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Na1,K1-ATPase and gastric H1,K1-ATPase are two related enzymes
that are responsible for active cation transport. Na1,K1-ATPase
activity is inhibited specifically by ouabain, whereas H1,K1-ATPase
is insensitive to this drug. Because it is not known which parts of
the catalytic subunit of Na1,K1-ATPase are responsible for ouabain
binding, we prepared chimeras in which small parts of the a-
subunit of H1,K1-ATPase were replaced by their counterparts of
the a1-subunit of rat Na1,K1-ATPase. A chimeric enzyme in which
transmembrane segments 5 and 6 of H1,K1-ATPase were replaced
by those of Na1,K1-ATPase could form a phosphorylated interme-
diate, but hardly showed a K1-stimulated dephosphorylation re-
action. When transmembrane segments 3 and 4 of Na1,K1-ATPase
were also included in this chimeric ATPase, K1-stimulated dephos-
phorylation became apparent. This suggests that there is a direct
interaction between the hairpins M3-M4 and M5-M6. Remarkably,
this chimeric enzyme, HN34y56, had obtained a high-affinity
ouabain-binding site, whereas the rat Na1,K1-ATPase, from which
the hairpins originate, has a low affinity for ouabain. The low
affinity of the rat Na1,K1-ATPase previously had been attributed
to the presence of two charged amino acids in the extracellular
domain between M1 and M2. In the HN34y56 chimera, the M1yM2
loop, however, originates from H1,K1-ATPase, which has two
polar uncharged amino acids on this position. Placement of two
charged amino acids in the M1yM2 loop of chimera HN34y56 results
in a decreased ouabain affinity. This indicates that although the
M1yM2 loop affects the ouabain affinity, binding occurs when the
M3yM4 and M5yM6 hairpins of Na1,K1-ATPase are present.

Na1,K1-ATPase, the enzyme responsible for active Na1 and
K1 transport over the plasma membrane, is found in the

cells of all higher eukaryotes (1). It is the target molecule for
cardiac glycosides, such as ouabain, which inhibit the enzyme
activity by binding from the extracellular side of the enzyme.
Recently, the presence of endogenous ouabain has been dem-
onstrated in mammalians (2–4), and it is suggested that it may
play a role in the pathogenesis of hypertension (5). The inter-
action between ouabain and Na1,K1-ATPase appears to be
important for understanding the regulation of Na1,K1-ATPase
activity. Until now the location of the binding site for ouabain
remained to be elucidated.

H1,K1-ATPase, like Na1,K1-ATPase, belongs to the subfam-
ily of P2-type ATPases. Both these enzymes hydrolyze ATP and
use the liberated energy for transport of cations across the
membrane. Their heavily glycosylated b-subunits are structurally
similar but only 30% identical and play a modulatory role in
cation-dependent reactions (6). This is in contrast to their
catalytic a-subunits, which share a higher degree of identity
(63%) and are responsible for the cation specificity. Despite
these structural similarities, Na1,K1-ATPase is specifically in-
hibited by ouabain, whereas H1,K1-ATPase is insensitive to this
drug.

It is now generally accepted that amino acids present in the
first extracellular loop of Na1,K1-ATPase are involved in the
binding of ouabain (7–11). The border residues of this loop,
Arg113 and Asp124, are responsible for the ouabain-resistant
character of the rat enzyme (12, 13). Further studies demon-
strated that other residues in this loop are also important for
determining the ouabain sensitivity (14, 15). A chimeric sarco-
plasmicyendoplasmic reticulum Ca21-ATPase with Ala70 until
Asp200 of Na1,K1-ATPase can bind ouabain with a rather high
affinity (16, 17). A chimeric H1,K1-ATPase with the first
extracellular loop and C815 (present in the extracellular loop
between transmembrane helix 5 and 6) replaced by the corre-
sponding amino acids of Na1,K1-ATPase (Thr) also acquired
ouabain sensitivity, although the affinity was very low (11). It has
been demonstrated previously, on the other hand, that the
ouabain sensitivity is not confined to the amino-terminal half of
Na1,K1-ATPase (18, 19). Indeed, many amino acid substitutions
throughout the a-subunit increase the ouabain resistance (re-
viewed in ref. 8).

