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ABSTRACT: Cross-linking and two-dimensional crystallization studies have suggested that the membrane-
bound gastric H,K-ATPase might be a dimericR,â-heterodimer. Effects of an oligomeric structure on the
characteristics of E1, E2, and phosphoenzyme conformations were examined by measuring binding
stoichiometries of acid-stable phosphorylation (EP) from [γ-32P]ATP or32Pi or of binding of [γ-32P]ATP
and of a K+-competitive imidazonaphthyridine (INT) inhibitor to an enzyme preparation containing∼ 5
nmol of ATPase/mg of protein. At<10 µM MgATP, E1[ATP]‚Mg‚(H+):E2 is formed at a high-affinity
site, and is then converted to E1P‚Mg‚(H+):E2 and then to E2P‚Mg:E1 with luminal proton extrusion.
Maximal acid-stable phosphorylation yielded 2.65 nmol/mg of protein. Luminal K+-dependent dephos-
phorylation returns this conformation to the E1 form. At high MgATP concentrations (>0.1 mM), the
oligomer forms E2P‚Mg:E1[ATP]‚Mg‚(H+). The sum of the levels of maximal EP formation and ATP
binding was 5.3 nmol/mg. The maximal amount of [3H]INT bound was 2.6 nmol/mg in the presence of
MgATP, Mg2+, Mg-Pi, or Mg-vanadate with complete inhibition of activity. K+ displaced INT only in
nigericin-treated vesicles, and thus, INT binds to the luminal surface of the E2 form. INT-bound enzyme
also formed 2.6 nmol of EP/mg at high ATP concentrations by formation of E2‚Mg‚(INT)exo:E1[ATP]‚
Mg‚(H+) which is converted to E2‚Mg‚(INT)exo:E1P‚Mg‚(H+)cyto, but this E1P form was K+-insensitive.
Binding of the inhibitor fixes half the oligomer in the E2 form with full inhibition of activity, while the
other half of the oligomer is able to form E1P only when the inhibitor is bound. It appears that the catalytic
subunits of the oligomer during turnover in intact gastric vesicles are restricted to a reciprocal E1:E2

configuration.

P2-type ATPases transport small cations across membranes
via conformational changes in the catalytic protein driven
by a cycle of phosphorylation and dephosphorylation of the
enzymes. There has been much speculation about the possible
significance of an oligomeric structure of some of the
ATPases, especially the heterodimeric Na,K-ATPase and
H,K-ATPase (1-6). Since the high-resolution crystal struc-
ture of the SR Ca-ATPase reveals only a single ATP binding
site (7, 8), kinetic anomalies such as half-of-site phospho-
rylation might be ascribed to inactive enzyme, half-site
reactivity, or conformational restrictions resulting from
association of the monomers in the oligomer. To delineate
the possible effects of their quaternary structure on binding
stoichiometries of one of the pumps, the gastric H,K-ATPase
was measured with various ligands in different conformations
of the enzyme.

The gastric H,K-ATPase, one of the two heterodimeric
members of this ATPase family, catalyzes electroneutral H+

for K+ exchange to generate acid secretion by the stomach.
It is composed of anR catalytic subunit, which contains the
ion transport domain, and a six- or seven-site N-glycosylated
â subunit which is necessary for maturation of the enzyme
and plasma membrane delivery of theR subunit (9, 10). In
the presence of Mg2+, phosphorylation proceeds via transfer
of theγ-phosphate group of ATP to an aspartic acid residue
of the enzyme (Asn385), forming the acid-stable phospho-
enzyme intermediate (EP)1 (11-13). There are two main
conformations of the phosphoenzyme: E1P and E2P. The
E1P form is sensitive to ADP but insensitive to K+ and has
the ion-binding sites facing inward. The E2P form is sensitive
to K+ but insensitive to ADP, and its ion-binding sites face
outward (14, 15). The transfer of theγ-phosphate group of
ATP to the enzyme results in the formation of E1P along
with binding of H+ to the inward-facing ion-binding sites

† This work was supported in part by the U.S. Veterans Administra-
tion and NIH Grants DK46917, DK53462, DK58333, and DK17294
and in part by ALTANA Pharma AG.

* To whom correspondence should addressed: Membrane Biology
Laboratory, VA Greater Los Angeles Healthcare System, 11301
Wilshire Blvd., Bldg. 113, Rm 324, Los Angeles, CA 90073.
Telephone: (310) 268-4672. Fax: (310) 312-9478. E-mail: jaishin@
ucla.edu.

‡ University of California at Los Angeles and VA Greater Los
Angeles Healthcare System.

§ ALTANA Pharma AG.

1 Abbreviations: CDTA,trans-1,2-diaminocyclohexane-N,N,N′,N′-
tetraacetic acid; SCH28080, 3-(cyanomethyl)-2-methyl-8-(phenyl-
methoxy)imidazo[1,2-R]pyridine; INT, 6-(2-methoxyethoxy)-2,3-dimethyl-
8-phenyl-6,7,8,9-tetrahydro-1,3R,9-triazacyclopenta[a]naphthalen-7-
ol; TCA, trichloroacetic acid; PEG, polyethylene glycol; AcPi, acetyl
phosphate; Pi, inorganic phosphate; EP, phosphoenzyme intermediate;
CDTA, trans-1,2-diaminocyclohexane-N,N,N′,N′-tetraacetic acid; EGTA,
[ethylenebis(oxyethylenenitrilo)]tetraacetic acid; C12E8, octaethylene
glycol dodecyl ether; TMA-Cl, tetramethylammonium chloride.

16321Biochemistry2005,44, 16321-16332

10.1021/bi051342q CCC: $30.25 © 2005 American Chemical Society
Published on Web 11/17/2005



located in the membrane domain. E1P then spontaneously
converts to the E2P form with luminal expulsion of H+. The
subsequent binding of K+ to the outward-facing ion sites
from the luminal side of the enzyme then results in
dephosphorylation of theR subunit with, first, formation of
an occluded form of K+, where the cation is trapped in the
membrane domain. This form then converts to E1K+, and
K+ is released to the cytoplasm upon rebinding of MgATP
(16).

Although there is∼5 nmol of enzyme/mg of protein
present in purified hog gastric vesicles, the reported maximal
level of acid-stable phosphorylation has never exceeded∼2
nmol/mg of protein. This relatively low level of phospho-
rylation has traditionally been interpreted as indicating that
either only 50% of enzyme in the preparation is active (14)
or only half of the sites of the heterodimer can be phospho-
rylated to form an acid-stable phosphoenzyme. This latter
hypothesis implies that there are structural associations
between the two heterodimers of the oligomer, preventing
identical conformations of each of the heterodimers from
being present simultaneously. In support of the latter
postulate, results of structural analysis of the membrane-
bound enzyme using two-dimensional crystal analysis (17)
and Cu2+-phenanthroline cross-linking (18) and nondena-
turing gel electrophoresis (18) suggested that the enzyme is
present in the membrane as a dimeric heterodimer, (Râ)2.

The enzyme can form 1 mol of acid-stable phosphoenzyme
and 1 mol of acid-labile enzyme-bound ATP from 2 mol of
enzyme (19). The H,K-ATPase has also been reported to
have two ATP binding sites with different affinities (19-
22). The K+-competitive inhibitor SCH28080 binds to an
extracytoplasmic domain (23-25). It inhibits K+-stimulated
ATPase activity by competing with K+ for binding to the
E2P or E2 conformation. SCH28080 has a higher affinity for
the E2P form (25), but the enzyme spontaneously converts
to the E2[SCH28080] form with release of Pi. At low ATP
concentrations, ATP phosphorylation of E2[SCH28080] is
inhibited (23). However, at high ATP concentrations or in
the presence of Mg and Pi, the SCH28080-bound enzyme
can be phosphorylated to form acid-stable EP (26). Several
reversible K+-competitive inhibitors similar to SCH28080
have been synthesized. In this study, we used a3H-labeled
imidazonaphthyridine homologue of SCH28080, namely
INT, to investigate its effects and its binding stoichiometry.
The imidazonaphthyridine has a fixed ring conformation to
stabilize the known binding conformation of SCH28080 (27,
28). This class of K+-competitive inhibitor has been called
the acid pump antagonist type, APA, to distinguish it from
the covalent proton pump inhibitors (PPIs) that are in clinical
use.

