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Abstract

Ž . wŽ . x w x ŽA new compound, 1- 2-methyl-4-methoxyphenyl -4- 3-hydroxypropyl amino -6-methyl-2,3-dihydropyrrolo 3,2-c quinoline DBM-
. q q Ž .819 , inhibited gastric H rK ATPase in the rabbit EC 3.6.1.3 with an IC value of 5 mM. However, DBM-819 was a weak inhibitor50

of kidney NaqrKq ATPase in the dog, indicating that it has selectivity for the gastric HqrKq ATPase. The inhibition was reversible
and non-competitive with respect to the activating cation Kq. The presence of dithiothreitol did not protect the HqrKq ATPase from
inactivation. The inhibition by DBM-819 was potentiated by acid pretreatment of the compound, suggesting that DBM-819 is converted
into a more active intermediate under acidic conditions. The results suggest that DBM-819 is a potent, selective and reversible inhibitor of
gastric HqrKq ATPase, and that the essential cysteine residue may not be involved in the DBM-819-mediated inactivation of gastric
HqrKq ATPase. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gastric HqrKq ATPase, located in the apical mem-
brane of parietal cells, pumps protons into the gastric
lumen using energy derived from the hydrolysis of ATP,

Žand is thus involved in gastric acid secretion Sachs et al.,
. q q1976 . Accordingly, the inhibition of gastric H rK AT-

Pase has been an attractive target for new peptic ulcer
drugs. The genes encoding gastric HqrKq ATPase have

Žbeen cloned from rats Shull, 1990; Shull and Lingrel,
. Ž .1986 and humans Maeda et al., 1990 , and their amino

acid sequences reveal high homology with the NaqrKq

ATPase. Like the NaqrKq ATPase, gastric HqrKq AT-
Pase is composed of transmembrane a and b subunits,
with the a subunit containing the catalytic component of

Ž .the enzyme Shin et al., 1997 . The a subunit has a M.W.
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Ž .of 114 kDa Shull and Lingrel, 1986 and the b subunit
Ž .has a M.W. of 33 kDa Shull, 1990 .

Gastric HqrKq ATPase inhibitors are the most potent
suppressors of gastric acid currently known, and they have
been classified into two types: one type acts irreversibly
and the other type acts reversibly. Many benzimidazole
derivatives—including omeprazole—belong to the group
of irreversible gastric HqrKq ATPase inhibitors, and they
are clinically effective against acid-related diseases. They

Ž .bind to sulfhydryl group s in the enzyme, resulting in a
covalent linkage between the compound and the enzyme
Ž .Lorentzon et al., 1985 . Due to the irreversibility of the
enzyme inactivation, benzimidazole derivatives exhibit a
powerful and long-lasting inhibition of the secretion of
gastric acid. However, they may have several disadvan-
tages in clinical practice, such as bacterial overgrowth

Žresulting from extremely long-lasting anacidity Wingate,
.1990; Larner and Lendrum, 1992 , and possible carcino-
Ž .geneicity due to hypergastrinemia Carlsson et al., 1986 .

Reversible types of HqrKq ATPase inhibitors include
Ž .2-methyl-8- phenyl-methoxy -imidazo-1,2-pyridine 3-
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Fig. 1. Chemical structure of DBM-819.

Ž . Žacetonitrile SCH28080 and 3-butylyl-8-methoxy-4- 2-
. Ž .tolylamino quinoline SK and F96067 , and some of them

Žhave been tested in clinical trials Pope and Parsons,
. q q1993 . Reversible H rK ATPase inhibitors are expected

to have a similar effectiveness as the irreversible com-
pounds, but because they produce a more reproducible and
shorter-lived effect, they allow greater dosing flexibility.
In order to develop a new reversible HqrKq ATPase

Ž . wŽinhibitor, 1- 2-methyl-4-methoxyphenyl -4- 3-hydroxy-
. x w xpropyl amino -6-methyl-2,3-dihydropyrrolo 3,2-c quinoline

Ž .DBM-819 was synthesized in our laboratory and exam-
ined for its biochemical properties. The chemical structure
of DBM-819 is shown in Fig. 1.