For a number of years the localization of the ouabain-binding
site on Na1,K1-ATPase has been the subject of many studies,
but despite attempts to unravel the precise location of ouabain
binding, the amino acids involved in direct binding are still
unknown. The K1-ouabain antagonism suggests that the K1-
binding site, which probably includes M4, M5, and M6, also may
be involved in ouabain binding (20). In the present study we have
investigated the role of transmembrane hairpins M1-M2, M3-
M4, and M5-M6 in the binding of ouabain. In a chimera
(HN34y56) the transmembrane regions M3-M4 and M5-M6 of
H1,K1-ATPase were replaced by those of the a1-subunit of rat
Na1,K1-ATPase, an isotype with a low affinity for ouabain.
Surprisingly, chimera HN34y56 did bind ouabain with a very
high affinity. We demonstrated that the presence of the M3yM4
and M5yM6 hairpins is crucial for ouabain binding and that the
observed high affinity for ouabain binding is due to the presence
of two neutral residues in H1,K1-ATPase at the position of
Arg113 and Asp124 of rat Na1,K1-ATPase.

Experimental Procedures
Expression Constructs. The rat gastric H1,K1-ATPase a- and
b-subunits and the rat Na1,K1-ATPase a1- and b1-subunits were
cloned into the pFastbacdual vector (Life Technologies, Grand
Island, NY) as described previously (6). We used the Altered
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Sites II in vitro mutagenesis system (Promega) to introduce silent
mutations to generate new PvuI, NheI, VspI, and SstII sites in the
cDNA of the H1,K1-ATPase and Na1,K1-ATPase a-subunits.
Thereafter, the N terminus until PvuI, the PvuI-SstII fragment,
the PvuI-NheI fragment, the VspI-SstII fragment, and the com-
bination of the last two fragments of H1,K1-ATPase were
replaced by those of Na1,K1-ATPase, resulting in the chimeras
HNN3, HN36, HN34, HN56, and HN34y56, respectively (Fig. 1).
We introduced in the rat Na1,K1-ATPase and chimera HNN3
a-subunits the R113Q and D124N mutations. In the rat H1,K1-
ATPase and chimera HN34y56 a-subunits, the opposite muta-
tions (Q127R and N138D) were introduced. The sequence of all
mutants was verified.

Production of Recombinant ATPases. Recombinant baculoviruses
were produced and the membrane fraction containing the
recombinant ATPases was obtained as described previously (6).
As a mock, a baculovirus not expressing the a- and b-subunits
of H1,K1-ATPase and Na1,K1-ATPase was prepared.

Protein Determination. The amount of protein was determined
with the modified Lowry method described by Peterson (21) by
using BSA as a standard.

ATPase Activity Assay. The ATPase activity was determined with
a radiochemical method (6). For this purpose, Spodoptera fru-
giperda (Sf)9 membranes were added to 100 ml of medium, which
contained 50 mM Tris-acetic acid (pH 6.0), 0.2 mM EDTA, 0.1
mM EGTA, 1 mM Tris-N3, 1.2 mM MgCl2, 3.0 mM KCl, and 10
mM [g-32P]ATP. Na1,K1-ATPase activity was measured in the
presence of 50 mM Tris-acetic acid, pH 7.0y0.2 mM EDTAy0.1
mM EGTAy1 mM Tris-N3y1.2 mM MgCl2y10 mM KCly100 mM
NaCly100 mM [g-32P]ATP. After incubation at 37°C, the reac-
tion was stopped by the addition of 500 ml of 10% (wtyvol)
charcoal in 6% (wtyvol) trichloroacetic acid, and after incuba-
tion at 0°C, the mixture was centrifuged for 30 s (10,000 3 g). To
200 ml of the clear supernatant containing the liberated inor-
ganic phosphate (32Pi), 4 ml of OptiFluor (Canberra Packard,
Tilburg, The Netherlands) was added, and the mixture was
analyzed by liquid scintillation analysis. Blanks were prepared by
incubating in the absence of enzyme. The specific activity is
presented as the difference between that of the expressed
enzyme and the mock.