The binding data, along with the structural evidence that
the enzyme is present as an oligomer, can be explained if
there are two ATP binding sites in one functional dimeric
oligomer of the gastric H,K-ATPase with different affinities.

The crystal structure of the homologous P-type ATPase,
the SR Ca-ATPase, shows that there is only one ATP binding
site on one catalytic subunit (7, 8). The two distinct ATP
binding sites must therefore reside on separate catalytic
subunits of the H,K-ATPase. These data therefore suggest
that the functional form of the enzyme in the apical
membrane of the parietal cell may be an oligomer composed
of a dimeric heterodimer with the association of the two

catalytic subunits forcing an out-of-phase conformation, one
in the E1 conformation and the other in the E2 conformation
during enzyme turnover. This hypothesis can be tested by
measuring the stoichiometry of binding of different ligands
to the enzyme, either separately or in combination, under
different conditions.

The heterodimer has an approximate molecular mass of
180 kDa. At 85% purity (9, 29), since 1 mg of protein of
hog gastric vesicles contains∼5 nmol of enzyme, this should
provide ∼5 nmol of reactive sites/mg of protein. To gain
more insight into the functional properties of the H,K-ATPase
in its native state in gastric membrane vesicles, we examined
the maximal stoichiometry of binding of radioactive ATP
to the enzyme and the ATP- or Pi-dependent acid-stable
phosphorylation of the enzyme. Furthermore, we determined
the maximal level of binding of a K+-competitive inhibitor,
INT, an imidazonaphthyridine homologue of SCH28080
(Figure 1), and the quantity of the acid-stable phosphoenzyme
formed from high ATP concentrations in the presence of an
inhibitor and the K+ sensitivity of this acid-stable phospho-
enzyme.

The studies reported here show that at high ATP concen-
trations, 5.3 nmol of total radioactivity was bound per
milligram of the enzyme, indicating that, indeed, 1 mg of
the enzyme contains∼5 nmol of ATP binding sites, close
to the theoretical maximum of one site per heterodimer. In
the presence of Mg2+, however, only 2.7 nmol of acid-stable
EP was formed. Hence, half of the enzyme formed acid-
stable EP, while the other half of the enzyme bound an equal
amount of labeled ATP without forming EP, as previously
reported (19). The maximum level of Mg2+-dependemt
binding of the inhibitor, INT, was 2.6 nmol/mg of the enzyme
with complete inhibition, although only half of the total
enzyme sites were occupied. However, in the presence of a
high concentration of MgATP and inhibitor, the stoichiom-
etry of INT binding was equal to the stoichiometry of the
acid-stable but K+-insensitive phosphoenzyme, which formed
to give also a net binding stoichiometry of∼5 nmol of
binding sites/mg of enzyme.

The data described below are consistent with a structure
in which the membrane-bound enzyme is an oligomer of two
closely associated (Râ)2 heterodimers with each of the
heterodimers having different kinetic and binding charac-
teristics due to this association. The oligomer of two

FIGURE 1: Structure of SCH28080 and the homologous fused
labeled ring structure, INT, used in these studies. The INT
compound fixes the benzene ring in the orthogonal position shown
to be the active conformation of SCH28080.
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interacting (Râ) heterodimers appears to favor an E1‚E2

conformation of the two heterodimers of the oligomer. This
may be due to interference with the conformations of the
nucleotide or actuator domain conformations in the two
conformations (7, 8, 18).

MATERIALS AND METHODS

Hog Gastric H,K-ATPase Enzyme Preparation.The gastric
H,K-ATPase was derived from hog gastric mucosa by a
previously published method, which involves differential and
density gradient centrifugation (30). All operations were
carried out at 1-4 °C. The crude gastric mucosal membranes
were collected from the stomach and homogenized in a
solution of 0.25 M sucrose, 5 mM PIPES/Tris (pH 6.8), 1
mM EDTA, and 1 mM EGTA. The homogenate was
centrifuged at 11 000 rpm in a Sorvall GSA rotor for 45
min. The pellet was discarded, and the supernatant was
centrifuged at 34 000 rpm in a Beckman type 35 rotor for 1
h. The microsomal membrane pellet was resuspended in a
solution of 0.25 M sucrose, 5 mM PIPES/Tris (pH 6.8), 1
mM EDTA, and 1 mM EGTA, and was purified on a step
gradient sucrose solution, composed of 34% (w/v) sucrose,
5 mM PIPES/Tris (pH 6.8), 1 mM EDTA, and 1 mM EGTA,
overlaid with a solution composed of 7.5% Ficoll, 0.25 M
sucrose, 5 mM PIPES/Tris (pH 6.8), 1 mM EDTA, and 1
mM EGTA, using a SW 28 rotor at 27 000 rpm for 2 h. The
vesicle fraction above the 7.5% Ficoll gradient was collected
and diluted by adding 3 excess volumes of a solution of 5
mM PIPES/Tris (pH 6.8), 1 mM EDTA, and 1 mM EGTA.
The suspension was centrifuged at 100000g for 1 h, and the
pellet was resuspended in a solution of 0.25 M sucrose and
5 mM PIPES/Tris (pH 6.8).

The vesicles obtained have been shown to be more than
90% cytoplasmic side out. The Mg2+-dependent activity was
∼5.7µmol mg-1 h-1. The ion impermeability of the vesicles
was determined by the difference in K+ stimulation of
ATPase activity in the presence of KCl alone and in the
presence of KCl and the ionophore, nigericin. The activity
in the presence of nigericin was 105µmol of ATP hydrolyzed
(mg of protein)-1 h-1, and in the absence of nigericin only
7.6 µmol mg-1 h-1. Thus, more than 90% of the K+-
stimulated ATPase activity was dependent on the addition
of the K+ ionophore, nigericin, showing that this fraction of
the vesicles was K+-impermeant. The amount of Pi released
was measured by the method of Yoda and Hokin (31), and
the protein concentration was determined by a modified
Lowry method (32) containing 0.1% SDS.

Measurement of Acid-Stable Phosphoenzyme LeVels.Gas-
tric vesicles (100-200 µg/mL) were incubated for 10 s at
20 °C in a buffer composed of 20 mM Tris/HCl (pH 7.0), 2
mM MgCl2, and [γ-32P]ATP (from 10µM to 0.1 mM). An
aliquot (0.4 mL) was taken and added to an ice-cold stop
solution (1 mL) composed of 40% trichloroacetic acid, 10
mM phosphoric acid, and 1 mM ATP. This was immediately
filtered through a nitrocellulose membrane filter (HAWP
Millipore filter, 0.45µm) prewetted with an ice-cold solution
composed of 10% trichloroacetic acid and 20 mM phosphoric
acid placed on top of a glass fiber filter. After being washed
four times with 2.5 mL of an ice-cold solution composed of
10% trichloroacetic acid and 20 mM phosphoric acid, the
membrane was placed in a 20 mL scintillation vial; di-

methylacetamide (0.5 mL) was added to dissolve the
membrane, and 10 mL of scintillation solvent was added
and counted. Nonspecific Pi binding was assessed using a
gastric vesicle suspension in a buffer composed of 20 mM
Tris/HCl (pH 7.0), [γ-32P]ATP (from 10µM to 0.1 mM),
and 5 mM CDTA with no Mg2+, since Mg2+ is essential for
phosphoenzyme formation. The acid-stable phosphoenzyme
level was determined by subtracting the level of nonspecific
binding obtained in the presence of CDTA-ATP from the
total level of binding obtained in the presence of MgATP.

