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ABSTRACT. Prodigiosin, prodigiosin 25-C, and metacycloprodigiosin all strongly inhibited the acidification
activity of (H"+K™)-ATPase on membrane vesicles from hog gastric mucosa (iICs, = 32 to 103 pmol/mg
protein). But, the prodigiosins, unlike omeprazole, showed little inhibitory effect on K*-dependent ATPase
(K"-ATPase) activity, although at higher concentrations they inhibited K*-ATPase activity with an 1C5, of 1.5
to 3.0 wM. Furthermore, the inhibitory effect of the prodigiosins was rapid and completely reversible unlike that
of omeprazole, and the mode of inhibition was non-competitive with respect to ATP. Hog gastric (HT+K™)-
ATPase itself showed an absolute requirement of halide (effectively, chloride) for acidification activity.
Prodigiosins also showed a chloride requirement for inhibition of vesicular acidification, and quickly reversed the
acidification of vesicular pH to neutrality even in the presence of N,N’-dicyclohexylcarbodiimide (DCCD),
showing their ionophoric nature of acidification inhibitory activity. In fact, tributyltin chloride (TBT, an
OH™/CI™ exchange ionophore) also inhibited vesicular acidification, but it inhibited K*-ATPase activity too.
Finally, the prodigiosins inhibited the acid secretion from parietal cells isolated from rabbit gastric mucosa. These
results suggest that prodigiosins are potent reversible uncouplers of (H*+K™)-ATPase that inhibit gastric acid

ISSN 0006-2952/00/$—see front matter
PII S0006-2952(00)00509-8

secretion.
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We showed [1] that prodigiosins, antibiotic red pigments
produced by microorganisms including Streptomyces and
Serratia [2], uncouple lysosomal H™-ATPases (EC 3.6.1.35)
(V-ATPasel), resulting in an increase of lysosomal pH and
the suppression of glycoprotein processing. Eventually, we
found that prodigiosins also “uncouple” mitochondrial and
bacterial H*-ATPases (F-ATPases) [3] in addition to
lysosomal H*-ATPases [4], because of their H"/CI™ sym-
port activity [5]. However, the F- and V-ATPases are
essentially the same in structure [6—10], and are composed
of a hydrophilic protrusion with catalytic activity (F;- or
V,-portions) and membrane embedded proton-channel-
forming sectors (F, or V|, portions) consisting of multi-

§ Corresponding author: Shoji Ohkuma, Ph.D., Laboratory of Biochemis-
try, Department of Molecular and Cellular Biology, Faculty of Pharma-
ceutical Sciences, Kanazawa University, Takara-machi 13-1, Kanazawa,
Ishikawa 920-0934, Japan. Tel. (81) 76-234-4463; FAX (81) 76-234-4462;
E-mail: ohkuma@kenroku.kanazawa-u.ac.jp

I Abbreviations: DCCD, N, N '-dicyclohexylcarbodiimide; DMEM, Dul-
becco’s modified Minimum Essential Medium; FBS, fetal bovine serum;
F-ATPase, F-type H"-ATPase; FCCP, carbonylcyanide p-trifluorome-
thoxyphenylhydrazone; K*-ATPase, K" -dependent ATPase; PIPES, pi-
perazine-N,N’-bis[2-ethanesulfonic acid]; P-ATPase, P-type H"-ATPase;
TBT, tributyltin chloride; TMAH, tetramethylammonium hydroxide; and
V-ATPase, vacuolar type H*-ATPase.

Received 25 January 2000; accepted 30 May 2000.

subunits of 5-6 for the catalytic portion and 4-5 for the
channel portion, respectively. More importantly, they are
generally insensitive to vanadate (although some V-ATPases,
for example the avian osteoclastic plasma membrane type,
are sensitive to vanadate [11, 12]) and appear not to form
a phosphorylated intermediate through their reactions.
Therefore, it is important and interesting to study the effect
of prodigiosins on other types of proton pumps [e.g. P-
ATPases like gastric (H*+K™)-ATPase (EC 3.6.1.36) or
respiratory proton pumps].

In this paper, we present evidence that prodigiosins also
uncouple the (H*+K™*)-ATPase of plasma membrane
vesicles from hog gastric mucosa (and inhibit acid secre-
tion) in such a way that they reversibly inhibit acidification
with little effect on ATP hydrolysis unlike the irreversible
potent selective inhibitor of (H"+K™)-ATPase, omeprazole,
which inhibits both proton translocation and ATP hydrolysis.