ATP Phosphorylation and Dephosphorylation Assay. ATP phosphor-
ylation was determined as described before (6). Sf9 membranes
were incubated at 21°C in 50 mM Tris-acetic acid, pH 6.0y0.2
mM EDTAy1.2 mM MgCl2 with or without ouabain in a volume
of 50 ml. After 30–60 min of preincubation, 10 ml of 0.6 mM
[g-32P]ATP was added and incubated for 10 s at 21°C. For
dephosphorylation studies, the reaction mixture was diluted
8.3 times with nonradioactive ATP (100 mM, to prevent rephos-
phorylation with radioactive ATP), with or without ouabain, and
was incubated further for 3 s at 21°C. The reaction was stopped
by adding 5% trichloroacetic acid in 0.1 M phosphoric acid, and
the phosphorylated protein was collected by filtration over a
0.8-mm membrane filter (Schleicher & Schüll). After repeated
washing, the filters were analyzed by liquid scintillation analysis.
The specific phosphorylation is presented as the phosphoryla-
tion level obtained with the expressed enzyme minus that of the
mock.

Ouabain Binding. Sf9 membranes ('100 mg of protein) were
incubated at 21°C in 50 mM Tris-acetic acid, pH 7.0y5.0 mM
MgCl2y1.0 mM H3PO4 or 1.0 mM ATP (with or without 100 mM
NaCl) and 10 nM [3H]ouabain with and without 1 mM nonra-
dioactive ouabain in a volume of 200 ml. After 45–60 min of
incubation, the reaction mixture was incubated for 15 min at 0°C.

The ouabain–protein complex was collected by filtration over a
0.8-mm membrane filter (Schleicher & Schüll). After repeated
washing with ice-cold water, the filters were analyzed by liquid
scintillation analysis. The specific ouabain binding is presented
as the difference between [3H]ouabain binding in the absence
and presence of 1 mM nonradioactive ouabain.

Calculations. Data are presented as mean values with SEM.
Differences were tested for significance by means of the Stu-
dent’s t test.

Materials. The rat cDNA clones of the H1,K1-ATPase a- and
b-subunits and the rat cDNA clone of the Na1,K1-ATPase
a1-subunit were provided by G. E. Shull and J. B. Lingrel,
respectively. [3H]Ouabain (45 Ci mmol21) and [g-32P]ATP
(3,000 Ci mmol21) were purchased from Amersham Pharmacia.

Results
Five chimeric constructs were produced after the introduction of
four unique restriction sites in both the cDNAs of the rat gastric
H1,K1-ATPase a-subunit and the rat Na1K1-ATPase a1-
subunit. The N terminus until transmembrane segment 3, trans-
membrane segments 3–4, transmembrane segments 5–6, the
combination of 3–4 and 5–6, as well as the complete region
between and including transmembrane domains 3 and 6 of
H1,K1-ATPase were exchanged for the similar parts of Na1K1-
ATPase, generating the chimeric ATPases HNN3, HN34, HN56,
HN34y56, and HN36, respectively (Fig. 1). These chimeric
a-subunits and the wild-type H1,K1-ATPase a-subunit (HK)
were introduced in the genome of a baculovirus together with the
H1,K1-ATPase b-subunit. The recombinant baculoviruses were
used to infect Sf9 insect cells, and the membrane fractions of
these cells expressing the recombinant ATPase proteins were
isolated. Western blot analysis revealed similar expression levels
for the wild-type H1,K1-ATPase and the chimeras HNN3,
HN36, HN34, and HN34y56. The expression level of chimera
HN56, however, was slightly lower than that of the wild-type
H1,K1-ATPase (data not shown).