Measurement of the Total Amount of32P Bound to the
Enzyme, Including Acid-Labile32P. The total amount of32P
(acid-stable EP and [32P]ATP) bound to the enzyme was
measured using a centrifugation method, since washing
excess trapped solution from the filters was unreliable (19).
The gastric vesicles (0.1 mg/mL) were resuspended in a
buffer composed of 20 mM Tris/HCl (pH 7.0), with or
without 2 mM MgCl2, with or without 10 mM CDTA, with
0.4 mM [γ-32P]ATP/Tris (pH 7.0), with or without 5µg of
nigericin/mL, and with 50 mM [3H]glucose. [3H]Glucose was
added to allow measurement of the trapped volume using a
centrifugation method. The enzyme suspension was incubated
at 20°C for 1 min. The suspension was then centrifuged at
100000g for 10 min at 2 °C. The supernatant was im-
mediately collected, and an aliquot of the supernatant was
counted for3H and32P to obtain the ratio of free32P to 3H
in the solution. The membrane pellet was dissolved in 0.6
mL of 20 mM Tris/HCl and 0.5% SDS. The radioactivity of
3H and32P of this membrane protein fraction was measured.
On the basis of the ratio of32P to 3H of the supernatant
solution, the amount of solvent-trapped unbound32P was
calculated from the counts of [3H]glucose in the membrane
protein fraction representing the liquid in the pellet and the
amount of bound32P was obtained by subtracting the amount
of unbound32P from the total amount of32P of the membrane
protein. Since32P also results in counts in the tritium window
in the scintillation counter, sufficient radioactive3H was
added to minimize the effect of this32P crossover into the
tritium window of the scintillation counter.

The amount of phosphoenzyme generated by inorganic
phosphate was measured using the method described above.
Here, the gastric vesicles (0.1 mg/mL) were incubated in a
buffer composed of 20 mM Tris/HCl (pH 7.0), with or
without 2 mM MgCl2, with or without 10 mM CDTA, with
4 mM [32P]phosphoric acid/Tris (pH 7.0), with or without
30 µg of nigericin/mL, and with 50 mM [3H]glucose at 37
°C for 5 min or at 20°C for 10 min.

Inhibition of ATPase ActiVity. ATPase activity was mea-
sured over a range of 0-10 mM KCl in the presence of
different concentrations of INT (0-1 µM) and nigericin. The
gastric vesicles (2-3 µg/mL) were resuspended in a buffer
composed of 20 mM Tris/HCl (pH 7.0), 2 mM MgCl2, KCl
(0-10 mM), nigericin (1 µg/mL), and INT (0-1 µM).
Background phosphate release was assessed using an enzyme
suspension as described above but without MgCl2. Activity
was initiated by adding a final concentration of 2 mM ATP
at 37°C and incubation for 30 min. The amount of released
inorganic phosphate was measured, and the ATPase activity
was calculated.

The results obtained for the K+-stimulated ATPase activity
were fitted to equations describing patterns of competitive,
noncompetitive, and mixed inhibition by least-squares fitting

Oligomeric Form of the Gastric H,K-ATPase Biochemistry, Vol. 44, No. 49, 200516323



using GraphPad Prism 4 (GraphPad Software Inc., San
Diego, CA).

The IC50 was measured in the presence of 10 mM KCl
and 2 mM KCl over a range of INT concentrations (0-1
µM).

Binding of INT to the Gastric H,K-ATPase.[3H]INT
binding studies were carried out at 20 or 1°C. All
experiments were performed in triplicate or more, and the
average of the results was used for analysis.

In saturation experiments to determine theKd value, the
gastric vesicles (0.01-0.02 mg/mL) were resuspended in a
buffer composed of 20 mM Tris/HCl (pH 7.0), 2 mM MgCl2,
and 2 mM ATP (pH 7.0, adjusted with Tris), and in the
presence of increasing concentrations of [3H]INT (from 0.1
nM to 1 µM). The level of nonspecific binding was
determined in the presence of a 100-fold excess of unlabeled
INT over the concentration range of [3H]INT used. The
enzyme suspension (1 mL) was incubated at 20°C for 30
min and rapidly filtered through a nitrocellulose membrane
filter (HAWP Millipore filter, 0.45 µm) prewet with a
solution composed of 20 mM Tris/HCl (pH 7.0) and 10%
PEG 3350 that was placed on top of a glass fiber filter. The
membrane was washed five times with 2.5 mL of a buffer
composed of 20 mM Tris/HCl (pH 7.0) and 10% PEG 3350
to remove unbound inhibitor. The membrane was placed in
a 20 mL scintillation vial; dimethylacetamide (0.5 mL) was
added to dissolve the membrane, and 14 mL of scintillation
solvent was added and counted. Binding of [3H]INT was
assessed by subtracting the level of nonspecific binding of
[3H]INT, obtained in the presence of the 100-fold excess of
nonradioactive INT, from the amounts of [3H]INT bound to
the membrane in the absence of the cold inhibitor. Binding
of INT to K+ leaky vesicles was assessed as described above
in the presence of nigericin (5µg/mL).

In KCl competition experiments, a fixed concentration of
[3H]INT (18 or 230 nM) was incubated in the presence of
varying concentrations of KCl (0.001-300 mM) at 20°C
for 30 min in the presence and absence of nigericin (5µg/
mL). An aliquot at given concentration of KCl was taken
out, and the radioactivity bound to the enzyme was measured
as described above.

To investigate effects of various ligands on inhibitor
binding, the gastric vesicles (0.01-0.1 mg/mL) were incu-
bated at 20°C for 30 min in a buffer composed of 20 mM
Tris/HCl (pH 7.0) and different ligands such as 2 mM MgCl2,
5 (or 10) mM CDTA, 2 mM ATP (pH 7.0, adjusted with
Tris), 0.2 mM vanadate (pH 7.0), or 5 mM inorganic
phosphate/Tris (pH 7.0) in the presence of increasing
concentrations of [3H]INT (from 100 nM to 2µM).

To determine the effect of adding a Mg2+ chelating agent
on reversal of INT that had already bound in the presence
of Mg2+, the gastric vesicles were incubated in a buffer
composed of 2 mM ATP and 0.2 mM MgCl2 in the presence
of 100 nM [3H]INT at 20 °C for 30 min. CDTA was then
added to this suspension, to give a final concentration of 10
mM. An aliquot was then removed at timed intervals, and
the quantity of INT bound was measured.

Effect of INT on the Phosphoenzyme.To determine the
effect of the inhibitor on the formation of the acid-stable
phosphoenzyme intermediate and total amount of32P bound
to the enzyme, these were measured in the presence of INT.
Intact gastric vesicles were incubated at 20°C for 1 h in a

buffer composed of 20 mM Tris/HCl (pH 7), with or without
2 mM MgCl2, with or without 10 mM CDTA, with 10µg
of nigericin/mL, and with 2µM [3H]INT at a protein
concentration of 100µg/mL. Nonselective binding of INT
was assessed by pretreatment with 0.2 mM unlabeled INT
as described above. Using this INT-bound enzyme, [γ-32P]-
ATP was then added at a final concentration of 0.1 mM and
the mixture incubated at 20°C for 10, 20, 60, and 120 s.
The amount of acid-stable EP was measured by the TCA
precipitation and filtration method as described above.

To determine the total amount of32P bound to the enzyme,
namely, both acid-stable EP and acid-labile ATP bound to
the INT-bound enzyme, non-isotope-labeled INT was used
for preparing the INT-bound enzyme. This enzyme prepara-
tion was then incubated in a buffer composed of 20 mM
Tris/HCl (pH 7.0), with or without 2 mM MgCl2, with or
without 10 mM CDTA, with 0.4 mM [γ-32P]ATP/Tris (pH
7.0), and with 50 mM [3H]glucose again to determine the
amount of trapped solvent after centrifugation and the total
amount of32P bound to the enzyme measured as described
above. The quantity of acid-stable EP formed under these
conditions was measured by filtration of the TCA-precipi-
tated protein as previously described.

Assessment of K+-Stimulated Dephosphorylation.The
addition of 1-10 mM K+ to the phosphoenzyme formed at
low ATP concentrations results in rapid dephosphorylation
of the enzyme. In these experiments, the gastric vesicles were
resuspended in a buffer composed of 20 mM Tris/HCl (pH
7.0), with or without 2 mM MgCl2, with 5 µg of nigericin/
mL, and with or without 5 mM CDTA at a protein
concentration of 100µg/mL at 20°C. The enzyme suspen-
sion was incubated with 10µM [γ-32P]ATP for 10 s. The
phosphoenzyme formed from 10µM [γ-32P]ATP after
incubation for 10 s at 20°C represents 100% EP in this
particular experimental design. After addition of INT (2 or
10 µM), the enzyme suspension was incubated for 10 s at
20 °C and KCl (5 or 10 mM) was then added. An aliquot
was taken at timed intervals, and the amount of phospho-
enzyme was measured. The formation of phosphoenzyme is
represented as % EP. Control represents EP formation in
the absence of KCl and the inhibitor.