2. Materials and methods

2.1. Materials

Ž .Adenosine 5’-triphosphate Na ATP, disodium salt ,2
Ž .nigericin, trizma base Tris , trichloroacetic acid, magne-

Ž . Ž .sium chloride MgCl , ammonium chloride NH Cl ,2 4
Ž . w xdimethylsulfoxide DMSO , N- 2-hydroxyethyl pipe-

w x Ž .razine-N- 2-ethane-sulfonic acid HEPES , ethylenedi-
Ž .aminetetraacetic acid EDTA , bovine serum albumin,

Ž . q q Ž .potassium chloride KCl , Na rK ATPase dog kidney
Žand sucrose were obtained from Sigma St. Louis, MO,

.USA . Dithiothreitol and Bio Rad dye reagent were ob-
Ž .tained from BioRad Laboratories Richmond, CA, USA .

Ž .PD-10 columns 1.5=5 cm , prepacked with Sephadex
ŽG-25M, were obtained from Pharmacia Chemical Piscata-

.way, NJ, USA . Amicon-30 concentrators were obtained
Ž .from Amicon Danvers, MA, USA . Perchloric acid

Ž . ŽHClO , 60% was obtained from Junsei Chemical Tokyo,4
.Japan . Butylacetate was obtained from Showa Chemical

Ž .Tokyo, Japan . DBM-819 was synthesized in Dongbu
Ž . wHannong Chemical Taejon, Korea . Omeprazole 5-me-

Ž .thoxy - 2 - 4 -methoxy- 3, 5- dimethyl- 2- pyridinyl - methyl-
xsulphinyl-1H-benzimidazole was used as a reference com-

pound.

2.2. Preparation of the gastric microsomal fraction con-
taining the H qrK q ATPase

The fundic mucosae of New Zealand White Rabbits
Ž .2–3 kg were scraped off and homogenized in 40 mM
TrisrHCl, pH 7.4, containing 0.25 M sucrose, 2 mM
HEPES, 2 mM MgCl , and 2 mM EDTA. The ho-2

mogenate was centrifuged for 30 min at 10,000=g, and
the resulting supernatant was subsequently centrifuged for
60 min at 100,000=g. The pellets were resuspended in a

Ž .minimum volume of 40 mM TrisrHCl buffer pH 7.4 and
stored at y708C until used. The protein concentration of
the preparation was determined using the method of Brad-

Ž .ford 1976 , with bovine serum albumin as the standard.

2.3. H qrK q ATPase assay

Ž .The reaction mixture 200 ml contained the enzyme
Ž .preparation 25 mg in 40 mM TrisrHCl, pH 7.4, 4 mM

MgCl , 5 mgrml nigericin in methanol, with or without2

48 mM KCl and 6 mM NH Cl. DBM-819 was dissolved4

in DMSO and pre-incubated with the enzyme preparation
Ž .for 30 min at 378C. The final concentration 2% of

DMSO in the reaction mixture did not affect the enzyme
activity. After the reaction was started by adding 6.7 mM

Ž .Na ATP 50 ml , the reaction mixture was further incu-2

bated for 30 min. The reaction was terminated by the
Ž .addition of 30% cold trichloroacetic acid 50 ml and then

centrifuged. The amount of inorganic phosphate released
from Na ATP in the supernatant was determined spec-2

Ž .trophotometrically, according to Yoda and Hokin 1970 .
Specific HqrKq ATPase activity was determined by sub-
tracting the basal enzyme activity measured in the absence
of KCl and NH Cl. Inhibition was calculated as the per-4

cent inhibition against maximal stimulation, and IC val-50

ues were obtained from a typical dose–response curve.
The assay medium contained 2% methanol, which did not
affect the enzyme activity.

2.4. NaqrK q ATPase assay

The reaction mixture contained 2 mM MgCl , 2 mM2

Na ATP, 40 mM TrisrHCl, pH 7.4, and 20 mg NaqrKq
2

Ž .ATPase from Sigma , with or without 100 mM NaCl and
Ž .10 mM KCl to give 245 ml total volume . The reaction

Ž .was started by adding DBM-819 in DMSO 5 ml . After a
30-min incubation at 378C, the reaction was stopped by
adding 30% cold trichloroacetic acid. The enzyme activity
was assayed by measuring the amount of inorganic phos-
phate released from ATP, according to Yoda and Hokin
Ž .1970 .