To measure ATPase activity in the presence of 10 mM ATP,
we used optimal reaction conditions for the ATP hydrolyzing
chimeras HN34 and HN34y56 (pH 6.0 and 3 mM KCl). Under
these conditions the wild-type H1,K1-ATPase activity was about

Fig. 1. Schematic representation of the produced chimeras and wild-type
H1,K1-ATPase. The open bars represent H1,K1-ATPase sequences, and the
solid bars represent Na1,K1-ATPase sequences. HK, H1,K1-ATPase; NaK,
Na1,K1-ATPase; HNN3, H1,K1-ATPase with amino acids Met1-Ile293 replaced
by those of Na1,K1-ATPase (Met1-Ile279); HN36, H1,K1-ATPase with amino
acids Ile293-Arg846 replaced by those of Na1,K1-ATPase (Ile279-Arg832);
HN34, H1,K1-ATPase with amino acids Ile293-Leu346 replaced by those of
Na1,K1-ATPase (Ile279-Leu332); HN56, H1,K1-ATPase with amino acids
Leu776-Arg846 replaced by those of Na1,K1-ATPase (Leu762-Arg832); HN34y
56, H1,K1-ATPase with amino acids Ile293-Leu346 and Leu776-Arg846 re-
placed by those of Na1,K1-ATPase (Ile279-Leu332 and Leu762-Arg832).
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60% of that measured previously (pH 7.0 and 1 mM KCl) (6).
HNN3, HN36, and HN56 possessed an ATPase activity of less
than 17% of that of H1,K1-ATPase (Fig. 2) that hardly could be
stimulated by K1 or by changing the pH or ATP concentration
(data not shown). HN34 and HN34y56, however, possessed a
K1-stimulated ATPase activity that was 105% and 49% of that
of the wild-type enzyme, respectively (Fig. 2). The addition of
Na1, in the presence of K1 (with either 10 mM or 1 mM ATP),
could not activate the ATPase activity of any of these chimeras
(data not shown).

The effect of ouabain on the ATPase activity was studied to
determine the binding site of this specific Na1,K1-ATPase
inhibitor (Fig. 3A). Ouabain did not affect the ATPase activity
of the wild-type H1,K1-ATPase and the chimeras HNN3, HN36,
HN34, and HN56. Chimera HN34y56, however, was inhibited by
ouabain with a very high sensitivity (IC50 5 2 mM). Because it

is known that ouabain reacts with either the E2 or the E2-P form
of Na1,K1-ATPase, it is important to know the conformational
equilibria of the chimeras. Vanadate reacts with the E2 confor-
mation of the enzyme and forms a stable intermediate that
inhibits enzyme activity. The longer the enzyme is in this form
during the reaction cycle, the lower the vanadate concentration
needed for 50% inhibition (22). Fig. 3B shows that the ouabain-
sensitive mutant has a very low affinity for vanadate, indicating
that the observed inhibition by ouabain is not due to an
equilibrium shift toward E2.

The formation of an acid-stable phosphorylated intermediate
during the catalytic cycle is a characteristic property of P-type
ATPases. To investigate this feature for the chimeric enzymes,
we performed phosphorylation experiments at 21°C for 10 s.
H1,K1-ATPase and chimera HNN3 were both phosphorylated
to a level of 2.8 pmol EP mg-1 protein, whereas the phosphor-
ylation level of chimera HN36 was not different from that of the
mock (Fig. 4). The amounts of phosphoenzyme of HN34 and
HN34y56 were only 0.5 and 0.8 pmol EP mg-1 protein, respec-
tively. The amount of phosphorylated intermediate of chimera
HN56 was 1.8 pmol EP mg-1 protein, which is 64% of that of the
wild-type enzyme. Na1 could not enhance the formation of a
phosphorylated intermediate in any of the chimeras (data not
shown).

Next, we preincubated the preparations with increasing con-
centrations of the specific Na1,K1-ATPase inhibitor ouabain
(Fig. 5). The steady-state phosphorylation levels of the wild-type
H1,K1-ATPase and the chimeras HNN3, HN36, HN34, and
HN56 were not affected. The addition of ouabain to chimera
HN34y56, however, increased the phosphorylation level.

To study the effect of ouabain on the phosphorylated inter-
mediate of HN34y56 more closely, we measured the spontane-
ous dephosphorylation rates of this intermediate in the presence
and absence of ouabain. Table 1 shows that the spontaneous
dephosphorylation rate of the chimeras HN34 and HN34y56 is
enhanced significantly as compared with that of the wild-type
H1,K1-ATPase. In the presence of ouabain, the spontaneous
dephosphorylation rate of HN34y56 decreased, indicating that
the phosphorylated intermediate was stabilized by this inhibitor.