K+-stimulated dephosphorylation of INT-bound enzyme
was assessed using both low, 10µM [γ-32P]ATP, and high
concentrations of ATP, 100µM [γ-32P]ATP. INT-bound
enzyme was prepared by a 30 min incubation at 20°C with
2 µM [3H]INT at a protein concentration of 100µg/mL as
described above. [γ-32P]ATP (10 or 100µM) was added to
the INT-bound enzyme suspension and the mixture incubated
at 20 °C for 10 s (for 10µM ATP) or 60 s (for 100µM
ATP). Then KCl (1-10 mM) was added. At timed intervals,
an aliquot was taken out and the amount of acid-stable EP
measured. Control experiments were carried out using the
same method as described above except that TMA-Cl was
used instead of KCl.

Materials. [3H]INT (specific activity, 30 Ci/mmol) was a
generous gift from G. Grundler (ALTANA Pharma AG).
[γ-32P]ATP (specific activity, 6000 Ci/mmol), [γ-32P]phos-
phoric acid (specific activity, 200 mCi/mmol), and [3H]-
glucose (specific activity, 176 mCi/mg) were purchased from
Amersham Biosciences. [γ-32P]ATP (0.25 mCi) was diluted
to 2 mL in 2 mM ATP/Tris (pH 7.0) to give a radioactivity
of 0.125 mCi/mL and used within 5 days. [γ-32P]Phosphoric
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acid (1 mCi) was diluted to 2 mL of 0.1 M phosphoric acid/
Tris (pH 7.0) to provide a radioactivity of 0.5 mCi/mL. All
other reagents were analytical grade or better.

RESULTS

Stoichiometry of Acid-Stable or Acid-Labile RadioactiVe
Enzyme from ATP and Pi. The total amount of binding of
labeled 32P to the enzyme consists of both acid-stable
phosphoenzyme (E32P) and the acid-labile ATP complex (E‚
[γ-32P]ATP). Table 1 summarizes the experiments in which
either maximal binding of acid-stable phospoenzyme or the
total amount of radioactive ATP was measured. As shown
in the first line of Table 1, the gastric H,K-ATPase formed
2.7( 0.1 nmol of acid-stable phosphoenzyme per milligram
of protein and 5.3( 0.2 nmol of total32P (acid-stable E32P
+ [γ-32P]ATP) bound per milligram of protein (Table 1);
2.7 nmol of bound radioactivity was acid-stable EP generated
from the high-ATP affinity binding site, and the other 2.6
nmol of radioactivity bound was due to binding of [γ-32P]-
ATP at a low-ATP affinity binding site without phospho-
rylation. A high concentration of ATP (>0.4 mM) was
necessary to maintain maximum acid-labile radioactive
binding to this half of the oligomeric enzyme as an E‚ATP
complex. Incubation with Mg-32Pi resulted in 4.5 nmol of
radioactive Pi bound per milligram of protein as shown in
line 2 of Table 1. The rate of formation of acid-stable
phosphoenzyme from Mg-Pi was slower than that from
MgATP. In the presence of CDTA, where no phosphoryla-
tion is possible, the preparation bound 5.15 nmol of ATP/
mg of protein as shown in the bottom line of Table 1.

Characteristics of the Inhibition of Gastric H,K-ATPase
ActiVity by INT. Imidazo[1,2-R]pyridine derivatives have

been shown to be strictly K+-competitive inhibitors of the
gastric H,K-ATPase (23). A typical K+-competitive inhibitor
belonging to the imidazo[1,2-R]pyridine class is SCH28080,
3-(cyanomethyl)-2-methyl-8-(phenylmethoxy)imidazo[1,2-R]-
pyridine (SCH28080) (33-36). Later, several fused ring
analogues of SCH28080, for example, (2-methyl-8-phenyl-
7,8-dihydro-6H-9-oxa-1,3a-diazacyclopenta[a]naphthalen-3-
yl)acetonitrile and an imidazonaphthyridine derivative (INT),
were synthesized that have a structure designed to mimic
the known binding conformation of SCH28080 where the
benzene ring is orthogonal to the imidazopyridine (Figure
1) (27, 28, 37, 38). The binding properties of INT were
investigated further.

The imidazonaphthyridine, INT, inhibits the gastric H,K-
ATPase activity with an IC50 of 35 nM in the presence of
10 mM KCl and an IC50 of 24 nM in the presence of 2 mM
KCl. The mechanism of inhibition was investigated by
measuring the effect of the inhibitor on the H,K-ATPase
activity in the presence of various concentrations of K+. As
shown in Figure 2, the inhibition by INT was K+-competi-
tive, since the INT increased the observedKm value for K+

with virtually no effect on the observedVmax. TheKi of INT
of 47 nM was similar to theKi of 56 nM found previously
for SCH28080 (23).

Binding of INT to the H,K-ATPase in the Presence of
MgATP.When 0.1µM INT was incubated with the enzyme
in the presence of MgATP, aBmax of 2.2 ( 0.09 nmol/mg
of protein was obtained at 20°C. The rate of INT binding
was temperature-dependent (Figure 3A). The binding rate
for INT was much slower at 1°C (t1/2 ) 403 s) compared to
the rate obtained at 20°C (t1/2 ) 135 s). It has been shown
previously that SCH28080 binds with at1/2 of 232 s at 1.5
°C and at1/2 of 5.4 s at 37°C (39).

Binding of [3H]INT was saturable at room temperature
(Figure 3B). The maximal binding level (Bmax) was 2.7(
0.1 nmol/mg of protein. TheKd was 30.9( 3.6 nM. This
Kd is similar to that of SCH28080 (Kd ) 45 nM) found
previously (39). In these experiments, the level of INT
binding per milligram of protein was constant up to a
concentration of 1µM. This stoichiometry is therefore the
maximum for binding to the ATPase, and thus, only one
site of the (Râ)2 oligomer binds the inhibitor. The quantity
of INT bound did not change with a varying concentration
of Mg2+, between 0.2 and 2 mM. Subsequent CDTA

Table 1: Stoichiometries of the Phosphoenzyme and Total
Phosphate Binding per Milligram of Protein

liganda amount of acid-stable EP
amount of total32P
binding with ATP

MgATP 2.65( 0.14 (n ) 23) 5.29( 0.17 (n ) 3)
Mg-Pi 4.53( 1.41 (n ) 8)
CDTA-ATP 5.15( 0.14 (n ) 5)

a Concentrations of MgATP, Mg-Pi, and CDTA-ATP are as described
in Materials and Methods. [γ-32P]ATP (0.1 mM) and32Pi (4 mM) for
acid-stable EP, 0.4 mM [γ-32P]ATP for the total amount of radioactive
32P bound, and 5 or 10 mM CDTA were used.

FIGURE 2: K+-competitive inhibition of the gastric H,K-ATPase activity by INT. (A) Lineweaver-Burk plot showing strictly K+-competitive
inhibition kinetics in the presence of nigericin as described in Materials and Methods. The K+-stimulated ATPase activity of the gastric
vesicles was determined at 37°C in the presence of increasing concentrations of the inhibitor at various concentrations of KCl. The gastric
vesicles (2µg/mL) were resuspended in a buffer composed of 20 mM Tris/HCl (pH 7.0), 2 mM MgCl2, KCl (0-10 mM), nigericin (1
µg/mL), and either 0.05 (2), 0.1 (1), 0.25 ([), 0.5 (b), and 1.0µM (0) INT, or in the absence of the inhibitor (9). Values shown are
means and ranges from triplicate determinations of the enzyme activity. (B) Secondary plot of the linear relationship betweenKm(app)/Vmax
and the inhibitor concentration. AKm of 2.17 mM and aKi 47 nM were calculated from this plot.
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treatment to chelate Mg2+ did not reverse INT binding.
KCl did not displace INT binding in intact vesicles.

However, in the presence of nigericin, KCl displaced INT,
since in the presence of this ionophore K+ was able to reach
the luminal surface of the enzyme, the apparent location of
the inhibitor binding site. These data are shown in Figure 4.
There was a concentration-dependent displacement of INT
binding by K+ in the presence of nigericin.Km(app) was 5.2
mM at 18 nM INT and 30.7 mM at 230 nM INT. TheKm(app)

of KCl increased as the concentration of the inhibitor
increased. This shows that binding of INT occurs in the
region of the luminal K+ binding site as previously found
for SCH28080 (24, 39).

