to half showing a value of 4 and a 3,700-fold
reduced ATP affinity for EP formation, and a 7 and 1,300-fold reduced affinity for
Na-ATPase activity. The presence of low concentrations of ATP in the phosphorylation
induced a 2-fold enhancement in Na-pNPPase activity despite a reduction in available
pNPP sites. However, higher concentrations of ATP inhibited the Na-pNPPase activity
and a much higher concentration of ATP increased both the phosphorylation and
Na-ATPase activity to the maximum levels. The maximum Na-pNPPase activity was
1.7and3.4-foldhigherwithoutandwithATP,respectively, thanthemaximumNa-ATPase
activity. These data and the pNPP dependent reduction in both Na-ATPase activity and
theamountofenzymeboundATPprovidenewevidencetoshowthatATP,pNPPandATP
with pNPP, respectively, induce different subunit interactions resulting a difference in
the maximum Na+-dependent catalytic activity in tetraprotomeric Na/K-ATPase.

Key words: Na/K-ATPase, membrane bound enzyme, oligomer, P-type ATPase, subunit
interactions.

Abbreviations: pNPP,p-nitrophenyl phosphate;pNP,p-nitrophenol; AcP, acetyl phosphate; AMP-PCP, adenylyl
(b, g-methylene) diphosphonate; E1P, ADP-sensitive phosphoenzyme; E2P, K+ sensitive phosphoenzyme; EATP,
ATP-Na/K-ATPase complex; EpNPP, pNPP-Na/K-ATPase complex; EP:EATP, EP:EpNPP and EP:EP, oligo-
meric form of each enzyme state; E2P:EATP, ATP bound K-sensitive phosphoenzyme; TCA, trichloroacetic acid;
Na-ATPase, ouabain sensitive Na+-dependent ATPase; Na-pNPPase, ouabain sensitive Na+-dependent
pNPPase; K0.5

ATP,ATPase, K0.5
ATP,pNPPase and K0.5

ATP,EP, ATP concentration giving half maximum Na-ATPase
activity, Na-pNPPase activity and EP formation, respectively; Ki,0.5

ATP,pNPPase, ATP concentration giving half
maximum inhibition of Na-pNPPase activity.

Recent progress in the X-ray analysis of monomeric crystal
structures of Ca-ATPase from the sarcoplasmic reticulum
(1–4) and cDNA sequences of ion pumps (5, 6) have con-
tributed greatly to a better understanding of the mechan-
ism of P-type ATPase explained by the Post-Albers scheme
(7–11) or the E1/E2 model (12). In the case of Na/K-
ATPase, 1 mol of ATP is hydrolyzed via the Na+-bound
enzyme (NaE1) that accepts ATP with a high affinity,
the Na+ occluded ADP-sensitive phosphoenzyme (E1P),
the K+ sensitive phosphoenzyme (E2P) in which a reduced
affinity for Na+ is retained and the K+-occluded enzyme
(KE2) accepts Na+ and ATP with a low affinity to liberate
K+ to generate NaE1ATP. Thus, the active transport of
3 Na+ occurs during the transition from E1P to E2P and
2 K+ are transported during the transition from the KE2 to
the NaE1ATP forms with the sequential appearance of the
intermediates. Thus the high affinity ATP binding site dis-
appears in the next cycle in the presence of high concen-
trations of ATP and the monomeric or protomeric forms of

the cation pump are assumed to be sufficient for pump
function, which has been taken to account in the dynamic
atomic structure changes deduced from the monomeric
crystal structures of sarcoplasmic reticulum Ca-ATPase
(1–4). Data have been also accumulated to show that
low affinity ATP binding modulates several steps in
the catalytic cycle subsequent to phosphorylation in SR-
Ca-ATPase (12, 13) and even calcium binding (14). How-
ever there appear to be no extra low affinity ATP binding
to E1P and E2P mimicked crystals (4).

Studies of chemical cross-linking (15, 16) and dead end
pseudo substrates (17), presteady state kinetics (18), elec-
tron microscopic observations (19) and the reactivity of the
enzyme and a comparison of the extent of phosphorylation
with ligand binding capacities in the presence or absence
of ATP hydrolysis and others (see review, 20) strongly
suggest that the functional unit of Na/K-ATPase in the
membrane is a diprotomer, (abg)2 or a tetraprotomer,
(abg)4 (15–20). One of the most compelling pieces of
enzymological evidence in favor of the oligomeric nature
of Na/K-ATPase has been the finding of the simultaneous
presence of EP:EATP during Na+-dependent ATP hydroly-
sis with half site phosphorylation (19, 20). Subsequently,
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the presence of EP:EATP in pig stomach H/K-ATPase was
demonstrated more clearly (21), where l mol of Pi liberation
from each 0.5 mol of EP and EATP in EP:EATP was detected
in a cold ATP chase experiment. Quite recently, the pre-
sence of an active tetraprotomer of H/K-ATPase in solution
(22, 23) and the isolation of a soluble tetraprotomer of dog
kidney Na/K-ATPase has been reported (24). However the
role of the enzyme bound ATP in Na/K-ATPase remains to
be explained. Mg2+ bound Na/K-ATPase catalyzes the
hydrolysis of pNPP and AcP via E1P and E2P in the pre-
sence of Na+ (25, 26) and via KE2 in the presence of K+ (6, 8,
9). pNPP also catalyzes a Na+/Na+ exchange in reconsti-
tuted liposomes (27). These data clearly indicate that
Mg2+ and Na+ bound Na/K-ATPase accepts pNPP (27)
and E1P and E2P accumulate, as in the case of ATP (7–
10) and AcP (26). If the catalytic unit of the enzyme is a
protomer, the addition of increasing concentrations of ATP
in the presence of Na+ under saturated concentrations of
pNPP would lead to an increase in Na-ATPase activity and a
decrease in Na-pNPPase activity. If the catalytic unit is an
oligomer, the simultaneous presence both ATP and pNPP
would influence the catalytic activities via subunit interac-
tions in such a manner that could not be explained by simple
competition. To investigate this point, we determined
Na-ATPase activity and Na-pNPPase activity directly in
the simultaneous presence of [g-32P]ATP and pNPP by mea-
suring [g-32P]Pi and pNP, respectively. In this study, we
provide compelling evidence for the presence of ATP,
pNPP and ATP with pNPP inducing different catalytic sub-
unit interactions in oligomeric Na/K-ATPase. This is based
on measurements of the amount of EP and the activities of
Na-ATPase and Na-pNPPase in the presence of various
concentrations of [g-32P]ATP and 20 mM pNPP which
fully saturated Na-pNPPase activity and the amount of
enzyme bound [g-32P]ATP in the presence of 0.1 mM
[g-32P]ATP and 20 mM pNPP. The data show that ATP
binding with different affinity induces catalytic subunit
interactions, which can not be explained by atomic models
that have been presented previously (1–4) and indicate the
need for further studies of membrane bound P-type ATPase,
in terms of developing a better understanding of the
mechanism of this reaction.