The ouabain affinity of chimera HN34y56 seems to be much
higher than that reported for the rat Na1,K1-ATPase (12). The

Fig. 2. ATPase activity of the chimeras and wild-type H1,K1-ATPase. The
assay was performed at 37°C with '1 mg of protein in the presence of 0.2 mM
EDTAy0.1 mM EGTAy1.2 mM MgCl2y50 mM Tris-acetic acid, pH 6.0y3.0 mM
KCly10 mM ATP. The ATPase activity determined was corrected for that of the
mock. Shown are mean values 6 SE of two to four enzyme preparations.

Fig. 3. Effects of ouabain and vanadate on the ATPase activity of the
chimeras and wild-type H1,K1-ATPase. The assay was performed as in Fig. 2,
using varying concentrations of ouabain and vanadate. The ATPase activity
determined was corrected for that of the mock. The H1,K1-ATPase activity in
the absence of inhibitors was set at 100%. ■, H1,K1-ATPase; h, HNN3; F,
HN36; E, HN34; Œ, HN56; ƒ, HN34y56. Shown is the average of two enzyme
preparations.

Fig. 4. Phosphorylation capacity of the chimeras and wild-type H1,K1-
ATPase. Sf9 membranes ('5 mg) were preincubated at 21°C with 0.2 mM
EDTAy1.2 mM MgCl2y50 mM Tris-acetic acid, pH 6.0. After phosphorylation at
21°C for 10 s with 0.1 mM [g-32P]ATP, the phosphorylation level (EP) was
determined and corrected for that of the mock. Shown are mean values 6 SE
of two to four enzyme preparations.
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low affinity of rat Na1,K1-ATPase has been attributed to the
presence of two charged amino acids (Arg 113 and Asp 124) in
the M1yM2 loop (12). In the chimera HN34y56, the M1yM2
loop originates from H1,K1-ATPase. Although the overall
amino acid composition of this loop is rather different from that
of Na1,K1-ATPase, the amino acids corresponding to Arg113
and Asp124 of the rat Na1,K1-ATPase are Gln and Asn,
respectively, as is the case in Na1,K1-ATPase of species with a
high affinity for ouabain (12). We therefore prepared the
Na1,K1-ATPase R113QyD124N mutant as well as the HN34y
56-R127Q and the HN34y56-R127QyD138N mutants and mea-
sured their sensitivities for ouabain. Fig. 6A demonstrates that
the rat Na1,K1-ATPase (IC50 5 '60 mM) has a 100 times lower
ouabain affinity than the mutated Na1,K1-ATPase R113Qy
D124N (IC50 5 0.6 mM). The ouabain affinity of chimera
HN34y56-Q127RyN138D (IC50 5 '400 mM) was about 200
times lower than that of HN34y56 (IC50 5 2 mM, Fig. 6B).

Chimera HN34y56-Q127R (IC50 5 26 mM) had intermediate
ouabain sensitivity.

Because the chimera HN34y56 probably has acquired the
binding site for ouabain, we investigated the direct binding of
[3H]ouabain to the chimeras, H1,K1-ATPase and Na1,K1-
ATPase. Ouabain hardly bound to rat Na1,K1-ATPase, H1,K1-
ATPase, HNN3, HNN3–R113QyD124N, HN36, HN34, HN56,
HN34y56-Q127R, and HN34y56-Q127RyN138D (Fig. 7). In the
presence of inorganic phosphate, ouabain binds to Na1,K1-
ATPase R113QyD124N, whereas in the presence of ATP it did
bind to chimera HN34y56 (Fig. 7). The replacement of ATP by
inorganic phosphate in the binding assay abolished the binding
of [3H]ouabain to chimera HN34y56, which is probably due to
the preference of this chimera for the E1 conformation (Fig. 3B).
To compare the apparent affinity for ouabain of chimera
HN34y56 and Na1,K1-ATPase, the concentration of unlabeled
ouabain required to remove the bound [3H]ouabain was deter-
mined. The ouabain-binding buffer contained 1 mM ATP and
100 mM NaCl, which permitted suboptimal ouabain binding to
both chimera HN34y56 and Na1,K1-ATPase R113QyD124N
(Fig. 8). The apparent affinity for ouabain binding of HN34y56
was 0.4 mM, which is similar to that of Na1,K1-ATPase R113Qy
D124N (0.3 mM).

