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1 Cibenzoline, (+)-2-(2,2-diphenylcyclopropyl-2-imidazoline succinate, has been clinically used as
one of the Class I type antiarrhythmic agents and also reported to block ATP-sensitive K+ channels
in excised membranes from heart and pancreatic b cells. In the present study, we investigated if this
drug inhibited gastric H+,K+-ATPase activity in vitro.

2 Cibenzoline inhibited H+,K+-ATPase activity of permeabilized leaky hog gastric vesicles in a
concentration-dependent manner (IC50: 201 mM), whereas no e�ect was shown on Na+,K+-ATPase
activity of dog kidney (IC50: 41000 mM). Similarly, cibenzoline inhibited H+,K+-ATPase activity of
HEK-293 cells (human embryonic kidney cell line) co-transfected with rabbit gastric H+,K+-ATPase
a- and b-subunit cDNAs (IC50: 183 mM).

3 In leaky gastric vesicles, inhibition of H+,K+-ATPase activity by cibenzoline was attenuated by
the addition of K+ (0.5 ± 5 mM) in a concentration-dependent manner. The Lineweaver-Burk plot of
the H+,K+-ATPase activity shows that cibenzoline increases Km value for K+ without a�ecting
Vmax, indicating that this drug inhibits H+,K+-ATPase activity competitively with respect to K+.

4 The inhibitory e�ect of H+,K+-ATPase activity by cibenzoline with normal tight gastric vesicles
did not signi®cantly di�er from that with permeabilized leaky gastric vesicles, indicating that this
drug reacted to the ATPase from the cytoplasmic side of the membrane.

5 These ®ndings suggest that cibenzoline is an inhibitor of gastric H+,K+-ATPase with a novel
inhibition mechanism, which inhibits gastric H+,K+-ATPase by binding its K+-recognition site from
the cytoplasmic side.
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Introduction

The gastric H+,K+-ATPase is involved in acid secretion of
the stomach (Sachs et al., 1976; Wallmark et al., 1985). This
enzyme is a heterodimeric membrane protein which belongs

to the family of P-type cation-transporting ATPases, such as
Na+,K+-ATPase and Ca2+-ATPase (Sachs et al., 1995), and
catalyzes the electroneutral exchange of luminal potassium

ions for cytosolic protons mediated by the hydrolysis of ATP
(Sachs et al., 1976). Gastric H+,K+-ATPase is irreversibly
inhibited by benzimizazole derivatives such as 5-methoxy-2-

(((4-methoxy-3, 5-dimethyl-2-pyridinyl)methyl) sulphinyl)-1H-
benzimidazole (omeprazole) and 2-((4-(3-methoxypropoxy)-3-
methylpyridin-2-yl)methyl-sulphinyl)-1H-benzimidazole so-
dium salt (rabeprazole), which have been clinically used as

anti-ulcer drugs (Fryklund et al., 1988; Morii et al., 1990;
Richardson et al., 1998). The H+,K+-ATPase is reversibly
inhibited by 3-(cyanomethyl)-2-methyl-8-(phenylmethoxy)-

imidazo(1,2a)-pyridine (SCH 28080) (Asano et al., 1999;
Beil et al., 1986; Briving et al., 1988; Keeling et al., 1988;
Scott et al., 1987; Wallmark et al., 1987) and 3 - butyryl - 4 -

(2-methylphenylamino)-8-methoxy-quinoline (SK&F96067)
(Keeling et al., 1998; 1991). SCH 28080 and SK&F96067
are K+-site inhibitors, which competitively bind to the K+-

high a�nity site on the luminal side of the membrane (Beil et
al., 1986; Briving et al., 1988; Keeling et al., 1988, 1991;
Wallmark et al., 1987).