MATERIALS AND METHODS
Materials

Stomachs of freshly slaughtered hogs were provided by the
Meat Inspection Center of Kanazawa City. Rabbits (Japan
white rabbits, male, 2 to 2.5 kg in body weight) were
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obtained from Shiraishi Laboratory Animal. Prodigiosin
was prepared from the culture broth of Serratia marcescens
(HY-3) as described [13]. Metacycloprodigiosin and prodi-
giosin 25-C were prepared from the culture broth of
Streptomyces hiroshimensis as described [14]. Omeprazole was
obtained from Fujisawa-Astra Japan, and acridine orange
from Wako. Oxonol-V was supplied by Nippon Kanko
Shikiso. DCCD and TBT also were obtained from Wako.
Other reagents were purchased as commercial products,
mostly from the Sigma Chemical Co.

Preparation of Hog Gastric Membrane Vesicles

Membrane vesicles containing (H"+K™)-ATPase were
purified from gastric mucosa of freshly slaughtered hogs
according to the method described by Maeda et al. [15] with
slight modifications: briefly, the fundic mucosal surfaces
were flooded with 3 M NaCl and wiped dry to remove
mucus cells. Then the gastric mucosa (350 g) was scraped
from underlying connective tissue, homogenized in a 40%
suspension (w/w) in 500 mL of 0.25 M sucrose, 5 mM
PIPES-Tris (pH 6.8), using a juicer/mixer, and centrifuged
at 8000 g for 20 min. After passing through a cheesecloth,
the 8000 g supernatant of the homogenate was layered on 1
M [34% (w/v)] sucrose, 5 mM PIPES-Tris (pH 6.8), and
centrifuged at 100,000 g for 50 min. The fraction at the
interface between the supernatant and the sucrose layer was
collected, diluted with 5 mM PIPES-Tris (pH 6.8), and
centrifuged at 100,000 g for 50 min. The precipitate was
resuspended in 5 mM PIPES-Tris (pH 6.8) (20 mL) and
fractionated further by centrifugation (27,000 g, 16 hr)
through discontinuous sucrose layers consisting of 0.25 M
sucrose (5 mL), 7% (w/w) Ficoll 70—-0.25 M sucrose (10
mL), 1 M sucrose (15 mL), and 1.75 M sucrose (2 mL) [all
in 5 mM PIPES-Tris (pH 6.8)]. The fraction at the
interface between 7% (w/v) Ficoll-0.25 M sucrose and 1 M
[34% (w/v)] sucrose was collected, diluted with 5 mM
PIPES-Tris (pH 6.8), and centrifuged at 100,000 g for 50
min. The resulting pellet was resuspended in 2 mL of the 5
mM PIPES-Tris (pH 6.8) and stored at -80° until used. The
final preparation showed a specific activity of vanadate-
sensitive K*-ATPase of about 0.72 to 0.75 U/mg protein
and little detectable ouabain-sensitive ATPase activity.

Proton Pump Assay

Proton pump (acidification) activity of the (H*+K™)-
ATPase in the membrane vesicles from hog stomach was
detected by the ATP-dependent quenching of acridine
orange fluorescence [15]. The assay buffer contained 150
mM KCI, 8 mM PIPES-TMAH (pH 6.8), 2 mM MgCl, 5
M valinomycin, and 1.0 mM ATP-Na, in a final volume
of 2.0 mL with the dye. The concentration of FCCP and
Triton X-100 was 1 M and 0.1% (w/v), respectively. The
concentration of acridine orange was 2 uM. Fluorescence
was measured at 37° with a Hitachi 310 or F-4500 spec-
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trofluorometer with excitation and emission wavelengths at
480 nm (or 493 nm) and 530 nm, respectively.

Rewersibility of Prodigiosin Action

Membrane vesicles of hog gastric mucosa (0.38 mg protein)
were preincubated in a total volume of 100 wL containing
valinomycin and acridine orange with or without the
inhibitors (metacycloprodigiosin, 20 nM; prodigiosin 25-C,
100 nM) for 3 min at 37°. After preincubation, 1.9 mL of
assay buffer with or without inhibitors (metacycloprodigio-
sin, 1.5 nM; prodigiosin 25-C, 5 nM) was added, the
acidification of these membrane vesicles was started by
adding ATP (1 mM), and the change of fluorescence was
traced with excitation at 493 nm and emission at 530 nm.