2.5. ReÕersibility of the DBM-819-induced inactiÕation of
H qrK q ATPase actiÕity

Ž .The enzyme preparation 0.25 mgrml was incubated
Ž .with either DMSO alone, DBM-819 50 or 100 mM in
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Fig. 2. Effects of DBM-819 on HqrKq ATPase and NaqrKq ATPase
q q Ž . q q Žactivities. Either H rK ATPase B; 25 mg or Na rK ATPase v;

.20 mg was treated with various concentrations of DBM-819, and the
remaining activity was determined 30 min later as described in Section 2.

ŽResults are expressed as percent control activity enzyme incubated with
.DMSO alone . Data represents means"S.E. of three separate experi-

ments.

Ž .DMSO, or omeprazole 400 mM for 10 min at 378C. The
final concentration of DMSO in the incubation mixture
was 2%, which did not affect control activity. An aliquot
Ž .50 ml was taken out at the end of the incubation, and
HqrKq ATPase activity was assayed as described above.

Ž .The remaining portion 200 ml of the incubation mixture
was passed through a PD-10 desalting column, and the
eluant containing the enzyme preparation was collected
and concentrated using an Amicon-30 concentrator. The
protein concentration of the eluant was determined and
adjusted for HqrKq ATPase assay. The enzyme activity
was determined as described above.

2.6. Kq kinetics experiments

To investigate the kinetic properties of DBM-819-medi-
ated inhibition, gastric HqrKq ATPase activity was mea-

Ž .sured over a range of KCl concentrations 0.8–24 mM in
Ž .the presence of DBM-819 1–6 mM .

2.7. In Õitro studies of DBM-819

The ability of dithiothreitol to protect HqrKq ATPase
against inactivation by DBM-819 was tested. The HqrKq

ATPase preparation was pre-incubated with dithiothreitol
Ž .0.5 or 1 mM at 378C for 5 min, followed by incubation
with 10 mM DBM-819. After 30 min, HqrKq ATPase
activity was assayed as described above. To examine the
effect of the acidification of DBM-819 on the inactivation

q q Ž .of H rK ATPase activity, DBM-819 100 mM was
incubated at 378C for 20 min in 40 mM TrisrHCl buffer

of pH 5.2, pH 6.2, or pH 7.4. Each solution was then
added to the incubation mixture containing the gastric
HqrKq ATPase preparation, which resulted in a 50-fold
dilution of DBM-819. The assay mixture was then incu-
bated for 30 min at 378C and assayed for the remaining
HqrKq ATPase activity.

2.8. Statistical analysis

All values shown in the figures and tables represent the
means"S.E. IC values with 95% confidence limits50

were estimated from the linear regression analysis of the
Ž .log dose versus percent activity relative to control curve.

Statistical evaluation of the results was performed by
analysis of variance followed by Dunnett’s test, and by the
unpaired Student’s t-test. A P value of less than 0.05 was
regarded as statistically significant.

3. Results

3.1. Concentration-dependent inactiÕation of H qrK q

ATPase by DBM-819

DBM-819 caused a concentration-dependent loss of
HqrKq ATPase activity, as shown in Fig. 2. The IC50

value was estimated to be 5.0"0.65 mM, whereas that of
omeprazole was 22.4"1.80 mM. In addition, the in-
hibitory effect of DBM-819 on NaqrKq ATPase—a re-

Ž .lated ATPase—was very weak IC )100 mM , despite50

the similarity of the amino acid sequences of these two
ATPases. These results suggest that DBM-819 is a selec-
tive and potent inhibitor of gastric HqrKq ATPase.