Effects of Ligand on INT Binding.INT binding was also
assessed in the presence of various ligands (Table 2 and
Figure 5A). The maximal level of binding of INT was readily
obtained in the presence of MgATP or Mg-Pi with a similar
stoichiometry for inhibitor binding. Although the binding was
slow in the presence of Mg2+ alone or Mg-vanadate, the
binding of inhibitor eventually saturated with the sameBmax

as in the presence of MgATP. For example, at a concentration
of 2 µM INT, 2.6-2.7 nmol of INT was bound per milligram

of the enzyme in the presence of either MgATP, Mg-Pi, Mg
only, or Mg-vanadate after a 30 min incubation (Table 2).
Similar data are found for SCH28080 binding. Although it
has been shown that theBmax of SCH28080 was the same in
the presence of either MgATP or Mg2+, a 10-fold lower
affinity of SCH28080 was observed in the presence of Mg2+

alone, compared to the affinity in the presence of MgATP
(39). Binding of INT to CDTA-treated enzyme was observed
to be only 10% of the maximal INT binding in the presence
of Mg2+ as shown in Table 2 and Figure 5. This shows that
Mg2+ is required for INT binding.

RelatiVe Stoichiometry of Inhibitor and Acid-Stable Phos-
phoenzyme.The stoichiometry of INT binding was compared
with that of the phosphoenzyme generated by ATP and
shown to be 1:1. Maximal binding of INT was achieved after
a 30 min incubation with 2µM INT in the presence of Mg2+;
2.6 nmol of INT was bound, and 2.6 nmol of acid-stable
phosphoenzyme was formed per milligram of protein at high
ATP concentrations (Tables 1 and 2), and hence, each
oligomer has two binding sites, one for the inhibitor and one
for phosphate.

The level of binding of inhibitor to the enzyme after an
only 10 s incubation was∼0.3 ( 0.01 nmol of INT/mg of
the enzyme (n ) 3), as compared to the saturation binding,
2.6( 0.1 nmol of INT/mg protein after a 30 min incubation.
Hence, binding is relatively slow.

High concentrations of ATP (0.1 mM) provided maximal
acid-stable phosphoenzyme formation within 1 min using
INT-bound enzyme. The total amounts of32P binding of INT-
bound enzyme and native enzyme at high ATP concentra-
tions were 4.5( 0.58 and 5.3( 0.17 nmol/mg of protein,

FIGURE 3: Temperature effects on INT binding and binding of INT in the presence of 2 mM MgATP. (A) Gastric vesicles (0.01 mg/mL)
were incubated in a buffer composed of 20 mM Tris/HCl (pH 7.0), 2 mM MgCl2, 2 mM ATP (pH 7.0, adjusted with Tris), and nigericin
(2 µg/mL) in the presence of 0.1µM [3H]INT at 20 or 1°C, and the amount of INT bound to the enzyme was determined as described in
Materials and Methods. ABmax of 2.22( 0.088 nmol/mg of protein was obtained at 20°C, and 0.39( 0.08 nmol/mg of protein was found
at 1 °C. (B) Gastric vesicles (0.02 mg/mL) were incubated in a buffer composed of 20 mM Tris/HCl (pH 7.0), 2 mM MgCl2, and 2 mM
ATP (pH 7.0, adjusted with Tris) in the presence of increasing concentrations of [3H]INT (from 0.1 nM to 1µM) at 20°C for 30 min, and
the amount of INT bound to the enzyme was determined as described in Materials and Methods. The curve for intact vesicles represents
binding of INT to the enzyme in the absence of nigericin. The calculatedBmax was 2.72( 0.10 nmol/mg of protein for the intact vesicles.
Each point is the average of three experiments. The presence of nigericin had no effect on INT binding.

FIGURE 4: Displacement of INT binding by luminal K+. INT
binding was assessed at 20°C in the presence of 2 mM MgATP.
The intact gastric vesicle curve represents the incubation in the
absence of nigericin, and the nigericin-treated vesicle curve
represents the incubation in the presence of nigericin. The enzyme
(10 µg/mL) was incubated in a buffer composed of 20 mM Tris/
HCl (pH 7.0), 2 mM MgCl2, 2 mM ATP, with or without 5µg of
nigericin/mL and 230 nM [3H]INT, and KCl (0.001-300 mM).
No effect of KCl addition was seen in this experiment in the absence
of nigericin. In contrast, in the presence of nigericin, aKm(app) of
30.7 mM KCl in the presence of 230 nM INT was observed. Each
measurement is the average of three experiments.

Table 2: Binding of INT (nmol/mg of protein)

liganda INT (0.1 µM)b INT (2 µM)b

MgATP 2.36( 0.13 (n ) 12) 2.64( 0.09 (n ) 7)
Mg-Pi 2.18( 0.09 (n ) 6) 2.64( 0.12 (n ) 4)
Mg 0.89( 0.08 (n ) 6) 2.63( 0.07 (n ) 4)
Mg-vanadate 1.30( 0.01 (n ) 3) 2.67( 0.05 (n ) 4)
CDTA-ATP 0.28( 0.25 (n ) 9) 0.52( 0.03 (n ) 4)
a Concentrations of MgATP, Mg-Pi, Mg, Mg-vanadate, and CDTA-

ATP are as described in Materials and Methods, namely, 2 mM Mg2+,
0.1-2 mM ATP for INT binding, 4 mM Pi, 0.2 mM vanadate, and 5
or 10 mM CDTA. b INT binding was assessed after incubation at 20
°C for 30 min.
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respectively (Figure 5B and Table 1). This suggests that the
inhibitor-bound enzyme also forms one acid-stable EP and
one acid-labile E[ATP] on each half of the oligomer, as in
the untreated enzyme at high ATP concentrations.

Enzyme Dephosphorylation in Nigericin-Treated Vesicles
in the Presence of K+. In the first set of experiments, only
10 µM ATP was used, to minimize re-formation of EP from
radioactive ATP after K+-dependent dephosphorylation.
Dephosphorylation of the phosphoenzyme consists of spon-
taneous dephosphorylation of the E2P‚Mg2+ form (shown as
Control in Figure 6) and K+-stimulated dephosphorylation
(shown with 10 mM KCl in Figure 6A). Spontaneous
dephosphorylation of E2P‚Mg2+ is very slow as compared
to dephosphorylation in the presence of K+ (11, 13, 15, 25,
40). K+ dephosphorylated∼88% of phosphoenzyme rapidly,
and this fraction reflects the amount of the E2P conformation
(25). Approximately 12% of the phosphoenzyme was K+-
insensitive, probably E1P. It was observed that INT increases
the level of Mg2+-dependent dephosphorylation very slightly
(shown as 10µM INT in Figure 6A). However, INT mainly
increases the fraction of K+-insensitive phosphoenzyme
(compared to that obtained in the presence of K+ ion only)
(Figure 6), as shown previously for SCH28080 (25).

FIGURE 5: Effects of the ligand on the INT binding and acid-stable
phosphoenzyme formation and total32P binding of the INT-bound
enzyme. (A) The enzyme was incubated at 20°C for 30 min as
described in Materials and Methods with 0.1µM [3H]INT. MgATP,
Mg-Pi, CDTA, CDTA-Pi, CDTA-ATP, Mg, Mg-VO4, and CDTA-
VO4 represent INT binding in the presence of 2 mM MgATP, 2
mM MgCl2 and 5 mM phosphate, 5 mM CDTA, 5 mM CDTA
and 5 mM phosphate, 5 mM CDTA and 2 mM ATP, 2 mM MgCl2,
2 mM MgCl2 and 0.2 mM vanadate, and 5 mM CDTA and 0.2
mM vanadate, respectively. (B) Mg-E[I] means that results were
obtained with INT-bound enzyme after incubation for 1 h in the
absence of ATP but in the presence of Mg2+. The enzyme (0.1
mg/mL) was incubated in a buffer composed of 2µM [3H]INT,
with or without 2 mM MgCl2 and 10 mM CDTA, and 20 mM
Tris/HCl (pH 7.0) at 20°C. Nonselective binding of INT was
assessed by the pretreatment with nonlabeled 0.2 mM INT as
described in Materials and Methods. When the INT-bound enzyme
was treated with 0.1 mM [γ-32P]ATP, 2.63( 0.57 nmol of acid-
stable EP‚(INT) was formed (represented by EP*,n ) 6). The total
nanomoles of32P bound to the INT-bound enzyme represented by
EP:EATP was 4.52( 0.58 nmol/mg of protein (n ) 4), which
was prepared by an incubation in the presence of 0.4 mM [γ-32P]-
ATP.