EXPERIMENTAL PROCEDURES

The purification of Na/K-ATPase from pig kidney (28) with
slight modifications and removing the contaminating Na+

and K+ in the enzyme preparation (29, 30), the estimation
for the amount of acid stable E32P and bound 32P in the
presence of [g-32P]ATP and the liberation of 32Pi from
[g-32P]ATP (20) and the liberation of p-nitrophenol from
pNPP (31) have been described previously. All reactions
were carried out at 0�C and were stopped under when the
reaction was in a linear phase, where the steady state level
of phosphorylation from [g-32P]ATP was maintained. The
reaction mixture used in measuring the activity of
Na-ATPase, Na-pNPPase and the phosphorylation con-
tained 25 mM Imidazole-HCl (pH 7.4), 16 mM NaCl, 25
mM sucrose, 0.1 mM EDTA-Tris, 0 to 1 mM [g-32P]ATP-
Tris and 0 to 20 mM pNPP-Tris unless otherwise stated.
The concentration of MgCl2 was always in 1 mM excess
to the initial concentration of substrates added. Ouabain
sensitive Na-ATPase and Na-pNPPase activity were

estimated from the difference in activity in the absence
and presence of 1 mM ouabain. The reaction mixture
used in estimating the amount of 32P bound to the enzyme
was essentially the same as described above and contained
0.1 mM [g-32P]ATP-Tris, 50 mM [3H]-glucose and 20 mM
pNPP. Other details are described below.
Na+-Dependent pNPPase Activity—The Na-pNPPase

reaction was started by the addition of 0.05 ml of a solution
containing 0.1 to 2 mmol of both pNPP-Tris (pH 7.4) and
MgCl2 and choline chloride to maintain a constant ionic
strength to 0.05 ml of a reaction mixture containing 2.7 mg
protein of the enzyme, 1.6 mmol of NaCl, 0.1 mmol of MgCl2,
2.5 mmol of sucrose, 0.01 mmol of EDTA-Tris and 2.5 mmol of
Imidazole-HCl (pH 7.4), respectively, with or without
100 nmol of ouabain. Ouabain sensitive Na-pNPPase activ-
ity in the presence of 2 mmol of both pNPP-Tris (pH 7.4)
and MgCl2 with or without 0.05–200 nmol of ATP-Tris,
0.05–50 nmol of ADP-Tris, 0.05–400 nmol of AMP-
PCP-Tris, 0.1–1600 nmol of acetyl phosphate and MgCl2
to give a 1 mM excess over the concentrations of each
ligand were also measured. The reaction was stopped
after 20 min by adding 0.1 ml of a solution containing
5% Na2CO3 and 8% SDS.
Sodium-Dependent Phosphoenzyme (EP) Formation

from ATP and Na+-Dependent ATPase Activity—For
the Na-ATPase and phosphorylation reactions using
[g-32P]ATP in the absence of pNPP, the reaction was
initiated by the addition of 0.05 ml of a solution containing
0.005–10 nmol of both [g-32P]ATP and MgCl2 to 0.05 ml of
reaction mixture containing 7.7 mg of SDS-purified enzyme
protein, 1.6 mmol of NaCl, 0.1 mmol of MgCl2, 2.5 mmol of
sucrose, 0.01 mmol of EDTA-tris and 2.5 mmol of imidazole-
HCl (pH 7.4), respectively. The reaction was stopped by
the addition of 0.5 ml of 10% TCA with 5 mmol of
NaH2PO4 and 500 nmol of ATP at 10 s (0.05 to 0.5 mM
ATP), 20 s (1 and 2 mM ATP), 1 min (5 mM ATP), 2 min
(10 and 20 mM ATP), 3 min (100 mM ATP). The Na-ATPase
and the phosphorylation reaction in the presence of pNPP
was initiated by the addition of 0.02 ml of a solution con-
taining 2 mmol of both pNPP and MgCl2 to 0.03 ml of a
reaction mixture containing 7.7 to 22 mg of SDS-purified
enzyme protein, 0.8 mmol of NaCl, 0.05 mmol of MgCl2,
1.25 mmol of sucrose, 0.05 mmol of EDTA-tris and
1.25 mmol of imidazole-HCl (pH 7.4), respectively. After
1 min, 0.05 ml of a solution containing the same amount
of ligands as above and 0.01–100 nmol of both [g-32P]ATP
and MgCl2 was added. The reaction was stopped by
the addition of 0.5 ml of a solution containing 10%
TCA, 5 mmol of NaH2PO4 and 500 nmol of ATP at
0.5 min (0.1 to 0.5 mM ATP), 1 min (1 to 5 mM ATP),
2 min (10 and 20 mM ATP), 3 min (50 and 100 mM ATP)
and 10 min (200 to 1000 mM ATP), respectively. The
denatured enzyme suspension was centrifuged and the
supernatants were treated with charcoal, the amount of
Pi liberated was determined and the precipitates were sus-
pended and counted as the amount of EP, as described
previously (21).
Bound 32P from [g-32P]ATP—To estimate the amount