Discussion
Na1,K1-ATPase is inhibited specifically by ouabain. The goal
of this study was to perceive the region responsible for the
specific interaction of this enzyme with this drug. Therefore,
five chimeric ATPases were prepared in which small parts of
the a-subunit of Na1,K1-ATPase were inserted into that of
gastric H1,K1-ATPase. Next, we expressed them in Sf9 cells
and analyzed their properties. Surprisingly, we revealed two
distinct regions in Na1,K1-ATPase, which, only in concert,
could donate ouabain sensitivity to recombinant H1,K1-
ATPase. These two regions, M3-M4 and M5-M6, generally are
not associated with ouabain binding but are thought to play a
role in cation occlusion (1).

Fig. 5. Effect of ouabain on the phosphorylation capacity of the chimeras
and wild-type H1,K1-ATPase. Sf9 membranes were preincubated as in Fig. 4,
using varying concentrations of ouabain. After phosphorylation at 21°C for
10 s with 0.1 mM [g-32P]ATP, the phosphorylation level (EP) was determined
and corrected for that of the mock. The phosphorylation level of H1,K1-
ATPase in the absence of ouabain was set at 100%. ■, H1,K1-ATPase; h, HNN3;
F, HN36; E, HN34; Œ, HN56; ƒ, HN34y56. Shown is the average of two enzyme
preparations.

Table 1. Dephosphorylation of the phosphorylated enzymes

Enzyme
Dephosphorylation,

%
Dephosphorylation,

% 1 ouabain

HK 36 6 2 34 6 4
HN13 34 6 1 29 6 4
HN34 55 6 4* 47 6 3
HN56 31 6 5 29 6 2
HN34y56 102 6 4* 28 6 4†

Sf9 membranes (5 mg) of cells infected with viruses expressing H1,K1-
ATPase (HK) or the chimeras were preincubated at 21°C with 0.2 mM EDTAy1.2
mM MgCl2y50 mM Tris-acetic acid, pH 6.0, with or without 1 mM ouabain.
After 10 s of phosphorylation at 21°C with 0.1 mM [g-32P]ATP, the enzymes
were dephosphorylated in 50 mM Tris-acetic acid, pH 6.0y100 mM ATP, with or
without 1 mM ouabain. The phosphorylation level was determined and
corrected for that of the mock. Dephosphorylation is expressed as the per-
centage decrease of the phosphorylation level in 3 s. The data presented are
the mean values 6 SE of three samples.
*Comparison of the dephosphorylation levels of the chimeras and the wild-
type enzyme without ouabain (P , 0.05).

†Comparison of the dephosphorylation levels with and without ouabain
(P , 0.05).

Fig. 6. Effect of ouabain on the ATPase activity of the rat Na1,K1-ATPase,
mutant Na1,K1-ATPase R113QyD124N, chimera HN34y56, mutant HN34y56
Q127R, and mutant HN34y56 Q127RyN138D. The assay shown in A was
performed in the presence of 0.2 mM EDTAy0.1 mM EGTAy1.2 mM MgCl2y50
mM Tris-acetic acid, pH 7.0y10 mM KCly100 mM NaCly100 mM ATP. The assay
conditions used for the assay shown in B were similar to those described in Fig.
2. The ATPase activity determined was corrected for that of the mock. The
ATPase activity in the absence of ouabain was set at 100%: Na1,K1-ATPase,
0.37 mmol Pi mg21zprotein h21 (■); NaKQN, 0.41 mmol Pi mg21zprotein h21 (E);
HN34y56, 0.10 mmol Pi mg21zprotein h21 (E); HN34y56R, 0.08 mmol Pi
mg21zprotein h21 (ƒ); HN34y56RD, 0.04 mmol Pi mg21zprotein h21 (■). Results
are representative of two enzyme preparations.
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The b-subunit of H1,K1-ATPase was used for all chimeras,
because the extracellular domain between M7 and M8 originated
in all chimeras from H1,K1-ATPase. There is strong evidence
(23–25) that specific interaction between the a- and b-subunit
occurs in this region of the a-subunit. Of the five chimeras
prepared in this study, only two (HN34 and HN34y56) showed
considerable K1-activated ATPase activity. Two other chimeras
(HNN3 and HN56) had a low K1-insensitive ATPase activity but
could be phosphorylated by ATP. The ATPase activity of all of
the chimeras could not be stimulated by the addition of Na1,
indicating that (part of) the Na1-binding site is absent in all
chimeras.