FIGURE 6: Effect of INT on K+-stimulated dephosphorylation and
effects of K+ addition on native enzyme and on INT-bound enzyme.
(A) Prior to addition of INT, the enzyme was incubated for 10 s
with 10 µM [γ-32P]ATP in the presence of nigericin, to form acid-
stable EP. The phosphoenzyme formed by 10µM [γ-32P]ATP after
a 10 s incubation at 20°C represents 100% EP in this experiment.
This was 1.74 nmol of EP/mg of protein after this short incubation
time. After addition of INT, the enzyme suspension was incubated
for 10 s at 20°C and then 10 mM KCl was added (indicated by
arrow). An aliquot was taken at timed intervals (15, 20, 25, and 30
s), and the phosphoenzyme level was measured and is represented
as percentage of the EP formed before any additions. The control
line represents EP levels in the absence of KCl or inhibitor; 10
µM INT represents the % EP formed in the presence of 10µM
INT but in the absence of KCl. The level is the same, showing a
lack of an effect of INT on phosphorylation in this short incubation
period. The dephosphorylation by 10 mM KCl for up to 30 s is
also shown after the ATP incubation in the absence of INT, showing
almost complete dephosphorylation. The line with 2µM INT and
10 mM KCl represents the phosphoenzyme level obtained after INT
addition 10 s after the 10 s ATP incubation followed by addition
of 10 mM KCl after ATP incubation for 20 s. After KCl was added,
the phosphoenzyme dephosphorylated rapidly. The phosphoenzyme
formed at 10µM ATP was 88% E2P, which was K+-sensitive. INT
(2 µM) was able to inhibit a fraction of K+-stimulated dephospho-
rylation of EP by competing with K+. (B) The line with EP and
KCl represents the phosphoenzyme level of the native enzyme in
the presence of KCl, and the line with E[I]P and KCl represents
the phosphoenzyme level of the INT-bound enzyme in the presence
of KCl. Untreated or INT-treated gastric vesicles were resuspended
in a buffer composed of 20 mM Tris/HCl (pH 7.0), 2 mM MgCl2,
5 µg of nigericin/mL, and 0.1 mM [32P]ATP/Tris (pH 7.0) at a
protein concentration of 100µg/mL for 60 s to give the maximal
amount of acid-stable EP. KCl (5 mM) was added to the reaction
mixture, and an aliquot was taken to measure the acid-stable EP
level at timed intervals. The 100% EP level is that found after ATP
incubation of the native enzyme for 60 s before KCl addition. The
top curve shows that the acid-stable phosphoenzyme formed in the
INT-bound enzyme is K+-insensitive. The bottom curve shows the
steady-state level of the phosphoenzyme formed at these high ATP
concentrations due to rephosphorylation of the enzyme during the
incubation period. Approximately half of the phosphoenzyme
formed at high ATP concentrations was K+-insensitive.
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In the second set of experiments, the effect of addition of
K+ to the acid-stable phosphoenzyme formed from INT-
bound enzyme at high ATP concentrations (>0.1 mM) was
investigated. The level of phosphoenzyme formation by INT-
bound enzyme was 97% of maximal EP of the native enzyme
in this particular set of experimental condition. In contrast
to the major conformation of the acid-stable phosphoenzyme
generated at low ATP concentrations that was K+-sensitive
E2P, only 3% of the enzyme was dephosphorylated by K+

addition, showing that the major phosphoenzyme conforma-
tion of INT-bound enzyme here was the K+-insensitive E1P,
not the E2P conformation. The phosphoenzyme formed at
high ATP concentrations showed∼50% of K+-insensitive
E1P by continuous phosphorylation, representing a 1:1
mixture of E1P:E2[ATP] and E2P:E1[ATP] (Figures 5B and
6B).

DISCUSSION

The P2-type ATPases represent a diverse family of cation
transporters that share structural and kinetic characteristics
(41, 42). Crystallization of one member of the family, the
SR Ca-ATPase, has revealed the likely general three-
dimensional structure of the various members of this family,
including the gastric H,K-ATPase and Na,K-ATPase. Since
electrophoresis and cross-linking studies (18) had suggested
the gastric H,K-ATPase of the parietal cell might exist as a
dimeric heterodimer, here we have performed studies to
determine the possible functional consequences of this
oligomeric form. The results of these studies clearly dem-
onstrate that the fully functional enzyme is present in the
oligomer, but the properties of each subunit are distinctive
as shown by either phosphorylation, ATP binding, or
inhibitor binding and its effects. Given the structural similari-
ties among these pumps, it is possible that, at least, the other
heterodimeric P2-type ATPase, the Na,K-ATPase, also acts
functionally as an oligomer.

In the dimeric oligomer of the H,K-ATPase, each half was
able to act independently, suggesting that the enzyme is fully
active and there are no deleterious consequences of the
oligomeric form but that the properties of the oligomer could
result in functional interactions between the subunits. In the
data presented above, there is reasonable evidence that,
whereas fully functional protein is present in the oligomer,
the properties of each subunit are distinctive as shown by
either phosphorylation, ATP binding, or inhibitor binding
and its effects.

General EVidence that the Quaternary Structure Form of
the ATPase Is an Oligomer.Structurally, the gastric H,K-
ATPase appears to exist as a dimeric heterodimer in isolated
gastric membranes, (Râ)2 (18). Thus, Blue Native gel
electrophoresis of then-dodecylâ-D-maltoside-solubilized
enzyme showed that a majority of the enzyme is a dimeric
heterodimer, (Râ)2, with a minor band corresponding to a
tetrameric heterodimer, (Râ)4, both with native and with
expressed enzyme (18, 43, 44). Also, using high-performance
gel chromatography and total internal reflection fluorescence
microscopy, both a diprotomer, (Râ)2, and a tetraprotomer,
(Râ)4, were detected in nonionic detergent-solubilized en-
zyme (45).

Cross-linking by Cu2+-phenanthroline resulted in formation
of an (Râ)2 oligomer. Cleavage analysis showed that a

fragment beginning at Val561 and ending at Arg616 is likely
to be the region of closest contact between twoR subunits
(18). This region is in the N domain of the enzyme that
undergoes significant oscillatory conformational changes
during the transport cycle (46), and these may determine an
out-of-phase conformation during catalysis. In the Na,K-
ATPase, the dimerizing domain localized to the C-terminal
side of Ala439 was shown by Cu2+-phenanthroline cross-
linking (47), which was narrowed to Gly554-Pro785 by
chimeric analysis (4).

The results of studies on ATP-dependent Ca2+ binding also
provided evidence for a functional effect of an oligomeric
structure; 1.2 mol of Ca2+ molecules bound to one molecule
of acid-stable phosphoenzyme at 10µM ATP, but 2.2 mol
of Ca2+ bound to one molecule of acid-stable phosphoenzyme
at 1000µM ATP (48, 49). These data can be interpreted as
showing that E2P‚Ca:E1 is present at low ATP concentrations
and E2P‚Ca:E1[ATP]‚Ca is formed at high ATP concentra-
tions. Thus, the binding properties for the divalent cation
also suggest a dimeric oligomer is the structure of the H,K-
ATPase.