32P that binds to the enzyme in the presence of 0.1 mM
[g-32P]ATP, the binding reaction was initiated by adding
18 ml of a solution containing 750 nmol of imidazole-HCl
(pH 7.4), 33 nmol of MgCl2, 3 nmol of [g-32P]ATP and
1,500 nmol of [3H]-glucose with or without 600 nmol of
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pNPP and MgCl2 to 12 ml of a solution containing 92 mg of
enzyme protein, 3,000 nmol of sucrose and 12 nmol of
EDTA-Tris and mixed with a pipet tip at 0�C. After
approximately 6 s, approximately 18 ml of the reaction
mixture with or without the enzyme was applied to a set
of two membrane filters (upper: a Bio-Rad nitrocellulose
filter with a pore size of 0.45 mm for trapping the enzyme;
lower: a type AA Millipore filter with a pore size of 0.8 mm
for trapping the filtrate). Approximately 3 ml of the reaction
mixture containing little enzyme protein was then trapped
in the Millipore filter by aspiration for 6–10 s at 4�C. The
Millipore filters were incubated with 1 ml of a solution
containing 1 mmol of unlabeled ATP and 50 mmol of glucose
for 1 h at room temperature and then removed and 10 ml of
scintillation cocktail was added and counted. The amount
of 32P bound to the enzyme was calculated from the differ-
ence between the ratio of the radioactivity 32P/3H of the
filtrate with or without the enzyme in the reaction mixture.
Na+-dependent EP formation and Na-ATPase reaction in
Table 2 were started and stopped as described in the legend
of Fig. 2 except that both 10 nmol of ATP-Tris and MgCl2
with or without both 2,000 nmol of pNPP-Tris and MgCl2
were added to the enzyme solution containing 5 mmol of
glucose, 10 mmol of sucrose and 40 nmol of EDTA-tris. The
Na-pNPPase reaction in the Table 2 was started and
stopped as described in the legend of Fig. 1 except that
2,000 nmol of pNPP-Tris and MgCl2 were added with or
without 10 nmol of ATP-tris and MgCl2 to the enzyme
solution containing 5 mmol of glucose, 10 mmol of sucrose
and 40 nmol of EDTA-tris which had little effect on either
of the activities.
Curve Fitting of the Data—The experimental values

shown in Figs 1 and 2 represent the mean – S.D.
from duplicate experiments that were performed several
times. Error bars within each symbol are not shown. Data
were subjected to curve fitting using the Hill equations
(Graph Pad Prism; Graph Pad Software Inc.). The one
site model equation, V ¼ Vmax½L�n=ðK0:5

n þ ½L�nÞ was used
for the activation of Na-pNPPase versus pNPP concentra-
tion, the Na-ATPase and the amount of EP versus
ATP concentration in the absence of pNPP. The two
site model equation, V ¼ Vmax1½L�n1=ðK0:5

n1 þ ½L�n1Þ þ
Vmax2½L�n2=ðK0:5

n2 þ ½L�n2Þ was used for the activation of
Na-ATPase activity versus ATP concentration in the pre-
sence of pNPP. The one site inhibition model, V = Vmax[1 -
[L]n/([L]n + Ki;0:5

n)] was used for the inhibition of
Na-pNPPase activity versus various concentrations of
ligands. Vmax (or EPmax), K0.5 and n are the maximum
velocity (or the amount of EP), the concentration of ligand
for the half maximum velocity (or the half maximum
amount of EP) and Hill coefficient, respectively. The
correlation coefficient, r, was also obtained.

RESULTS

Effect of ATP, Acetyl Phosphate, ADP and AMP-PCP on
Na+-Dependent p-Nitrophenyl Phosphatase Activity of
Pig Kidney Na/K-ATPase—The reactivity of the EP of
Na/K-ATPase formed in the presence of Mg2+ and Na+

from ATP, AcP and pNPP, and that of EP formed in the
presence of Mg2+ from Pi (7–10, 15, 25, 26, 32, 33) has been
studied extensively. However, the role of enzyme bound
ATP preceding the formation of EP (34) and in EP:EATP

accompanying half site phosphorylation during the
Na-ATPase reaction (19) is not well understood. The reason
for this may be that the bound ATP preceding the forma-
tion of EP appears transiently. The EATP in EP:EATP is
labile in cold ATP chase experiments compared with the
case of H/K-ATPase (21). The possibility that enzyme
bound pNPP is formed during the Na-pNPPase reaction
as in the case of ATP (20, 34) can not be excluded, because
ATP is replaceable by pNPP in Na+-dependent reactions, as
described above. In such a case, the addition of low con-
centrations of [g-32P]ATP may induce the formation of
reaction intermediates from pNPP and AT32P, such as
EP:EpNPP, EP:EAT32P, E32P:EpNPP or E32P:EP. The lib-
eration of pNP and 32Pi which accompany the formation of
such complexes, would be influenced by subunit interac-
tions (15–20, 32, 35, 36), because 1 mol of the phosphoryla-
tion site or ATP binding site/mol of protomer is widely
accepted in Na/K-ATPase (9, 10, 16, 17, 20, 37).