ATPase Assay

ATPase assays were performed as described using the
Malachite-Green method [16]. The assay buffer [15] con-
tained 150 mM KCl, 8 mM PIPES-TMAH (pH 6.8), 2 mM
MgCl, 5 uM valinomycin, 1.0 mM ATP-Na, and 5 pg/mL
of protease inhibitors (leupeptin, antipain, chymostatin,
and pepstatin), with or without the dyes in a final volume
of 1.0 mL. Negative control buffer contained 150 mM
choline chloride instead of KCI. Assays were started by
adding membrane vesicles (about 2.38 g protein/tube)
and incubating at 37° for 10 min. The liberated phosphate
was estimated by the Malachite-Green method [17]. K*-
ATPase activity was defined as the difference between the
activities in KCI buffer and in the choline chloride (nega-
tive control) buffer.

Isolation of Parietal Cells from Rabbit Gastric Mucosa

Parietal cells of rabbit gastric glands were isolated essen-
tially as described [18]. Parietal cells were obtained from the
isolated gastric gland by combined collagenase digestion
[19] and Percoll density gradient cell fractionation methods
[20], with slight modifications. The primary culture of
isolated parietal cells was performed according to the
method of Chew et al. [21] with slight modifications.
Briefly, the gastric mucosa isolated from 2 to 2.5 kg male
rabbits after perfusion in situ with PBS under high pressure
was then digested with collagenase to produce single cells.
These cells were enriched in parietal cells by gradient
separation, using Percoll.

Evaluation of Gastric Acid Secretion of Isolated Parietal
Cells

The isolated parietal cells were cultured on glass coverslips
coated with collagen type IV in a medium consisting of
DMEM plus 10% FBS at 37° in a humidified atmosphere of
5% CO, and 95% air. Acid secretion was followed essen-
tially as described by Mangeat et al. [22] using the accumu-



Uncoupling of Gastric (H*+K™)-ATPase by Prodigiosins

Fluorescence

control [DMSO]

AB

ATP

v

_|._p.w.-ATP]

1857

FCCP

v

1mM, 300uM || ——

T00uM

| o

10pM

1uM, 3

Time (min)

\/

2 3 9
Time (min)

FIG. 1. Effect of metacycloprodigiosin, as compared with omeprazole, on the acidification activity of hog gastric mucosa membrane
vesicles driven by (H*+K*)-ATPase. The acidification activity of hog gastric membrane vesicles was assayed as described under
Materials and Methods in incubation mixture with or without the indicated concentrations of metacycloprodigiosin (A) and omeprazole
(B) (1% DMSO as solvent control) added 1 min before the addition of 1 mM ATP-Na, D.W., distilled water; FCCP, 1 pM: TX-100,
0.1% Triton X-100. Representative traces are from experiments performed at least three times.

lation of the fluorescent weak base, acridine orange, in
apical acid vacuoles. Cells were preincubated in a medium
containing 5 pM acridine orange, stimulated with hista-
mine (10™* M), then further incubated for 40 min, and