The chimeric enzyme HN36, which has the same transmem-
brane domains as chimera HN34y56, showed almost no ATPase
activity and phosphorylation capacity. This chimera has intra-
cellular domains originating from two different ATPases. Toyo-
shima et al. (26) showed in SERCA1a Ca21-ATPase that the
N-terminal region and the M2yM3 loop form the so-called A
domain that has to interact with the N and P domains that
originate from the M4yM5 loop. Goldshleger and Karlish (27)
have shown that the intracellular domains of Na1,K1-ATPase
have a close interaction. It might be that the interaction between
these domains is not optimal when they originate from different
ATPases. Chimera HNN3, however, also has intracellular do-
mains from different ATPases and still could be phosphorylated.

Ouabain inhibited the ATPase activity and affected the phos-
phorylation level only when both M3-M4 and M5-M6 were
replaced by the similar regions of the a1-subunit of rat Na1,K1-
ATPase. Moreover, this chimera was the only one that bound
ouabain. Replacement of either the hairpin M3-M4 or M5-M6
alone or of the complete N-terminal part (Met1-Ile293), includ-
ing hairpin M1-M2, did not result in any ouabain effect. These
findings apparently contrast with those of Ishii et al. (16, 17).

They found that the region between Ala70 and Asp200 of
Na1,K1-ATPase was sufficient for donating ouabain-binding
capacity to Ca21-ATPase, although the affinity was less than that
of the wild-type Na1,K1-ATPase (16, 17). We did not observe
any ouabain binding by chimera HNN3 and HNN3-R113Qy
D124N that contained even a larger part of Na1,K1-ATPase.
Regarding the large differences in amino acid composition, it is
unlikely that the part of Ca21-ATPase still present in the chimera
produced by Ishii et al. (16, 17) can take over the role of the
M3-M4yM5-M6 hairpins of Na1,K1-ATPase, whereas the sim-
ilar part of H1,K1-ATPase cannot.

Surprisingly, the phosphorylation level of chimera HN34y56
increased after the addition of ouabain to the phosphorylation
mix. An increase in the steady-state phosphorylation level by an
inhibitor had been observed earlier with the H1,K1-ATPase
mutant E820Q (28). This was explained by the fact that the
inhibitor SCH 28080 interacts only with the E2 forms of the
enzyme (29, 30). The E820Q mutant has a strong preference for
the E1 form and did not react with SCH 28080 under resting
conditions. Upon phosphorylation, however, the E2-P interme-
diate is formed and reacts with SCH 28080. Because the
steady-state phosphorylation level of the E820Q mutant was
submaximal and the stability of the complex between E2-P and
SCH 28080 was higher than that of E2-P alone, the increase in
the phosphorylation level by SCH 28080 could be explained. A
similar explanation is probably true for the increase in the
steady-state phosphorylation level of the chimera HN34y56 by
ouabain. Indeed, the experiments with vanadate in the ATPase
reaction and ATP and inorganic phosphate in the ouabain-
binding assay show the preference of HN34y56 for the E1
conformation. Furthermore, the dephosphorylation experi-
ments demonstrate that the phosphorylated intermediate of the
chimera HN34y56 is stabilized in the presence of ouabain.

The high-affinity binding of ouabain by chimera HN34y56 also
is indicated by the low ouabain concentration required to replace
50% of bound [3H]ouabain, which is similar to that of purified
rabbit kidney Na1,K1-ATPase (data not shown). It is also clear

Fig. 8. [3H]Ouabain binding to chimera HN34y56 and rat Na1,K1-ATPase
R113QyD124N. The enzymes were incubated at 21°C in the presence of 5.0 mM
MgCl2y50 mM Tris-acetic acid, pH 7.0y1.0 mM ATPy100 mM NaCly10 nM
[3H]ouabain and varying concentrations of nonradioactive ouabain. The bind-
ing of [3H]ouabain in the absence of nonradioactive ouabain was set at 100%:
NaKQN, 0.19 6 0.03 pmol [3H]ouabain mg21 protein (■); HN34y56, 0.14 6 0.03
pmol [3H]ouabain mg21 protein (E). Results are the average of three enzyme
preparations.