Fig. 3. Reversibility of the DBM-819-induced inactivation of HqrKq

q q Ž .ATPase activity. H rK ATPase 62.5 mg was incubated with either
Ž . Ž .DBM-819 50, 100 mM or omeprazole 400 mM for 10 min. Enzyme

activity was determined before and after filtration of the incubation
mixture through a Sephadex G-25M column. Results represent means"

S.E. of three separate experiments. ) P -0.05 vs before filtration.
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3.2. ReÕersibility of the DBM-819-induced inactiÕation of
H qrK q ATPase actiÕity

The reversibility of DBM-819-mediated inhibition of
HqrKq ATPase was investigated by filtration of the
reaction mixture through a Sephadex G-25M column. As
shown in Fig. 3, gastric HqrKq ATPase activity was
completely restored after filtration when the activity had

Žbeen inhibited by the lower concentration of DBM-819 50
. q q

mM . Inactivation of H rK ATPase activity by the
Ž .higher concentration of DBM-819 100 mM resulted in

the partial recovery of activity after filtration. As a nega-
Žtive control, omeprazole-treated enzyme mixture known

.for the irreversible nature of the inactivation was passed
through the Sephadex G-25M column, but there was hardly
any enzyme activity in the eluant. These results suggest
that DBM-819 may inhibit gastric HqrKq ATPase in a
reversible manner.

3.3. Kinetics of the DBM-819-mediated inactiÕation of
H qrK q ATPase actiÕity

The mechanism of the inhibition of HqrKq ATPase
activity by DBM-819 was investigated by measuring the
inhibitory effect of DBM-819 on enzyme activity in the
presence of various concentrations of the activating cation

q Ž .K Fig. 4 . The results were fitted best by assuming a
non-competitive pattern of inhibition, with an estimated K i

value of 2.75"0.48 mM.

Fig. 4. Lineweaver–Burk plot of the kinetics of Kq-noncompetitive
inhibition of HqrKq ATPase activity. Assays were performed in the

Ž . Ž . Ž . Ž . Ž .presence of 0.8–24 mM KCl and 0 l , 1 ` , 2 % , 4 n , 6 B mM
DBM-819. Experimental details are described in Section 2. Data shown
are from a single representative experiment.

Fig. 5. Effect of dithiothreitol on the DBM-819-mediated inhibition of
HqrKq ATPase activity. HqrKq ATPase preparation was preincubated

Ž . Ž .with dithiothreitol 0.5, 1.0 mM at 378C for 5 min. DBM-819 10 mM
was then added to the preincubation mixture and further incubated for 30
min. The HqrKq ATPase activity was determined as described in
Section 2. Results are expressed as means"S.E. of three separate experi-
ments.

3.4. Protection of the DBM-819-mediated inactiÕation of
H qrK q ATPase actiÕity

The effect of the sulfhydryl reducing agent dithio-
threitol on the DBM-819-mediated inhibition of HqrKq

ATPase activity was investigated. As shown in Fig. 5,
addition of either 0.5 or 1 mM dithiothreitol to the incuba-
tion mixture—prior to the addition of 10 mM DBM-819—
did not protect the HqrKq ATPase from inactivation by
DBM-819. This observation suggests that the inactivation
by DBM-819 does not involve the essential cysteine

Ž .residue s of the enzyme.

3.5. Effect of acidification of DBM-819 on the inactiÕation
of H qrK q ATPase actiÕity

Since omeprazole appears to be more potent in inhibit-
q q Žing H rK ATPase at acidic pH values Keeling et al.,
.1985 , the effect of acid exposure of DBM-819 on its

HqrKq ATPase inhibitory action was studied. As shown
in Table 1, incubation of DBM-819 under weak acidic

Table 1
Effect of transient acidification of DBM-819 on its inhibitory action on
gastric HqrKq ATPasea

pH condition Percent inhibition

7.4 18"2.0
6.2 49"3.2
5.2 62"1.3

a Ž .After pretreatment of DBM-819 100 mM under the indicated pH
conditions, each solution was added into incubation mixture and assayed
for the HqrKq ATPase activity. Percent inhibition was calculated
against control activity measured in the absence of DBM-819. Values are
the means"S.E. of three separate experiments.
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conditions resulted in a more effective inactivation of
HqrKq ATPase activity. Thus, it seems that some form of
acid activation of DBM-819 occurs in the inhibition pro-
cess.