To investigate this point, the concentration dependence
of pNPP on ouabain sensitive Na-pNPPase activity was
measured first, while keeping the ionic strength constant
by adding choline chloride. A Hill plot of the data (Fig. 1)
showed that the Na+-dependent hydrolysis of pNPP occurs
with a strong positive cooperative effect by pNPP
(K0:5

pNPP;pNPPase ¼ 3.6 – 0.2 mM with n = 2.2 – 0.2).
The effect of increasing concentrations of ATP on

Na-pNPPase activity in the presence of 20 mM pNPP
was then investigated (Fig. 2, triangles). ATP showed

Fig. 1. pNPP concentration dependence of Na-pNPPase
activity and the effect of ADP, AMP-PCP and acetyl
phosphate on the activity. Na+-dependent pNPPase activity
of SDS-purified enzyme was measured at 0�C in a reaction
medium containing 2.7 mg of enzyme protein, 16 mM NaCl, 1 mM
MgCl2, 25 mM Sucrose, 0.1 mM EDTA-tris, 25 mM imidazole-HCl
(pH 7.4), 0–20 mM of both pNPP and MgCl2 in the presence or
absence of 1 mM ouabain. Data for Na-pNPPase activity, namely
the difference in activity with and without ouabain, versus pNPP
concentration (open triangle) were subjected to curve fitting using
the Hill equation for the one site activation model
to be K0.5

pNPP,pNPPase = 3.6 mM and the Hill coefficient, n = 2.2
and correlation coefficient r = 0.996. inset, Na-pNPPase activity
of SDS-purified enzyme was measured under the same condition
as described above except that the reaction mixture contained
20 mM of both pNPP and MgCl2 and 0–0.5 mM of both ADP and
MgCl2 (closed triangle) or 0–4 mM of both AMP-PCP and MgCl2
(closed diamond) or 0–16 mM of both acetyl phosphate and MgCl2
(open square). The Hill plot of the inhibition model was used for
activity versus ADP, AMP-PCP, and AcP. Parameters are in the
text. One hundred percent of the activity was the Na-pNPPase
activity in the absence of ATP analogs.
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clear dual effects, activation followed by inhibition with
increasing concentrations of ATP. In the presence of less
than 10 mM ATP, ATP induced a nearly 2 fold increase
(K0:5

ATP;pNPPase ¼ 0.37 – 0.05 mM with n = 1.4 – 0.2) in Na-
pNPPase activity, as shown by the activation model of the
Hill plot. A higher concentration of ATP induced a negative
cooperative inhibition (Ki;0:5

ATP;pNPPase ¼ 63 – 17 mM and n =
0.6 – 0.1) as shown by the inhibition model of the Hill plot
(Table 1, pNPPase 2nd, and 3rd columns).

Although little activation of Na-pNPPase activity was
detected with the following the substrates, a Na+-
dependent phosphorylating substrate, AcP (open squares,
Ki;0:5

AcP;pNPPase ¼ 15 – 1.2 mM with n = 1.9 – 0.3) or a
pseudo substrate, AMP-PCP (closed diamonds,
Ki;0:5

AMP-PCP;pNPPase ¼ 1.8 – 0.2 mM with n = 1.6 – 0.4) or
ADP (closed triangles, Ki;0:5

ADP;pNPPase ¼ 86 – 10 mM with
n = 1.3 – 0.2) inhibited Na-pNPPase activity as shown
(Fig. 1, inset).

These data suggest that ATP binding triggers the
activation of Na-pNPPase activity. EP formation itself
appeared to be either insufficient or not required for acti-
vation because neither of the Na+-dependent phosphorylat-
ing substrates AcP nor pNPP induced any additional
activation, where both E1P and E2P accumulate (25, 26)
as in the case of ATP.

The data suggest the presence of at least two different
ATP effects on Na-pNPPase activity. (i) A high affinity ATP
binding which induces conformation change preceding EP
formation to affect neighboring catalytic unit(s) such as
activating Na-pNPPase activity in spite of reducing the
available sites for pNPP. (ii) A low affinity ATP binding
which further expels pNPP from the enzyme to inhibit
Na-pNPPase activity. The ATP induced activation with
positive cooprerativity and inhibition with negative coop-
erativity may indicate the presence of more than two ATP
binding sites (Table 1, pNPPase, 2nd and 3rd columns).
Comparison of Concentration Dependence of ATP on the

Na-pNPPase Activity with the Na-ATPase Activity and the
Amount of EP—Figure 2 (closed and open circles) show the
ATP concentration dependence of the amount of EP and
the Na-ATPase activity in the absence of pNPP. The Hill
plot of these data (closed and open circles in Fig. 2) show
that the apparent K0:5

ATP;EP for phosphorylation and the
K0:5

ATP;ATPase for the Na-ATPase activity was 0.076 –
0.007 and 0.19 – 0.03 mM, respectively, where each n
value was close to 1. The estimated EPmax and the
Vmax

ATPase were assumed to be 100% (all parameters esti-
mated by the Hill plot from Fig. 2 are shown in Table 1).