Phosphoenzyme Stoichiometry as EVidence for a Func-
tional Oligomer.The stoichiometry of phosphorylation of
the various P2-type ATPases has been a subject of contro-
versy. For example, the Na,K-ATPase has been shown to
consist of two possible forms with a maximum of 0.5 mol
of ADP-sensitive phosphoenzyme (NaE1P) or 0.5 mol of
potassium-sensitive phosphoenzyme (E2P) (50). However,
phosphorylation at a low-affinity site of SDS-purified Na,K-
ATPase (51) and fluorescence resonance energy transfer
studies using ouabain modified with different fluorescent
probes (52) show that the monomeric heterodimer (Râ) of
the enzyme is fully active. The Na,K-ATPase of the nasal
salt gland of the duck bound 3.6 nmol of ouabain/mg of
protein with 7.0 nmol of phosphoenzyme/mg formed with
ATP (53) or 5.9 nmol of phosphoenzyme/mg of protein
formed with Mg-Pi (54). This showed full site reactivity with
phosphorylation but only half-site reactivity with the inhibi-
tor. Another report showed that pig renal enzyme provided
a stoichiometry of 0.5:1:1 for phosphate from ATP, ouabain,
and ATP (55) therefore, with half-site reaction with ATP
phosphorylation and full site reactivity with inhibitor. Diges-
tion of the Na,K-ATPase by chymotrypsin resulted in an
increase in the amount of acid-stable EP from 0.5 to 1 mol/
mol enzyme, also suggesting half-site reactivity of the
unmodified ATPase (56). Expression of the Na,K-ATPase
in insect cells showed that an oligomer of this enzyme was
formed in this heterologous expression system during bio-
synthesis in the endoplasmic reticulum, indicating that there
is a natural tendency for this heterodimeric P2-type ATPase
to form an oligomer (2). Similarly, nondenaturing gels of
the H,K-ATPase expressed in mammalian cells show the
presence of an oligomeric form of the enzyme (43, 44).

Studies on the Ca-ATPase showed that whereas 0.5 mol
of phosphoenzyme/mol of enzyme was generated by ATP,
the maximum phosphoenzyme level obtained by UTP or Mg-
Pi was 1 mol of EP/mol of enzyme (57). The apparent half-
site reactivity, as for the SR Ca-ATPase, appears to be
dependent on the nature of the phosphorylating substrate
since UTP resulted in full site reactivity but ATP in only
half-site reactivity (57, 58). This may be due to the smaller
size of UTP versus ATP. These results were interpreted as
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showing the presence of an E1:E2 dimer when ATP was the
phosphorylating substrate.

In the case of the gastric H,K-ATPase, different stoichi-
ometries of acid-stable phosphoenzyme have been reported,
especially when low concentrations of ATP, such as 5-10
µM, were used. This approach has not generally taken into
account the reduction of ATP concentrations due to enzyme
hydrolysis and hence the loss of phosphorylating substrate.
The stoichiometry of acid-stable phosphoenzyme per mil-
ligram of the gastric H,K-ATPase has thus been variously
stated to be 0.6-0.69 (26), 1.0-1.2 (25, 59), 1.3-1.5 (11,
13), and 2.4-2.7 nmol (19, 60).

We observed formation of 1.3 nmol of acid-stable phos-
phoenzyme/mg of protein at 0-1 °C (data not shown),
similar to that reported previously at this temperature (25).
However, at 20°C, 2.6-2.7 nmol of acid-stable phospho-
enzyme per milligram of protein was formed in the presence
of 0.1 mM ATP over a 10 min period as described previously
(19). Thus, low concentrations of ATP (<10 µM) produced
only acid-stable phosphoenzyme from the high-ATP affinity
site since theKm(app) of high ATP affinity is 1.1µM.

TheKm(app)of the low-affinity site is 0.12-0.15 mM (19,
45), and this is presumably the affinity for the acid-labile
binding of ATP which will occur at the∼3 mM ATP levels
known to be present in the parietal cell (61). In the absence
of divalent ions such as Mg2+ and Ca2+, ATP can bind to
the enzyme to form a E[ATP] complex without forming
phosphoenzyme (11, 15). The total amount of binding of
ATP as an E[ATP] complex was found to be 5.2 nmol/ mg
of protein, which is twice the level of acid-stable phospho-
enzyme, EP. High concentrations of ATP (>0.4 mM)
provided maximal acid-stable EP and acid-labile binding of
32P to the enzyme as an E[ATP] complex. The relative
stoichiometry of EP:E[ATP] in the H,K-ATPase with Mg2+

in our experiments was 1: 1 to give the total of 5.2 nmol of
radioactivity bound with [γ32-P]ATP. The stoichiometry of
acid-stable EP from acetyl phosphate has been shown to be
4.2 nmol/mg of protein (60), and we obtained a similar value
for phosphorylation from inorganic phosphate. This may be
due to the small size of the phosphorylating substrate as
compared to ATP and less interference of the nucleotide
binding domain between the twoRâ oligomers.

Various detergents were tried on the gastric H,K-ATPase
to see if acid-stable EP could be increased by dissociation
of the oligomer. However, treatment with nonionic detergents
such as C12E8 reduced the level of EP formation. For
example, treatment with 0.01 and 0.1% C12E8 resulted in only
1.2 and 0.33 nmol of EP/mg of the enzyme, respectively (J.
M. Shin, unpublished data). Treatment with 0.6% C12E8 has
been previously reported to result in formation of only 0.11
nmol of EP/mg (45). These data show that disruption of the
oligomeric structure of the H,K-ATPase, at least with this
detergent, does not increase but inhibits EP formation.
Treatment with low concentrations of SDS such as is done
for purification of the Na,K-ATPase did not increase the
amount of acid-stable EP (19).

The nature of the phosphoenzyme conformation was
different depending on the ATP concentration. The phos-
phoenzyme generated at low ATP concentrations consisted
of ∼90% K+-sensitive E2P and 10% K+-insensitive E1P,
without acid-labile ATP binding; however, high ATP con-

centrations provided an∼1:1 mixture of K+-sensitive E2P:
E1[ATP] and K+-insensitive E1P:E2[ATP].

Inhibitor Binding and Functional Effects Consistent with
a Dimeric Oligomer.INT (2.6 nmol) bound to the enzyme
in the presence of MgATP with full inhibition of enzyme
activity. Thus, binding at half the ATP sites was sufficient
to completely prevent enzyme turnover. This would be
predicted from a dimeric functional oligomeric form of the
enzyme.

INT-bound enzyme inhibited phosphorylation at low ATP
concentrations, while the inhibitor-bound enzyme allows
phosphorylation at high ATP concentrations. This is similar
to data found for the SCH28080-bound enzyme. SCH28080
is known to have a higher apparent affinity for E2P (25),
but the stable form appears to be E2[SCH28080] (23).
Although SCH28080 inhibited the ATP phosphorylation at
low ATP concentrations, the SCH28080-bound enzyme was
phosphorylated at a high concentration of ATP or phosphate
(26). Acid-labile ATP binding of SCH28080-bound enzyme
has not been assessed at high ATP concentrations. Phos-
phorylation of INT-bound enzyme showed very slow forma-
tion of acid-stable phosphoenzyme at a low concentration
of ATP; however, high concentrations of ATP resulted in
maximal acid-stable phosphoenzyme and acid-labile ATP
binding. One mole of the K+-competitive inhibitor is bound
per 2 mol of the enzyme, which now has 1 mol of acid-
stable EP and 1 mol of the acid-labile ATP bound. The acid-
stable phosphoenzyme in the inhibitor-bound conformation
is K+-insensitive, confirming that its conformation is E1P,
not the E2P formed by the native enzyme at low ATP
concentrations. Since the enzyme remains fully inhibited, the
E1P conformation cannot convert to the E2P form in the
presence of inhibitor since this would result in sensitivity of
the phosphoenzyme to the addition of K+.

The region of SCH28080 binding at the luminal surface
of the enzyme consists of transmembrane segments, M4
(Ala335), the M5-M6 loop (Leu809), M6 (Cys813), and M8
(Tyr922 and Ile940) regions (46, 62). Since the structure of
INT mimics the active conformation of SCH28080, the INT
binding site is likely to be at the SCH28080 binding site,
which fixes this half of the oligomer in the E2‚(INT) form.
The size of the K+-competitive inhibitor may prevent
conformational changes in the enzyme by limiting the
movement of the liganded transmembrane segments, fixing
the enzyme in the E2P‚(INT):E1 or E2‚(INT):E1 conformation.
The distortion of the membrane binding region of INT
appears to allow phosphorylation by ATP of the other
heterodimer at high ATP concentrations.

Binding of Mg2+ to the enzyme is stable until the E1 form
is regenerated (25, 39). Therefore, the E2‚INT conformation
of the INT-bound enzyme appears to chelate Mg2+ in the
enzyme P-domain in a region inaccessible to CDTA as
shown previously for Ca2+ binding, in contrast to the Na,K-
ATPase (48, 63, 64).