(+)-2-(2,2-diphenylcyclopropyl)-2-imidazoline succinate
(cibenzoline, Figure 1), has been clinically used as one of
the Class I type antiarrhythmic agents (Harron et al., 1992;
Holck & Osterrieder, 1986; Millar & Williams, 1982; Touboul

et al., 1986). This drug relieves arrhythmia by restricting fast
inward Na+ current (Millar & Williams, 1982) and blocking
the slow inward Ca2+ channel in myocytes (Holck &

Osterrieder, 1986). In addition, it has been reported that
cibenzoline induces sporadic hypoglycemia as an extracardiac
side e�ect (Gachot et al., 1988; Jeandel et al., 1988) and
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stimulates insulin secretion from pancreatic b cells (Bertrand
et al., 1992; Gachot et al., 1988). It was recently shown that
micromolar concentrations of cibenzoline blocked ATP-

sensitive K+ (KATP) channel in excised membranes from rat
heart and pancreatic b cells (Horie et al., 1992; Ishida-
Takahashi et al., 1996; Kakei et al., 1993). Molecular
biological ®ndings indicate that KATP channel of pancreatic

b cells is composed of a sulfonylurea receptor (SUR) 1, a
member of the ATP-binding cassette super family, and a K+

channel (Kir6.2), which forms the ion-pore (Inagaki et al.,

1995). And, cardiac KATP channel is composed of SUR2A, a
subtype of SUR, and Kir6.2 (Chutkow et al., 1996). More
recently, Mukai et al. (1998a, b) and Horie et al. (2000)

reported that cibenzoline inhibits KATP channels by a novel
inhibitory mechanism in which cibenzoline directly binds to
the Kir6.2 subunit rather than the SUR1 subunit. This

®nding recurred our question whether the K+ recognition site
of K+ channel structurally resembles with that of K+-
transporting pump.

Methods

Materials

Cibenzoline and N-methylated SCH 28080, 3-(cyanomethyl)-

2,3-dimethyl-8-(phenylmethoxy) imidazo(1,2a)-pyridine were
a generous gift from Fujisawa Pharmaceutical Co. (Osaka,
Japan) and Toyama Chemical Co. (Tokyo, Japan), respec-
tivly. HEK-293 cells (human embryonic kidney cell line) were

a kind gift from Prof. Jonathan Lytton (University of
Calgary, Calgary, Canada). Dog kidney Na+,K+-ATPase
(Product number: A0142) was obtained from Sigma-Aldrich

Japan K.K. (Tokyo, Japan), and pcDNA3 vector from
Invitrogen Co. (San Diego, CA, U.S.A.). All other reagents
were of molecular biology or analytical grade.

Preparation of hog gastric vesicles

Hog gastric vesicles were prepared from mucosa in the fundic
region of hog stomachs as described previously (Asano et al.,
1989; Takeguchi et al., 1983). Brifely, hog gastric mucosa was
homogenized in a bu�er solution containing 250 mM sucrose,

1 mM EGTA and 5 mM Tris-HCl (pH 7.4). The homogenate
was centrifuged at 20,0006g for 30 min at 48C, and the
supernatant was re-centrifuged at 78,0006g for 30 min at

48C. The pellet was suspended in the above solution, and
centrifuged at 132,0006g for 1 h at 48C through 250 mM

sucrose layered on 250 mM sucrose containing 7% (w v71)

Ficoll. The membrane fraction containing vesicles fractio-
nated at the Ficoll interface was collected and called `gastric
vesicles'. When indicated, permeabilized leaky vesicles were

prepared as following. Vesicles were diluted with 10 volumes
of pure water, followed by immediate freezing in liquid
nitrogen. Then, the vesicles were lyophilized and resuspended
with the original volume of pure water.

Hog gastric vesicles used were originated from intracellular
tubulovesicles (tubulocisternal network) and almost all of
them have been well established to be `inside-out' and tightly

sealed by previous studies (Forte et al., 1980; Morii et al.,
1984; Ogata & Yamasaki, 2000; Saccomani et al., 1977; Sachs
et al., 1976; Wolosin & Forte, 1981). The cytosolic domains

of H+,K+-ATPase including the ATP-binding site are present
on the external side of the vesicles, and the addition of ATP
into the vesicle solution induces H+ uptake into the vesicle

interior and K+ release from vesicles (Asano et al., 1992;
Forte et al., 1980; Lee et al., 1974; Sachs et al., 1976). Ion
permeability in isolated gastric vesicles have been shown to
be low by the measurement of solute in¯ux (Rabon et al.,

1980; Takeguchi et al., 1983; Wolosin & Forte, 1981). The
addition of valinomycin (K+ ionophore) or gramicidin (H+/
K+ ionophore) to the gastric vesicle solution increases KCl

in¯ux into vesicles, resulting in 4 ± 10 fold increase of H+,K+-
ATPase activity (Asano et al., 1992; Forte et al., 1980;
Saccomani et al., 1977; Sachs et al., 1976), because the

intravesicular K+ stimulates the ATPase activity. On the
other hand, H+,K+-ATPase in permeabilized leaky gastric
vesicles shows high levels of the activity without addition of

the ionophores (Briving et al., 1988; Keeling et al., 1988).
Furthermore, Briving et al. (1988) and Keeling et al. (1988)
showed that N-methylated SCH 28080, which is an analogue
of SCH 28080 with a permanent cation, was able to permeate

the leaky vesicles but not normal tight vesicles. Thus,
lyophilized vesicles are permeable to small molecules with
permanent cations as well as ions.