4. Discussion

Reversible gastric HqrKq ATPase inhibitors have re-
cently been proposed as important therapeutic candidates

Ž .for peptic ulcer diseases Pope and Parsons, 1993 . In
attempting to develop reversible gastric HqrKq ATPase
inhibitors for novel anti-ulcer agents in our laboratory, we
chose DBM-819 as a promising compound. In an in vitro
system, DBM-819 exhibited potent inactivation of rabbit
gastric HqrKq ATPase, being superior to omeprazole,
which was the reference compound. Furthermore, DBM-
819 was shown to have a greater than 20-fold selectivity
for the gastric HqrKq ATPase, relative to that for the
closely related NaqrKq ATPase. Consistent with previous

Ž .results Lorentzon et al., 1985 , the inhibition of the
HqrKq ATPase by omeprazole was not reversible by
filtration of the incubation mixture through a Sephadex
G-25M column. In contrast to the irreversible action of
omeprazole, DBM-819 was shown to be a reversible
HqrKq ATPase inhibitor. In addition, the kinetics of
inhibition revealed that DBM-819 was a non-competitive
inhibitor of HqrKq ATPase activity with respect to the
activating cation Kq.

The reversibility of the enzyme inhibition may confer
several clinical benefits of DBM-819 over covalent
HqrKq ATPase inhibitors such as omeprazole. These
include better control of dosing, and fewer problems with
bacterial overgrowth, hypergastrinemia and carcinoid le-
sions in the stomach. In fact, long-term administration of
omeprazole has been shown to induce the development of

Žgastric carcinoma in experimental animals Ekman et al.,
.1985; Tielemans et al., 1989 . In addition, the recovery

from complete acid suppression by irreversible inhibitors
is quite slow, since it depends on de novo synthesis of the
enzyme. It is therefore not surprising that some reversible
HqrKq ATPase inhibitors are currently under clinical
development for therapeutic use.

It has been reported that omeprazole, a prototype of
substituted benzimidazole derivatives, is activated to a
reactive intermediate under acidic conditions before bind-

Ž .ing covalently to essential sulfhydryl group s in the
q q Ž .H rK ATPase Keeling et al., 1985 . Similar to pub-

lished data on omeprazole, the present study showed that
the efficacy of DBM-819 in inactivating HqrKq ATPase
activity was correlated to the acidity of the pre-incubation
environment. The pre-incubation of DBM-819 under acidic
conditions resulted in a more effective inactivation of
HqrKq ATPase activity, as compared with the inhibition
achieved at neutral pH. This result is suggestive of the
activation of DBM-819 under acidic conditions, although

the chemical nature of the activated form is unknown.
Alternatively, DBM-819 may bind to the HqrKq ATPase
more effectively at acidic pH.

Previous reports have indicated that omeprazole binds
to cysteine 813 in the fifth to sixth transmembrane seg-
ments, and this finding correlates with the inhibition of

Ž .acid secretion Besancon et al., 1997 . Correspondingly,
the presence of dithiothreitol as well as b-mercaptoethanol
has been shown to abolish the inhibitory effect of omepra-

Ž .zole Lorentzon et al., 1985 . Contrary to the results for
omeprazole, the present study found that DBM-819-media-
ted inhibition of HqrKq ATPase was not prevented by
pre-incubation with dithiothreitol. Therefore, DBM-819
appears to inhibit the gastric HqrKq ATPase by a differ-
ent mechanism from that of omeprazole. Based on the
present results, the mechanism of action of DBM-819 may
not involve the covalent modification of key sulfhydryl

Ž .group s in the enzyme.
In summary, the present findings show that DBM-819

is a potent, selective and reversible inhibitor of gastric
HqrKq ATPase, although the exact mechanism of the
inactivation process cannot be defined with certainty. The
high selectivity and reversibility of DBM-819 may add to
its benefits as a therapeutic agent. Based on its present in
vitro properties, DBM-819 is worthy of in vivo investiga-
tion for its anti-secretory and anti-ulcer activity. An ac-
companying paper shows that DBM-819 is an effective
anti-ulcer agent in vivo.
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