The ATP concentration dependence for the amount of
EP and Na-ATPase activity in the presence of 20 mM
pNPP (Fig. 2, closed and open squares) showed biphasic
increases approaching the maximum values detected with-
out pNPP. The large scattered values for ouabain sensitive
Na-ATPase activity in the presence of more than 0.2 mM
ATP was due to an increase in the amount of 32Pi in the
[g-32P]ATP solution compared with the liberation of 32Pi by
the enzyme. The Hill plot assuming a two site model shows
the presence of high and low ATP affinity sites, each frac-
tion of which was around half, for both phosphorylation
and Na-ATPase activity. The value of K0:5

ATP;EP for high and
low affinity sites was, 0.33 – 0.03 mM with n = 1.4 – 0.2 and
280 – 28 mM with n = 1.0 – 0.1, respectively. That of
K0:5

ATP;ATPase was 1.3 – 0.2 mM with n = 1.0 – 0.2 and 238
– 29 mM with n = 1.7 – 0.3, respectively.

ThedataclearlyshowthatpNPPnotonlyreduces theATP
affinity but also splits the two apparently different ATP
effects observed in the absence of pNPP into two with an
almost equal fraction of each. The presence ofpNPP reduced
both the maximum amount of EP and Na-ATPase activity to
half showing a value of 4 (= 0.33/0.076) and a 3,700 (= 280/
0.076) fold reduction in ATP affinity for EP formation, and a
7 (=1.3/0.19) and 1,300 (= 238/0.19) fold reduction in affinity
for Na-ATPase activity (Table 1, EP and ATPase). The dif-
ference in ATP affinity for phosphorylation and Na-ATPase
activity in between each fraction, was around 850 (=280/
0.33) and 180 (=238/1.3) fold, respectively. The increase in
the amount of EP and Na-ATPase activity in the presence of
pNPP with increasing concentrations of more than 0.1 mM
ATP (Fig. 2, closed and open squares) show that ATP bound
to the low affinity sites, possibly expelling bound pNPP, was
also broken down to ADP + Pi, not to accumulate a dead end
complex.Anotherimportantfindingwasthatthevalueofthe
half maximum effect of ATP for high affinity
phosphorylation (K0:5

ATP;EP ¼ 0.33 – 0.03 mM) was almost
the same as the value for the ATP induced Na-pNPPase
activation (K0:5

ATP;pNPPase ¼ 0:37 – 0:05 mM) but significantly
different from the value for Na-ATPase activation
(K0:5

ATP;ATPase ¼ 1.3 – 0.2 mM).

Fig. 2. ATP concentration dependence of Na-ATPase activ-
ity and Na+-dependent EP formation in the presence or
absence of 20 mM pNPP. Na-pNPPase activity versus the con-
centration of ATP-Tris (open triangles) were subjected to a Hill
plot for the activation model and the inhibition model, respectively,
in the ATP concentration range of 0 to 10 mM and 10 to 2,000 mM.
The values for Na-pNPPase activity shown are relative to the activ-
ity of the Vmax of ouabain sensitive Na-ATPase activity, estimated
as described below. The Na-ATPase activity and the amount of
EP versus the concentration of ATP were subjected to the Hill
plot for the activation model. The maximum Na-ATPase activity
(open circles, 0.14 nmol/mg of protein/s) and the maximum amount
of EP (closed circles, 2.3 nmol/mg of protein) were set at 100%,
respectively. Data for Na-ATPase activity (open squares) and
the amount of EP (closed squares) in the presence of pNPP were
subjected a Hill plot of the two site model [V = Vmax1[L]n1/
(K0.5

n1 + [L]n1] + Vmax2[L]n2/(K0.5
n2 + [L]n2)]. Where the maxi-

mum Na-ATPase activity or the maximum amount of EP, Vmax1

with high affinity and Vmax2 with low affinity for ATP was set,
respectively, to 46% estimated from the ATP concentration depen-
dence of the activity or the amount of EP in the presence of
0 to 10 mM ATP with 20 mM pNPP and 53 (= 100–47) % from
the difference in activity with the amount of EP in the presence
of 0 to 100 mM ATP without pNPP (100%) and the value 47%. When
each value was set to the theoretical value of 50% due to half
site phosphorylation, each K0.5 value increased within 10%, except
for K0.5

ATP,ATPase for the high affinity, which increased from
1.3 to 1.9 mM, an increase that had negligible influence on the
present results.
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Effect of pNPP on the Amount of EP:EATP and EP, and
Activities of Na-pNPPase and Na-ATPase—To further
investigate the effect of pNPP on the ATP dependent reac-
tions, the amount of both 32P binding (21) to the enzyme
(E32P:EAT32P) and E32P accumulated, and the liberation
of both 32Pi and pNP in the presence of 16 mM Na+ with
both 0.1 mM [g-32P]ATP and 20 mM pNPP or the presence
of either were measured. Table 2 shows that the amount of
EATPinEP:EATPwas34(=134–100)and9(=69–60)%ofthe
amount of EP in the absence and presence of pNPP, respec-
tively. The presence of pNPP reduced the amount of EATP
andEPto26(=9·100/34)and60%level,respectively,accom-
panied by a reduction in Na-ATPase activity to 34% with the
appearanceof81%ofNa-pNPPaseactivity.Thedatasuggest
that the major effect ofpNPP was to expel the enzyme bound
ATPinEP:EATP,thusinducingtheinhibitionofNa-ATPase
activity. While the major effect of low affinity ATP binding in
the presence of 20 mM pNPP was to expel enzyme bound
pNPP to increase both the amount of EP and Na-ATPase
activity (Fig. 2, closed and open squares, more than 0.1
mM ATP). The reactivity of EP in the presence of 20 mM
pNPP, possibly present as E32P:EATP, E32P:EP or
E32P:EpNPP, was shown to be K+ sensitive with
little sensitivity to ADP (data not shown), indicating the
accumulated phosphoenzyme to be E2P.