Cell culture, transfection and preparation of HEK-293
membrane fraction

Cell culture of HEK-293 was carried out as described
previously (Asano et al., 1996). H+,K+-ATPase a- and b-
subunit cDNAs were prepared from rabbit gastric mucosa,

and cloned in pcDNA3 vector as described elsewhere (Asano
et al., 1996). Transfection was carried out in subcon¯uent
HEK-293 cells with H+,K+-ATPase a- and b-subunit cDNAs

(10 mg each) using the calcium phosphate method (Asano et
al., 1996). Two days after the transfection, cells were
harvested, and membrane fractions of the cells were prepared

according to the method of Asano et al. (1996). In brief, cells
were washed with phosphate-bu�ered saline and incubated in
low ionic salt bu�er (0.5 mM MgCl2 and 10 mM Tris-HCl,

pH 7.4) for 10 min on ice. Phenylmethylsulphonyl ¯uoride
(1 mM) and aprotinin (0.09 unit ml71) were added to the cell
suspension. The cells were homogenized with 25 strokes in a
Dounce homogenizer, and the homogenate was diluted with

equal volume of a solution containing 500 mM sucrose and
10 mM Tris-HCl (pH 7.4). The cell suspension was
centrifuged at 8006g for 10 min, and the supernatant was

centrifuged at 100,0006g for 90 min, and the pellet (HEK
membrane fraction) was suspended in a solution containing
250 mM sucrose and 5 mM Tris-HCl (pH 7.4). The ATPase

Figure 1 Chemical structure of cibenzoline (molecular
mass=380.44).
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activity of the membrane fraction was not elevated by the
addition of gramicidin, indicating that the membrane was
leaky (Asano et al., 1996).

Assay of protein

Protein was measured using the BCA Protein Assay Kit (Pierce,

Rockford, IL, U.S.A.) with bovine serum albumin as standard.

Incubation of vesicles and membrane fractions with
cibenzoline or N-methylated SCH 28080

Cibenzoline at ®nal concentrations of 1 ± 1,000 mM or N-

methylated SCH 28080 at ®nal concentrations of 0.01 ±
300 mM was dissolved in each reaction bu�er. Unless noted
otherwise, vesicles or HEK membrane fractions were

preincubated with each drug for 10 min at 378C in the
absence of ATP and Mg2+. Then, ATP and Mg2+ were
added to start the enzymatic reaction. An equal volume of
reaction bu�er without each drug was used as the control.

Measurement of H+,K+-ATPase activity

H+,K+-ATPase activity of normal tight or permeabilized
leaky vesicles was measured in a 1 ml solution containing 5 mg
of each vesicles, 3 mM MgSO4, 3 mM ATP and 40 mM Tris-

HCl (pH 6.4 ± 8.0) in the presence or absence of KCl (0.5 ±
15 mM). With the normal tight vesicles, to increase K+

permeability of the vesicle membrane, 10 mg of valinomycin

was added to the reaction solution. When leaky HEK
membrane fractions were used, H+,K+-ATPase activity was
measured in a 1 ml solution containing 50 mg of the membrane
fractions (mM): MgSO4 3, ATP 1, NaN3 5, ouabain 1 and

Tris-HCl 40 (pH 7.4) in the presence or absence of 15 mM

KCl. After incubation for 10 min (30 min for membrane
fractions) at 378C, the reaction was terminated by the addition

of ice-cold stop solution (12% perchloric acid and 3.6%
ammonium molybdate). Inorganic phosphate released was
measured by the method of Yoda & Hokin (1970). The K+-

dependent ATPase activity was calculated as the di�erence
between activities in the presence and absence of KCl, and
de®ned as H+,K+-ATPase activity (Asano et al., 1989; 1996).