Fig. 7. [3H]Ouabain binding to the chimeras, mutants, and wild-type ATPases.
Approximately100mgofproteinwas incubatedat21°C inthepresenceof5.0mM
MgCl2y50 mM Tris-acetic acid, pH 7.0y1.0 mM H3PO4 or 1.0 mM ATP and 10 nM
[3H]ouabain. The determined level of bound ouabain was corrected for that of
the mock. Shown are mean values 6 SE of three enzyme preparations.
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from the IC50 value of 2 mM in the ATPase reaction which value
is rather similar to that measured for HeLa cells (0.1–2 mM) (8,
10, 12). This high affinity is amazing because the two transmem-
brane hairpins of Na1,K1-ATPase originate from the rat a1-
isoform that is about 1,000 times less sensitive than that of rabbit
or human (12). We can explain our finding only by assuming that
the M1-M2 hairpin of H1,K1-ATPase can take over the role of
this hairpin in Na1,K1-ATPase. The charged amino acids
Arg113 and Asp124, present in rat Na1,K1-ATPase a1, are
responsible for the relative ouabain resistance character of this
enzyme (12). The corresponding amino acids in H1,K1-ATPase
are identical to those in Na1,K1-ATPase species that have a high
affinity for ouabain (Gln and Asn, respectively). We mutated
these amino acids in chimera HN34y56 to those present in the
rat Na1,K1-ATPase enzyme. This resulted in a reduction in the
ouabain affinity of the chimera HN34y56-Q127RyN138D that
was similar to the reduction in affinity observed when these
mutations were performed in Na1,K1-ATPase (12). The pres-
ence of these polar uncharged amino acids in the M1yM2 loop
thus explains the high affinity for ouabain in chimera HN34y56.
It has to be mentioned that although the first mutagenesis studies
suggested a primary role of the M1-M2 hairpin in ouabain
binding to Na1,K1-ATPase (7, 12, 13, 31), later studies indicated
that other parts of the enzyme are also involved in the interaction
with ouabain (9–11, 15, 18–20, 32, 33). It has been suggested that
the overall conformation of the first extracellular loop may
influence ouabain sensitivity indirectly by altering the stability or
structure of the intermediate of the Na1,K1-ATPase catalytic
cycle that is competent to bind ouabain.

Transmembrane segments M4, M5, and M6 are thought to
establish the cation-binding pocket, in which movement of
hairpin M5-M6 may play a role in active transport (34, 35). It has

been proposed that binding of ouabain to this hairpin inhibits
cation transport by immobilizing these transmembrane domains
(20). Our results support this hypothesis and further demonstrate
that when in H1,K1-ATPase M5-M6 is replaced by the similar
region of Na1,K1-ATPase, the resulting chimera (HN56) hardly
showed a K1-stimulated dephosphorylation activity. When
M3-M4 also was replaced (HN34y56), the dephosphorylation
reaction became stimulated by K1. These results indicate that
M3-M4 and M5-M6 are in direct interaction with each other and
that they fulfill an essential function in H1,K1-ATPase and
Na1,K1-ATPase. This direct interaction is supported by the 2.6
Å three-dimensional structure of SERCA1a Ca21-ATPase (26).

In the last decade many amino acid substitutions in Na1,K1-
ATPase have been shown to decrease the ouabain sensitivity (8).
The interpretation of this loss of function is fraught with
difficulties. The major reason for this problem is the question of
whether the substitution is really directly affecting the ouabain
binding. In this study we observed a gain of function that is likely
to be due to a direct effect. We can conclude that introduction
of transmembrane hairpins M3-M4 and M5-M6 of Na1,K1-
ATPase into H1,K1-ATPase results in the formation of a
high-affinity ouabain-binding site. Future studies in which amino
acids in these regions will be substituted can more clearly localize
the ouabain-binding site.
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