viewed under a phase-contrast and fluorescence microscope

(Axiovert+35M,

Zeiss) using a B-type dichroic mirror

(excitation filter, BP450-490; dichroic mirror, FT510;
barrier filter, LP520).
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FIG. 2. Effects of prodigiosins on the acidi-
fication and K*-ATPase activities of hog
gastric mucosa membrane vesicles driven by
(H*+K™")-ATPase. The acidification activ-
ity of hog gastric membrane vesicles was
assayed as described in the legend of Fig. 1 in
incubation mixture with or without the in-
dicated concentrations of prodigiosin, prodi-
giosin 25-C, or metacycloprodigiosin (1%
DMSO as solvent control) added 1 min
before the addition of 1 mM ATP-Na,
K*-ATPase activity was measured as de-
scribed under Materials and Methods in in-
cubation mixture with or without the indi-
cated concentration of prodigiosins (1%
DMSO as solvent control). The reaction was
started by the addition of enzyme, and the
mixture was incubated for 10 min at 37°.
Symbols: (M,[]) prodigiosin; (@,0) metacy-
cloprodigiosin; and (A,A) prodigiosin 25-C.
Closed symbols represent acidification activ-
ity and open symbols K*-ATPase activity,
respectively. The dotted line (—@—) repre-
sents the concentration response of omepra-
zole on the K*-ATPase activity expressed as
the averages (with deviation of less than 5%)
of duplicate experiments. The control value
of the K*-ATPase was about 0.72 to 0.75
U/mg protein. Representative data are from
three independent experiments. Values are
means *= SD.
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FIG. 3. Reversibility of the effects of prodigiosin analogues on
the acidification activity of hog gastric (H*+K*)-ATPase. Hog
gastric membrane vesicles were added to 100 pL of preincuba-
tion mixture [8 mM PIPES-TMAH (pH 6.8), 0.15 M KCl, 2
mM MgCl, 5 pM valinomycin, 2 pM acridine orange with or
without the indicated concentration of prodigiosin 25-C or
metacycloprodigiosin (1% DMSO as solvent control)] and pre-
incubated at 37° for 3 min; 1.9 mL of the dilution mixture [8
mM PIPES-TMAH (pH 6.8), 0.15 M KCI, 2 mM Mg,, 5 pM
valinomycin, 2 pM acridine orange] was added before the
addition of 1 mM ATP-Na, ATP-dependent acidifications were
measured as described in the legend to Fig. 1. 25-C, prodigiosin
25-C; Meta, metacycloprodigiosin; D.W., distilled water;
FCCP, 1 pM; TX-100, 0.1% Triton X-100. Representative

traces are from experiments performed at least three times.
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Other Analytical Methods

The protein level was determined by the Amido Black/solid
phase method of Schaffner and Weissmann [23] or a
Bio-Rad protein assay kit according to the manufacturer’s
instructions (Bio-Rad), using BSA as the standard.

RESULTS

Inhibition of Acidification, But Not of K*-Dependent
ATP Hydrolysis Activity, of Hog Gastric Mucosa
Membrane Vesicles by Prodigiosins

In this study, we used three types of prodigiosins: prodigi-
osin, metacycloprodigiosin, and prodigiosin 25-C. Figure 1
shows typical traces of the inhibition of the ATP-depen-
dent acidification of hog gastric mucosa membrane vesicles
by metacycloprodigiosin (panel A) and by omeprazole, a
well known inhibitor of gastric (H+K™)-ATPase (panel
B). Metacycloprodigiosin inhibited rapidly (<< 1 min) and
concentration-dependently (1-30 nM) the acidification,
which was reversed by a protonophore, FCCP. Omeprazole
required a substantial period to express its inhibitory effect
on the intravesicular acidification and to reverse intrave-
sicular pH acidified by Mg-ATP. This lag time, which
depended on the concentration of omeprazole (e.g. 3-5 min
at 30 pM in our assays), reflects the time required for its
conversion to active (SH-reagent) form and for subsequent
reaction with the essential SH-group of the enzyme protein
[24, 25]. Therefore, it is difficult to compare the effects of
these two types of inhibitors directly and quantitatively.
But it is clear that prodigiosins exert their acidification
inhibitory effect without delay and at a lower concentration
than omeprazole.

Figure 2 shows the concentration—responses of the inhi-
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FIG. 4. Anion requirements of (A) acidification of hog gastric membrane vesicles and (B) its inhibition by prodigiosins. (A) Anion
requirement of acidification. Hog gastric membrane vesicles were added to 2 mL of incubation mixture [8 mM PIPES-TMAH (pH
6.8), 0.15 M of potassium salt of the indicated anion, 2 mM MgCl, 5 uM valinomycin, 2 pM acridine orange] and incubated at 37°
for 1 min before the addition of ATP-Na, ATP-dependent acidifications were measured as described in the legend to Fig. 1. ATP, 1
mM ATP-Na,, FCCP, 1 pM; TX-100, 0.1% Triton X-100. (B) Anion requirement of metacycloprodigiosin for the inhibition of
acidification. Hog gastric membrane vesicles were added to 2 mL of incubation mixture [8 mM PIPES-TMAH (pH 6.8), 2 mM MgCl,,
5 pM valinomycin, 2 pM acridine orange with 100 nM prodigiosin 25-C (or 1% DMSO as solvent control)] containing either 1 mM
KC1/99 mM K-gluconate or 100 mM KCl, and incubated at 37° for 1 min before the addition of ATP-Na, ATP-dependent
acidifications were measured as described in the legend to Fig. 1. (Left and middle panels) fluorescence trace. (Right panel) bar
presentation expressed as percent of control values (means = SD of duplicate determinations). 25-C, 100 nM prodigiosin 25-C; DMSO, 1%;
ATP, 1 mM ATP-Na,, FCCP, 1 pM; TX-100, 0.1% Triton X-100. Representative data are from two independent experiments.