Measurement of Na+,K+-ATPase activity

Na+,K+-ATPase activity was measured in a 1 ml of solution

containing 0.03 units of dog kidney Na+,K+-ATPase (mM),
NaCl 120, KCl 15, MgSO4 3, ATP 3 and Tris-HCl 40
(pH 7.4) in the presence or absence of 100 mM ouabain. After

incubation for 10 min at 378C, the reaction was terminated
by the addition of ice-cold stop solution, and inorganic
phosphate released was measured as described above. The

Na+,K+-ATPase activity was calculated as the di�erence
between the activities in the presence and absence of ouabain.

Proton uptake

Proton uptake into normal gastric vesicles was monitored by
measuring the quenching of a ¯uorescence dye, acridine

orange (Takeguchi & Yamazaki, 1986). Gastric vesicles were
incubated in a 1 ml solution containing 150 mM KCl, 2 mM

MgCl2, 4 mM acridine orange, 10 mg of valinomycin and 1 mM

Pipes [piperazine-N,N'-bis(2-ethanesulphonic acid)]-NaOH
(pH 7.4) at 258C. Proton uptake was started by the addition
of 0.3 mM ATP. When time-course of inhibition of proton

uptake by cibenzoline was evaluated, the drug was added 15 s
after the ATP addition. Fluorescence of acridine orange was
measured with excitation and emission wavelengths of 493 and
530 nm, respectively. Activity of proton uptake was taken as

the initial rate of acridine orange quenching.

Results

Effects of cibenzoline on H+,K+-ATPase activity

Cibenzoline was examined for its ability to inhibit gastric
H+,K+-ATPase activity in two di�erent in vitro systems.

With permeabilized leaky hog gastric vesicles, the value of
H+,K+-ATPase activity in the absence of inhibitors was
about 130 mmol Pi (mg protein)71 h71. Although low con-
centrations of cibenzoline (0.1 ± 10 mM) did not inhibit the

H+,K+-ATPase activity of the vesicles, higher concentrations
of the drug markedly inhibited the H+,K+-ATPase activity in
a concentration-dependent manner, with the IC50 value being

201 mM (Figure 2). To clarify the e�ective concentration
range of cibenzoline under other in vitro conditions, we
investigated e�ects of cibenzoline on H+,K+-ATPase activ-

ities of the membrane fraction obtained from HEK-293 cells
expressing rabbit gastric H+,K+-ATPase a- and b-subunits.
This HEK membrane was leaky. In this recombinant in vitro

system, the value of H+,K+-ATPase activity in the absence of
inhibitors was about 1.1 mmol Pi (mg protein)71 h71. On the
other hand, the enzyme activity of mock-transfected cells was
very low (0.06 mmol Pi (mg protein)71 h71) (Asano et al.,

1996). Cibenzoline at concentrations from 30 to 1,000 mM

Figure 2 E�ects of cibenzoline on the activities of H+,K+-ATPase
from permeabilized leaky hog gastric vesicles and membrane
fractions of HEK-293 cells co-transfected with rabbit gastric
H+,K+-ATPase a- and b-subunit cDNAs. The HEK membrane
was leaky. Each enzyme preparation was preincubated with cibenzo-
line for 10 min, and the K+-dependent ATPase activity was
measured. Data show means+s.e.m. of 3 ± 4 di�erent experiments.
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inhibited the H+,K+-ATPase activity of the HEK membrane
fraction in a concentration-dependent manner, with its IC50

value being 183 mM (Figure 2).

Effects of cibenzoline on Na+,K+-ATPase activity

H+,K+-ATPase and Na+,K+-ATPase belong to the same

family of P-type cation-transporting ATPases. To study the
speci®city of cibenzoline among the P-type cation-transport-
ing ATPases, e�ects of this drug on Na+,K+-ATPase activity

were studied. In dog kidney membrane preparation, the value
of Na+,K+-ATPase activity in the absence of inhibitors was
about 180 mmol Pi (mg protein)71 h71. Cibenzoline at con-

centrations from 0.1 ± 1,000 mM had no e�ect on the Na+,K+-
ATPase activity, indicating that this drug has speci®city to
gastric H+,K+-ATPase (Figure 3).