DISCUSSION

The present data demonstrate the presence of two differ-
ent very high affinity ATP effects in the absence of pNPP

and two different high and low affinity ATP effects each in
the presence of pNPP, during the Na-ATPase reaction
(Table 1, EP and ATPase, 1st, 2nd and 4th column). The
value for the very high ATP affinity effects and the
high affinity ATP effects detected as K0.5

ATP,EP and
K0.5

ATP,ATPase without and with pNPP, respectively,
are significantly different from each other. Each ATP bind-
ing appeared to require the maximum Na-ATPase activity
(Fig. 2, open and closed symbols, below 0.1 mM ATP). A
report of the presence of two ATP effects on Na-ATPase
(38) has been questioned (7) because of the underestima-
tion of Na-ATPase activity, possibly, due to the decrease in
ATP concentration to as little as a 50% level compared to
the level for the amount of estimated EP. The present data
exclude such a possibility because phosphorylation and
Na-ATPase activity, respectively, were estimated in the
supernatant and precipitates from the same acid-
terminated reaction mixture as described in the Experi-
mental procedures section. The data are consistent with
an oligomeric nature of the enzyme such as the presence of
enzyme bound ATP (EATP) and EP in different catalytic
units (19), the stoichiometry of ouabain binding to each
protomer, diprotomer and tetraprotomer to be close to
1:1:0.75, respectively (35), and others (15–20, 24, 29, 31,
35, 36, 39, 40). The partial reactions of the electric organ
Na/K-ATPase (18) seems to be different from the reactivity
of pig and dog enzymes as described above. The results
of homology modeling of Na/K-ATPase (41) using the
atomic structure of Ca-ATPase (1–3) and others (10, 11,
16, 17, 19, 20, 24, 29, 31, 36, 37, 39, 40, 42) suggest
the presence of one ATP binding domain/protomer without
an extra ATP binding domain except that E1P accepts
ADP to synthesize ATP (8). The presence of a single ATP
binding site with a different conformational state in Na/K-
ATPase has been also suggested, based on studies using
single amino acid mutated enzymes inside the ATP bind-
ing pocket (31) and in the conserved 442GDSE446
sequence (43).

High affinity ATP effects detected in the presence of
pNPP with Mg2+ and Na+ appeared to occur in the same
ATP concentration range, because value of K0.5

ATP,EP=
0.33 – 0.03 mM and K0.5

ATP,pNPPase = 0.37 – 0.05 mM was
essentially the same, within experimental error. The

Table 2. Comparison of the amount of EP, 32P binding and
Na-ATPase and Na-pNPPase activities in the presence of
100 lM [c-32P]ATP with or without 20 mM pNPP.

20 mM pNPP - +
100 mM [g-32P]ATP + +, (-)

Capacity, %

E32P:EAT32P 134 – 19 69 – 20

E32P 100 – 7 60 – 3

Activity, %

Na-ATPase 100 – 13 34 – 14

Na-pNPPase - 81 – 11, (100 – 4)

Table 1.Parameters estimated from theHill plot. Each parameter was obtained from the data shown in Fig. 2 except for the case of the
maximumouabainsensitiveNa-pNPPaseactivity,whichwasobtained fromFig.1.ThemaximumouabainsensitiveNa-ATPaseactivitywas
set to 100%, and the relative hydrolytic activity of Na-pNPPase in the presence and absence of ATP became 339 and 173% as shown,
respectively, Vmax

with ATP, and Vmax
without ATP in the table. All correlation coefficients (r) were ranged from 0.993 to 0.998, and are not

included in the table.

20 mM pNPP
- + + +

EP: K0.5
ATP,EP, mM 0.076 – 0.007 0.33 – 0.03 280 – 28

EPmax, % 100 – 1.8 47 53

n 1.1 – 0.1 1.4 – 0.2 1.0 – 0.1

ATPase: K0.5
ATP,ATPase, mM 0.19 – 0.03 1.3 – 0.2 238 – 29

Vmax
ATPase, % 100 – 3.6 44 56

n 0.8 – 0.1 1.0 – 0.2 1.7 – 0.3

pNPPase: K0.5
ATP,pNPPase, mM 0.37 – 0.05 -

Ki,0.5
ATP,pNPPase, mM - 63 – 17

Vmax
with ATP, % 339 – 17 -

Vmax
without ATP, % 173 – 7 -

n 1.4 – 0.2 0.6 – 0.1
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enzyme bound 32P detected was only E32P without EAT32P
(not shown) suggesting that the same ATP molecule
induced not only a quarter site phosphorylation in one
catalytic unit but also a 2 fold increase in Na-pNPPase
activity in neighboring catalytic unit(s), which would
have accepted pNPP to form E2P from pNPP (25) and/or
the EpNPP complex. Neither pNPP nor AcP (Fig. 1 and
inset), both of which form E2P (25, 26) as does ATP, replace
the role of ATP. Thus, ATP binding rather than the sub-
sequent formation of EP appears to lead to the activation of
Na-pNPPase activity. The reason for why two different
ATP affinities, one for K0.5

ATP,EP and K0.5
ATP,pNPPase and

another for K0.5
ATP,ATPase were detected in spite of the

quarter site phosphorylation from ATP may be that the
bound ATP induced dephosphorylation immediately
because of EP, already formed from pNPP (25) in neigh-
boring subunits. The enzyme, possibly, retained half site
phosphorylation (19, 20) or prohibited more than half site
phosphorylation (Fig. 3B0).