Uncoupling of Gastric (H*+K™)-ATPase by Prodigiosins

A Meta, DMSO TX-100
ol
Alp vana:iate FCCP
[}
(3]
c
(V]
(3]
(]
(V]
e
o
=
T8
T T T T T T T T T
0 1 2 3 4 5 6 7 8
[+)]
(%)
c
[+)]
(3
(7]
[+})
et
o
=
L.
[}IISO

Time (min)

FIG. 5. Quick and concentration-dependent reversal of the
acidification of vesicular pH by prodigiosins even in the pres-
ence of proton pump inhibitor. Hog gastric membrane vesicles
were added to 2 mL of incubation mixture [8 mM PIPES-
TMAH (pH 6.8), 0.15 M KCl, 2 mM MgCl,, 5 pM valinomy-
cin, 2 pM acridine orange] and incubated at 37° for 3 min in the
presence of ATP. After 3 min, various concentrations of
metacycloprodigiosin, DMSQO, vanadate, or DCCD were added
to the assay buffer. (A) Quick and concentration-dependent
reversal of intravesicular pH by prodigiosins. Meta, 100, 10, or
1 nM metacycloprodigiosin; DMSO, 1%j; vanadate, 100 pM
sodium orthovanadate; ATP, 1 mM ATP-Na,, FCCP, 1 pM;
TX-100, 0.1% Triton X-100. Metacycloprodigiosin produced a
quick and concentration-dependent reversal of acridine orange
fluorescence. Vanadate (100 pM) added before ATP totally
abolished the acidification activity. (B) Reversal of acidified
intravesicular pH by prodigiosins even in the presence of proton
pump inhibitor. Meta, 100 nM metacycloprodigiosin; DMSO,
1%; DCCD, 100 pM. Quick reversal of acridine orange
fluorescence was observed by the addition of metacycloprodigio-
sin even in the presence of DCCD. DCCD (100 uM) added
before ATP totally abolished the acidification activity. Repre-
sentative traces are from two independent experiments.

bition of acidification by the three types of prodigiosin as
compared with their effects on the K*-ATPase activities of
gastric mucosa membrane vesicles. All three prodigiosins
inhibited vesicular acidification with similar 15, values (6,
7, and 10 nM for prodigiosin, metacycloprodigiosin, and
prodigiosin 25-C, respectively, at 190 wg protein/mL,
which corresponded to the amount of prodigiosins that
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inhibit 50% of the activity (32, 37, and 53 pmol/mg
protein, respectively). However, as was the case with V-
and F-ATPases, they did not inhibit catalysis (K™ -ATPase
activity) at concentrations (~ 1 wM) more than 10-100
times that of the 1Cs;, of acidification inhibition (Fig. 2). At
higher concentrations, prodigiosin and metacycloprodigio-
sin inhibited K*-ATPase activity of hog gastric mucosa
with 1Cs values of 1-2 uM. Omeprazole inhibited K-
dependent ATPase activity with an 1Csy of about 30 uM
(see the dotted line in Fig. 2), which was the same order of
concentration required for the inhibition of acidification
(Fig. 1B). Namely, omeprazole inhibited K*-ATPase activ-
ity and acidification simultaneously, unlike prodigiosins.

Reversible Inhibition of Gastric Proton Pump by
Prodigiosins

Figure 3 shows the results on the reversibility of prodigi-
osins on the acidification of hog gastric vesicles. The gastric
vesicles were preincubated for 3 min with enough prodigi-
osin (20 and 100 nM for prodigiosin 25-C and metacyclo-
prodigiosin, respectively) to strongly (~90%) inhibit acid-
ification, as judged from Figs. 1 and 2, and then the
mixtures were diluted 50-fold to lower the effective con-
centrations in the buffer (1.5 and 5 nM, respectively)
enough to allow acidification of more than 90% of the
control activity upon direct addition to the incubation
buffer. As shown clearly in this figure, the acidification
inhibitory activity of prodigiosins was hardly detectable
after a 50-fold dilution of the incubation mixture. The
apparent acceleration of acidification in the preincubated
mixtures was most probably due to the higher concentra-
tion of K™ in gastric vesicles attained by the entrance of K™
from KCI buffer during preincubation in the presence of
valinomycin. The kinetic analysis indicated a simple non-
competitive (with respect to ATP) type of inhibition
[affecting V.. but not K, for ATP (about 70 uM)], with
apparent K; values of 1.8, 1.8, and 2.0 nM (at 48 pg
protein/mL) for prodigiosin, metacycloprodigiosin, and pro-
digiosin 25-C, respectively.