Effects of K+ concentrations and pHs on inhibition of
H+,K+-ATPase activity by cibenzoline

To study the inhibition mechanism of H+,K+-ATPase
activity of permeabilized leaky gastric vesicles by cibenzoline,
we measured H+,K+-ATPase activity as a function of the K+

concentration in the presence of 10, 50 and 100 mM cibenzo-
line. Inhibition of H+,K+-ATPase activity by cibenzoline was
attenuated with the addition of K+ in a concentration-

dependent manner. From Lineweaver-Burk plot between K+-
dependent ATPase activity and K+ concentration, cibenzo-
line (0, 10, 50 and 100 mM) was shown to elevate the Km value

for K+ (0.20, 0.54, 2.84 and 6.57 mM, respectively) without
a�ecting Vmax (171, 157, 161 and 166 mmol Pi (mg pro-
tein)71 h71, respectively), and the calculated Ki value for
cibenzoline was 807 mM. These data indicate that cibenzoline

is a competitive inhibitor with respect to K+ (Figure 4).
Next, e�ects of medium pH on the inhibition of H+,K+-

ATPase activity of leaky gastric vesicles by cibenzoline were

studied. H+,K+-ATPase activities in the absence of cibenzo-

line at pH 6.4, 7.4 and 8.0 were about 90, 130 and
60 mmol Pi (mg protein)71 h71, respectively. As shown in
Figure 5, the inhibition by cibenzoline did not depend on
these pHs of the medium.

Identification of binding site of cibenzoline

To study whether the binding site of cibenzoline is located on
the inner or outer surface of gastric vesicles, we used two
kinds of vesicle preparations. One is normal tight vesicles.

Figure 3 E�ects of cibenzoline on the activity of Na+,K+-ATPase
from dog kidney. The membrane fraction of dog kidney was
preincubated with cibenzoline for 10 min, and the Na+ and K+-
dependent ATPase activity was measured. Data show means+s.e.m
of four di�erent experiments.

Figure 4 Lineweaver-Burk plots between H+,K+-ATPase activity
of permeabilized leaky hog gastric vesicles and KCl concentration
(0.5 ± 5 mM) in the absence or presence of cibenzoline (10, 50 and
100 mM). Vesicles were preincubated with cibenzoline for 10 min in
the presence of KCl, and the K+dependent ATPase activity was
measured. Data show means of 4 ± 5 di�erent experiments.

Figure 5 E�ects of pH on inhibition of H+,K+-ATPase activity of
permeabilized leaky hog gastric vesicles by cibenzoline. Vesicles were
preincubated with cibenzoline for 10 min at various pHs (6.4 ± 8.0),
and the K+-dependent ATPase activity was measured. Data show
means+s.e.m. of 3 ± 6 di�erent experiments.
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The other is permeabilized leaky vesicles which have high
permeability to ion (Briving et al., 1988; Keeling et al., 1988).
Since the pKa value for imidazoline ring and distribution

coe�cient (n-octanol: water71) of cibenzoline are reported to
be 10.6 and 0.126, respectively, the drug exists as a charged
form at neutral pH and is di�cult to permeate the membrane
(Ishida-Takahashi et al., 1996). Here, these vesicles were

preincubated in a test solution for 10 min and incubated for
another 10 min for the measurement of the H+,K+-ATPase
activity. If the binding site of the drug were located on the

inner surface of vesicles, the inhibitory e�ect of the drug in
tight vesicles would be smaller than that in leaky vesicles
because the drug is di�cult to permeate the membrane. On

the other hand, if the binding site of cibenzoline were located
on the outer surface of vesicles, inhibitory e�ects of the drug
would be similar in both tight and leaky vesicles. The values

of H+,K+-ATPase activities in the absence of inhibitors were
about 40 and 130 mmol Pi (mg protein)71 h71 in the tight and
leaky vesicles, respectively. With tight vesicles, cibenzoline
inhibited H+,K+-ATPase activity, with its IC50 value being

230 mM. A comparable inhibitory e�ect of cibenzoline was
observed with leaky vesicles (IC50=201 mM) (Figure 6A).
These ®ndings indicate that the binding site of cibenzoline is

located on the outer surface of vesicles (on the cytoplasmic
side).
N-methylated SCH 28080, an analogue of SCH 28080, has

a permanent cation and binds to the inner surface of vesicles
as in the case of SCH 28080 (Briving et al., 1988; Keeling et
al., 1988). Here, we checked e�ects of N-methylated SCH

28080 on the H+,K+-ATPase activity using the present leaky
and tight gastric vesicles. This drug markedly inhibited the
H+,K+-ATPase activity of leaky vesicles, with its IC50 value
being 0.73 mM. On the other hand, inhibition potency of this

drug was dramatically attenuated in the tight vesicles
(IC50=40 mM) (Figure 6B). In contrast to cibenzoline which
exists as a cationic form at neutral pHs (Figure 6A), these

results con®rm that binding site of N-methylated SCH 28080
is located on the inner surface of vesicles (on the luminal
side).