Table 2 shows that the enzyme bound ATP (19) with a
low affinity for EP:EATP protected Na-ATPase activity
from the pNPP induced inhibition. It has previously
been shown that high concentrations of ATP (10) deocclude
K+ from KE2 where Na+ is possibly required (19), and
the deocclusion has been assumed to be the rate determin-
ing step in the Na/K-ATPase reaction in the sequential
scheme of the Post-Albers mechanism in the protomeric
enzyme form (7–10). KE2 has been reported to hydrolyze
more than 10 molecules of pNPP for each molecule of ATP
hydrolyzed (7) in the presence of both 4 mM Mg2+ and
pNPP, 10 mM Na+, and 0.5 mM K+ and 67 mM ATP,
where ATP induced a 4 fold activation of pNPPase activity.
However, whether K+ occluded catalytic units, namely
KE2, and/or the neighboring catalytic units hydrolyze
pNPP remains to be determined. These data clearly
show the ATP induced activation of pNPPase activity
occurs via two different mechanisms, one involving the
formation of EATP preceding phosphorylation in the pre-
sence of Na+ as shown in this work and another involving
the accumulation of KE2 via E2P (7, 10) and possibly that
of EATP in the presence of Na+ with K+. The presence of a

modifying site for the action of ATP to reject the participa-
tion of phosphoenzyme has been reported (44) to activate
pNPPase activity in the presence of Na+ with K+. The
EP:EATP detected during the Na-ATPase reaction
(19 and Table 2) accepted K+ to liberate Pi immediately.
This might result in an accumulation of KE2:EATP which
then accepts Na+ to liberate K+ to form EP:EATP during
the Na/K-ATPase reaction.

Although more quantitative data will need to be col-
lected, the data presented here can be explained by assum-
ing a hypothetical tetraprotomer model (Fig. 3 and its
legend; also see Table 1). Upper pathway (A!B!C) and
lower pathway (A0!B0!C), respectively, designates the
intermediates accumulated with increasing concentrations
of ATP in the absence (upper pathway) and presence of
pNPP (lower pathway). Both enzymes form B and C,
and B0 and C0, respectively, assumed to become A and A0

after stoichiometric Pi liberation from EP and EP:EATP.
Evidence in support of EATP as an active intermediate and
not a dead end complex in EP:EATP has been obtained as
described below. ATP reduced the rate of EP breakdown of
Na/K-ATPase (32, 33). Bound ATP in EP:EATP and ATP
added to EP:E of H/K-ATPase (21) also reduced the rate of
EP breakdown, in which K+ accelerated the breakdown
remarkably in the presence of high concentrations of
ATP (45), as is well known in the case of the activation
of Na/K-ATPase and H/K-ATPase. The rate constant for
EP breakdown of pig stomach H/K-ATPase was almost
equal to the value of v/(EP + EATP) under accumulation
conditions of EP:EATP (21) and the liberation of 2 mol of
Pi from 1 mol of EP and 1mol of EATP was directly demon-
strated without (21) and with K+ (46). However, bound ATP
in EP:EATP of Na/K-ATPase appeared to immediately
undergo exchange with added cold ATP in the chase experi-
ment, which prohibited measuring Pi liberation from
EATP, directly. These data indicate that ATP hydrolysis
occurs via two parallel pathways: one mole of Pi liberation
occurs from the EP formed as the result of high-affinity
ATP binding in one catalytic unit, and a second mole from
the EATP formed with low affinity ATP binding in another
catalytic unit.

Fig. 3. Hypothetical model of four different
ATP effects on Na/K-ATPase. The Na/K-
ATPase is assumed to be a tetraprotomer (19,
20) and each square indicates a Mg2+ and Na+

bound enzyme. Each triangle indicates an EP
from pNPP (25) or the EpNPP complex. Each cir-
cle indicates EP from ATP and the ATP bound
enzyme, respectively, as shown in the circles P
and ATP. Each value of K0.5

ATP,ATPase and
K0.5

ATP,pNPPase and percent value for the phos-
phorylation (EP) to the maximum amount of EP
and that of the hydrolytic activity (ATPase or
pNPPase) to the maximum Na-ATPase activity
are from Table 1, except that the amount of EP
and Na-ATPase activity in B0 was set to 50%,
respectively, not 47 and 44% for simplicity and
K0.5

ATP,EATP was assumed to be 0.1 mM<, because
the amount of EATP in the presence of 0.1 mM
ATP was below half the amount of EP (Table 2).
The amount of EATP in each enzyme state
remains to be determined, except the amount of
EATP, possibly, in the mixture of C0 and B0 was
estimated (Table 2).
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Two very high affinity ATP bindings to the Na+-
bound enzyme (A), one for EP formation (K0.5

ATP,EP =
0.076 mM) and the other for Na-ATPase activation
(K0.5

ATP,ATPase = 0.19 mM) induce the formation of half
site phosphorylated enzymes (B). Both forms A and B,
respectively, become A0 and B0 in the presence of 20 mM
pNPP. A0 hydrolyzes pNPP 1.7 (= 173/100)-fold that of the
ATP hydrolyzed in the B, under each saturated substrate
concentration (see percent value in Table 1, first column,
ATPase and second column pNPPase). A0 is converted to B0

by binding ATP with high affinity at possibly two different
sites (K0.5

ATP,EP = 0.33 mM and K0.5
ATP,ATPase = 1.3 mM),

where both phosphorylation and Na-ATPase activity
become half of that of B in the upper pathway. Thus
in B0 one-fourth of the catalytic units are phosphorylated
(Fig. 2 closed squares in the presence of around 0.01 to
0.1 mM ATP) compared to one-half in B (Fig. 2 closed
circles) without any detectable enzyme bound ATP.
While the Na-ATPase activity in B0 (Fig. 2, open squares
in the same ATP concentration range as described above)
is roughly half that in B (Fig. 2, open circles) but the
total hydrolytic activity is almost 4 [= (44 + 339)/100]-fold
of B or 2 (= 339/173)-fold of the Na-pNPPase activity of
A0 (see percent value in Table 1. first column, ATPase
without pNPP and second column, ATPase and pNPPase
with pNPP). The similar values for K0.5