Since treatment with excess CDTA did not affect the
inhibitor binding of the INT-bound enzyme, the conformation
of the INT-bound enzyme is likely to be E2‚Mg‚(INT)exo:
E1‚Mg with the Mg2+ binding in the E2 form not accessible
to CDTA, while the other fraction, E1‚Mg, remains accessible
to CDTA since it was shown that CDTA can access Mg2+

in the E1 conformation (48). High concentrations of ATP
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provided the maximal quantity of both acid-stable phospho-
enzyme and acid-labile ATP binding.

A Reaction Scheme for the H,K-ATPase Incorporating the
Oligomer Effects.A proposed scheme of the gastric H,K-
ATPase reaction based on the different stoichiometries found
here is shown in Figure 7. The left panel and right panel
show the reaction steps in the absence of inhibitor and in
the presence of inhibitor, respectively. Since 10µM ATP in
the presence of Mg2+ forms only acid-stable phosphoenzyme,
without forming an acid-labile E[ATP] complex, the initial
conformation after phosphorylation at low ATP concentra-
tions is probably E1P‚Mg(H+

cyto):E2‚Mg that converts to E2P‚
Mg‚(H+)exo:E1‚Mg‚(H+) followed by proton release and
formation of the K+-sensitive E2P conformation, E2P‚Mg‚
(K+):E1‚Mg‚(H+), that dephosphorylates to E2K‚Mg:E1‚Mg‚
(H+) (11, 13, 40). However, higher concentrations of MgATP
(>0.1 mM) result in the formation of∼50% K+-sensitive
E2P:E1[ATP] and 50% K+-insensitive E1P:E2[ATP] by
continuous rephosphorylation, explaining the higher total32P
binding stoichiometry at high ATP concentrations. In the
presence of INT-inhibited enzyme at high ATP concentra-
tions, ATP can phosphorylate the enzyme to form a K+-
insensitive acid-stable EP and can also form the E2(INT)-
[ATP] by binding at the ATP binding site in the N-domain
even though this is in the E2 conformation as shown in
Figures 5B and 6B.

The conformation of the INT-bound enzyme at high ATP
concentrations is likely initially to be E2[ATP]‚Mg‚(INT)exo:
E1[ATP]‚Mg‚(H+)cyto changing to E2[ATP]‚Mg‚(INT)exo:E1P‚

Mg‚(H+)cyto. This reflects the INT reaction scheme of the
oligomeric enzyme shown in Figure 7. MgATP at high
concentrations forms E1P‚Mg:E2[ATP]‚Mg followed by E2P‚
Mg:E1[ATP]‚Mg via a conformational change. INT binds
to the E2P half of the dimer to form E2P‚Mg‚(INT)exo:E1-
[ATP]‚Mg‚(H+)cyto. This is dephosphorylated to E2‚Mg‚
(INT)exo:E1[ATP]‚Mg‚(H+)cyto following the phosphorylation
of the E1[ATP] half of the dimer to form a K+-insensitive
E2‚Mg‚(INT)exo:E1P‚Mg‚(H+)cyto conformation. This confor-
mation, however, can bind an additional ATP at the low-
ATP affinity E2 binding site to form E2[ATP]‚Mg‚(INT)exo:
E1P‚Mg‚(H+)cyto.

The demonstration that only half of the enzyme formed
acid-stable phosphoenzyme while the other half of the
enzyme bound ATP without phosphorylation or only half
of the enzyme bound INT while the other half did not bind
the inhibitor implies that the functional oligomeric enzyme
in intact gastric vesicles allows only an E1:E2 conformation
with two different ATP sites, one with high and one with
low affinity (45). This conformation also results in two
different Ca2+-binding site affinities, dependent on ATP
binding affinity (49). These inhibitory data for INT showing
a stoichiometry of∼2.5 nmol/mg of enzyme also correlate
with the covalent inhibition of the ATPase in vivo by proton
pump inhibitors that have a similar stoichiometry (65).

These results give us further insight into the mechanism
of action of these drugs: It is likely there is activation on
the surface of one oligomer of the pump to form the
thiophilic sulfenic acid followed by formation of a disulfide

FIGURE 7: Postulated reaction profile scheme of the gastric H,K-ATPase oligomer at physiological ATP concentrations without and with
inhibitor. The second oligomer is italicized for clarity. Panel A shows that at high ATP concentrations (>0.1 mM), ATP binds at high-ATP
affinity binding sites to form the phosphoenzyme and additionally ATP binds to a low-ATP affinity binding site to form E1P‚Mg‚(H+)cyto:
E2[ATP]‚Mg, which converts to E2P‚Mg‚(H+)exo:E1[ATP]‚Mg. In the presence of K+, E2P‚Mg‚(K+)exo:E1[ATP]‚Mg‚(H+)cyto is formed and
K+-stimulated dephosphorylation results in a K+-occluded E2‚Mg‚(K+)occ:E1[ATP]‚Mg‚(H+)cyto. The E1[ATP] part of the oligomer is
phosphorylated to form E2‚Mg‚(K+)occ:E1P‚Mg‚(H+)cyto. This conformation can bind ATP at high ATP concentrations to form E2[ATP]‚
Mg‚(K+)occ:E1P‚Mg‚(H+)cyto. Panel B shows that INT competes with K+ to form E2P‚Mg‚(INT)exo:E1[ATP]‚Mg‚(H+)cyto, which is
dephosphorylated to E2‚Mg‚(INT)exo:E1[ATP]‚Mg‚(H+)cyto. The E1[ATP] half of the dimer of this conformation can be phosphorylated to
form E2‚Mg‚(INT)exo:E1P‚Mg‚(H+)cyto, presumably because INT binding allows phosphate transfer. This phosphoenzyme form is K+-
insensitive. This conformation, however, can bind an additional ATP at the low-ATP affinity E2 binding site to form E2[ATP]‚Mg‚(INT)exo:
E1P‚Mg‚(H+)cyto.
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at cysteine 813 mimicking an E2 conformation. This process
prevents activation on the other oligomer and results in full
inhibition with half-of-site binding. These results would not
be obtained if the activation mechanism occurred in free
solution forming the sulfenamide with free access of the
activated drug to both cysteines at position 813 as was once
thought (66).

The contact region between twoR subunits was shown to
be a domain from Val561 to Arg616 (18) by Cu-phenanthroline
cross-linking of the native enzyme. This implies that the
maximum distance between these two regions is∼3 Å. This
region crosses from a helix at the surface of the cytoplasmic
region near the P-domain to the N-domain, based on the
crystal structure of Ca-ATPase (7, 8) and homology modeling
of the H,K-ATPase (46). There are relatively large confor-
mational changes in this region in transition from the ATP-
liganded enzyme to the E1P and then the E2P form. It seems
likely that the close association of the enzyme in its dimeric
oligomeric form prevents at least the cytoplasmic domain,
particularly the N-domain, from achieving identical open
conformations like those that occur in the E1 structure of
the SR Ca-ATPase (7).

The benefits of this oligomeric structure of the H,K-
ATPase are not clear. At the high concentration of ATP in
the parietal cell, the second half of the oligomer will have
ATP bound when in the E1 conformation. This prevents the
formation of E1K+ at the internal K+ concentration of 150
mM which would inhibit enzyme turnover (59). Hence, this
half of the oligomer can rapidly convert to the transport
conformation: the ATP-bound E1 form being converted to
E1P and then E2P with release of a proton, without the delay
due to the ATP-dependent release of K+ from the E1K+

formed from the other half of the oligomer that has derived
from the dephosphorylation of E2P.

Thus, perhaps the oligomeric structure of this enzyme
enables a more rapid turnover of the pump under physi-
ological conditions. Alternatively, the out-of-phase confor-
mation may be able to restrict back leak of H+ at the very
acidic pH of the active parietal cell that might occur if the
oligomer formed E2P‚E2P. The structural explanation for this
out-of-phase conformation may depend on the motion of the
N- and A-domains of the enzyme during its catalytic cycle.
Further, since all the P2-type ATPases have structural
homology and share kinetic characteristics, the detailed
results obtained for the H,K-ATPase could have general
implications for the other ATPases of this family.
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