Effects of cibenzoline on proton uptake

Proton uptake into tight gastric vesicles was monitored by

measuring the quenching of acridine orange ¯uorescence.
When ATP was added to the reaction medium, decrease in
the ¯uorescence intensity was observed (data not shown).

Pretreatment with cibenzoline (50 ± 1000 mM) inhibited the
proton uptake into vesicles in a concentration-dependent
manner, with its IC50 value being 143 mM (Figure 7).

Moreover, time-course of inhibition of proton uptake by
the drug was tested. Proton uptake was inhibited immediately
after addition of this drug (500 mM) (data not shown).

Discussion

In the present study, we discovered that cibenzoline inhibits
gastric H+,K+-ATPase activity of hog gastric vesicles and the
membrane fraction of HEK-293 cells transfected with the

H+,K+-ATPase cDNAs. Cibenzoline is clinically used as one
of the Class I type antiarrhythmic agents (Harron et al., 1992;
Holck & Osterrieder, 1986; Millar & Williams, 1982; Touboul

et al., 1986). In whole-cell mode of patch clamp with isolated
cardiac myocytes of guinea pig, cibenzoline caused an
inhibition of Ca2+ inward current (IC50=14 mM) (Holck &

Osterrieder, 1986). In addition, this drug blocked KATP

channel in cell-attached mode of patch clamp of rat
pancreatic b cells (IC50=1.5 ± 5.2 mM) (Horie et al., 1992;
Ishida-Takahashi et al., 1996; Kakei et al., 1993). In the

present study, IC50 value of cibenzoline for inhibition of
gastric H+,K+-ATPase activity and H+ uptake in in vitro
systems were approximately 200 mM and 143 mM, respectively.

Figure 6 Inhibition of H+,K+-ATPase activity by (A) cibenzoline and (B) N-methylated SCH 28080 (SCH 28080-CH3) in
permeabilized leaky and normal tight hog gastric vesicles. Vesicles were preincubated with each drug for 10 min, and the K+-
dependent ATPase activity was measured. Data show means+s.e.m. of 3 ± 4 di�erent experiments.
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The present di�erence of IC50 values between H+,K+-
ATPase activity and H+ uptake would re¯ect the di�erent

types of observation. Thus, the inhibitory e�ect of H+,K+-
ATPase activity by cibenzoline was 14 and 38 ± 133 times
smaller than those of Ca2+ inward current and KATP channel,

respectively. However, because cibenzoline did not inhibit
Na+,K+-ATPase activity (IC50: 41,000 mM), the inhibition
of gastric H+,K+-ATPase activity by this drug was speci®c.

In humans, the therapeutic mean maximum plasma concen-
tration was 1.9 mM following the last dose (160 mg t.i.d. for 7
days) (Massarella et al., 1986). It is, therefore, considered that
cibenzoline at clinically used doses does not inhibit gastric

H+,K+-ATPase. In fact, it has not been reported that such
doses of cibenzoline inhibit gastric acid secretion.
Inhibition of H+,K+-ATPase activity by cibenzoline was

attenuated with the addition of K+ with permeabilized leaky
gastric vesicles, and the Lineweaver-Burk plot of the ATPase
activity showed that this drug increased Km value for K+

without a�ecting Vmax. Therefore, we suggest that cibenzoline
is a competitive inhibitor respect to K+ as in the cases of
SCH 28080 (Beil et al., 1986; Keeling et al., 1988; Scott et al.,
1987; Wallmark et al., 1987) and SK&F96067 (Keeling et al.,

1991). The calculated Ki value for cibenzoline was 807 mM,
which was much larger than those of SCH 28080
(Ki=0.056 ± 0.12 mM) (Scott et al., 1987; Wallmark et al.,