ATP,EP and
K0.5

ATP,pNPPase (Table 1, second column, EP and pNPPase)
show that the ATP participating in phosphorylation also
induces an extra activation of Na-pNPPase. The reason
for the reduction in Na-ATPase activity in B0 to half would
be related to the accumulation of EP from pNPP or the
EpNPP complex (25). B0 accepts ATP with a moderate
ATPaffinitytobecomeC0,showingthecooperativeinhibition
ofNa-pNPPaseactivity (Ki,0.5

ATP,pNPPase = 63mM)accompa-
nied by an increase in the amount of EP from ATP and pos-
sibly enzyme bound ATP (Table 1, third column and Fig. 2),
as shown in the dotted parenthesis in Fig. 3. The last, and
possibly fourth, ATP binding to C0 induces the maximum
phosphorylation (K0.5

ATP,EP =280 mM) and Na-ATPase
activity (K0.5

ATP,ATPase = 238 mM) with the nearly com-
plete removal of Na-pNPPase activity to form enzyme form
C, the half site phosphorylated and half site ATP bound
tetraprotomeric Na/K-ATPase (20).

Although EP breakdown appeared to be rate limiting
under saturated levels of each substrate in the presence
of Mg2+ and Na+ (7, 9, 10, 25), A0 and B0, respectively,
showed a 1.7- and a 3.8 [(= 339 + 44)/100]-fold increased
hydrolytic activity compared to B or C. If each protomer
independently hydrolyzed each substrate, the maximum
activity would be the same, which was not the case. The
difference in catalytic subunit interactions induced by
ATP (B), pNPP (A0) and ATP + pNPP (B0) might be
related to the difference in maximum activity. ATP
was required for the activation of Na-pNPPase (Figs 1
and inset and 2) and neither Na+-dependent phosphor-
ylation by pNPP or AcP nor the binding of the pseudo
substrate, AMP-PCP or ADP, induced any activation.
Those data exclude the possibility that an increase in
the amount of E2, accumulated after dephosphorylation
of EP formed by ATP, activated pNPP hydrolysis as
in the well known case of KE2 (7).

Available data suggest that high affinity ATP bind-
ing without and with pNPP, respectively, triggered a

conformational change preceding EP formation, as has
been previously shown without pNPP (34). Such a confor-
mation change would result in subunit interactions with
neighboring subunits to accept ATP with a slightly reduced
affinity to activate Na-ATPase activity. An explanation for
the little difference in the low affinity ATP effect compared
with a clear difference in the high affinity ATP effect,
detected as K0:5

ATP;EP and K0:5
ATP;ATPase in the pre-

sence of pNPP, is not possible because of the inevitable
large scattering of the Na-ATPase activity data.

The increase in protomer-protomer interaction accompa-
nying EP formation has previously been demonstrated by
gel chromatography using octaethyleneglycol n-dodecyl
ether solubilized dog kidney Na/K-ATPase (47). Direct che-
mical evidence for subunit interactions has already been
shown by the presence of a C-terminal 64-kDa homodimer
using chemical cross-linking and controlled trypsin diges-
tion at Arg438-Ala439 (35). The atomic structure of
Ca-ATPase indicates that ATP binds to the N domain
and approaches domain P for phosphorylation (1) in
P-type ATPase (1–6, 48), the movement of which might
be related to catalytic subunit interactions. Further stu-
dies will be required to confirm the above hypothesis.

The possible existence of four different ATP effects and
changes in different maximum catalytic activity by ATP,
pNPP and ATP with pNPP were observed without any
chemical modification of the enzyme. These findings
suggest a new strong enzymatic basis for different catalytic
subunit interactions, induced by ATP binding with differ-
ent affinities with or without pNPP, in tetoraprotomeric
Na/K-ATPase for the first time, to our knowledge. They
may be useful for developing a better understanding of
the mechanism of P-type pump ATPase in general.
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17. Schoner, W., Thönges, D., Hamer, E., Antolovic, R.,
Buxbaum, E., Willeke, M., Serpersu, E.H., and
Scheiner-Bobis, G. (1994) Is the Sodium pump a functional
dimer? inTheSodiumPump. StructureMechanism,Hormonal
Control and its Role in Disease (Bamberg, E. and Schoner, W.,
eds.) pp. 332–341, Dietrich Steinkopff Verlag GmbH & Co. KG,
Darmstadt

18. Froehlich, J.P., Bamberg, E., Kane, D.J., Mahaney, J.E., and
Albers, R.W. (2000) Contribution of quaternary protein
interactions to the mechanism of energy transduction in
Na+/K+-ATPase in Na/K-ATPase and Related ATPases
(Taniguchi, K. and Kaya, S., eds.) pp. 349–356, Elsevier
Science, Amsterdam

19. Yokoyama, T., Kaya, S., Abe, K., Taniguchi, K., Katoh, T.,
Yazawa, M., Hayashi, Y., and Mårdh, S. (1999) Acid-labile
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