1987) and SK&F96067 (Ki=0.39 mM) (Keeling et al., 1991).
These hydrophobic compounds of SCH 28080 and
SK&F96067 permeate the membrane, accumulate in the

acidic compartment as prontonated forms, and bind to the
high-a�nity K+-binding site on the luminal side of the
membrane (Beil et al., 1986; Briving et al., 1988; Keeling et

al., 1988; 1991; Wallmark et al., 1987). N-methylated SCH
28080, a permanent cation, was shown to bind to the inner

(luminal) surface of vesicles (Briving et al., 1988; Keeling et
al., 1988). We found here that the inhibition of H+,K+-
ATPase in tight vesicles by N-methylated SCH 28080

(IC50=40 mM) was two orders of magnitude less e�ective
than that in the present leaky vesicles (IC50=0.73 mM),
indicating that the inhibition of N-methylated SCH 28080
in tight vesicles was 55 times less e�ective than that in leaky

vesicles. Because cibenzoline exists as a charged form at
neutral pH, the drug is di�cult to permeate the vesicle
membrane (Ishida-Takahashi et al., 1996; Horie et al., 2000).

In the present study, the inhibitory e�ect of H+,K+-ATPase
activity by cibenzoline with normal tight gastric vesicles did
not signi®cantly di�er from that with permeabilized leaky

gastric vesicles. Moreover, this drug inhibited proton uptake
in tight vesicles soon after addition of the drug. Therefore, it
is suggested that the binding site of cibenzoline is on the

cytoplasmic side of the membrane (external surface of the
vesicles). Ishida-Takahashi et al. (1996) previously showed
that the action of cibenzoline to KATP channel in the excised
inside-out mode was acute in onset with a small IC50 (0.4 mM)

compared with that in the cell-attached mode of patch clamp
(IC50=5.2 mM) in rat pancreatic b cells. These results indicate
that the binding site of cibenzoline is located on the

cytoplasmic side of the cell membrane (Horie et al., 2000).
It has been demonstrated that imidazoline derivatives such

as several classical a-adrenoreceptor antagonists, act as

stimulators of insulin secretion, and these e�ects do not
result from antagonism of a-adrenoreceptors but from
inhibition of KATP channels in the pancreatic b cell (Dunne,

1991; Le Brigand et al., 1999; Proks & Ashcroft, 1997; Plant
& Henquin, 1990; Jonas et al., 1992). The KATP channel of
pancreatic b cells is a complex of two proteins: a member of
the ATP-binding cassette super family, SUR1, and a pore-

forming subunit, Kir6.2 (Inagaki et al., 1995). Proks &
Ashcroft (1997) indicated that KATP channels blocked by
phentolamine, an imidazoline derivative, is mediated by

Kir6.2 subunit. Mukai et al. (1998a, b) and Horie et al.
(2000) reported that an imidazoline derivative, cibenzoline,
inhibits KATP channels by direct binding of this drug to the

cytoplasmic side of Kir6.2 subunit. In the present study, we
showed that the binding site of cibenzoline is located on the
cytoplasmic surface of gastric H+,K+-ATPase. It is interest-
ing that cibenzoline binds to the cytoplasmic surface of both

Kir6.2 subunit and H+,K+-ATPase a-subunit. Although the
amino acid homology between Kir6.2 (Inagaki et al., 1995)
and H+,K+-ATPase a-subunit (Shull & Lingrel, 1986) is

extremely low, the three-dimensional structure of the K+-
binding site in Kir6.2 subunit is likely to have some extent of
similarity with that of the K+ binding site of H+,K+-ATPase

a-subunit.
In conclusion, cibenzoline inhibits gastric H+,K+-ATPase

by binding to the K+-recognition site of the enzyme from the

cytoplasmic side. In our knowledge, this is the ®rst drug that
inhibits gastric H+,K+-ATPase with this unique inhibitory
action.

This work was supported in part by Grants-in-Aid for Scienti®c
Research (to S. Asano and N. Takeguchi) from the Ministry of
Education, Science, Sports and Culture of Japan.

Figure 7 E�ects of cibenzoline on proton uptake into normal tight
hog gastric vesicles. The vesicles were preincubated with cibenzoline
for 10 min, and proton uptake was measured. Data show mean-
s+s.e.m. of 3 ± 5 di�erent experiments.
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