Chloride Requirement of Prodigiosins for the Inhibition
of Acidification by Hog Gastric (H* +K*)-ATPase

For the inhibition of V- and F-ATPases, prodigiosins
require chloride ions [3-5]. Do prodigiosins also require
chloride ions to inhibit the hog gastric proton pump? It has
been reported that the hog gastric proton pump itself
requires chloride ions and is not expressed in sulfate or
gluconate buffer [26]. Figure 4A shows that hog gastric
(H"+K™")-ATPase requires halide ions in the order of
chloride = bromide > iodide > gluconate (100:61:1.5 in
the initial rate), but not fluoride or SCN™ for its activity;
to our knowledge, this is the first comparative study of
halide requirements of the gastric proton pump. This
phenomenon has been explained as a collaboration be-
tween chloride channels and proton transport activities
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FIG. 6. Effects of TBT on the acidification and
K*-ATPase activities of hog gastric membrane
vesicles driven by (H*+K™*)-ATPase. Acidifica-
tion and K*-ATPase activities were assayed, as
described in the legend of Fig. 2, in incubation
mixture with or without the indicated concentra-
tion of TBT (1% ethanol as solvent control).
Symbols: (M) acidification; ((]) K*-ATPase. Rep-
resentative data from the two independent exper-
iments are presented as means * SD of triplicate
determinations. The control value of the K*-
ATPase activity was approximately 0.72 to 0.75
U/mg protein.
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within (H*+K™)-ATPase molecules [27, 28]: potassium
channels and (H"+K")-ATPase provide a mechanism
whereby in the absence of Cl™
(H"4+K™)-ATPase pump can generate an electrogenic flux
of proton across the gastric mucosa and the Cl~ channel
provides a path for the electrogenic secretion of Cl™ and, in
conjunction with (H"+K")-ATPase and the potassium
channel, a mechanism for HCl secretion [29, 30]. However,
hog gastric (H*+K™)-ATPase showed some acidification
activity even at low concentrations of chloride. Hence, we
tested the chloride requirement for the acidification inhib-
itory activity of prodigiosins by comparing their effects
between buffers composed of either 1 mM chloride/99 mM
gluconate or just 100 mM chloride (Fig. 4B). Prodigiosins
required high concentrations of chloride ions to exert
acidification inhibitory activity and exerted little activity

in the 1 mM chloride/99 mM gluconate buffer.

the electroneutral

Quick and Concentration-Dependent Reversal of the
Acidification of Vesicular pH by Prodigiosins Even in
the Presence of a Proton Pump Inhibitor

What is the mechanism of action of prodigiosins on the
acidification of hog gastric vesicles? As shown in Fig. 5A,
prodigiosins reversed the acidification of intravesicular pH
quickly at the concentration at which acidification was
strongly inhibited (more rapidly than vanadate or DCCD).
Furthermore, this quick reversal was not affected by the
blockade of the proton channel by preincubation with
DCCD, which inhibits the enzyme irreversibly by co-
valently binding to it [31] (Fig. 5B). The rapid reversal of
pH was observed, again, only in the chloride buffer (data not
shown). These results are consistent with the idea that
prodigiosins behave essentially as ionophores (H*/Cl~
symporters; [5]).

104 105

Inhibition of Hog Gastric Proton Pump by TBT

TBT is widely used as an OH™/Cl™ exchanger. Therefore,
we can expect TBT to inhibit the acidification of hog
gastric vesicles mediated by (H"+K™)-ATPase. Figure 6
shows that indeed this was the case. TBT inhibited the
acidification of hog gastric mucosa membrane vesicles with
an 1Csy of 5-15 nM. However, it also inhibited the
K*-ATPase activity of hog gastric mucosa membrane
vesicles with an icsy of 150 nM (at 48 g protein/mL), as
was the case for F- and V-ATPases [32-34]. This was
probably due to the covalent modification activity of TBT,
which resembled that of an SH-reagent [33, 35-38]; gastric
K*-ATPase is inhibited by SH-reagents such as omeprazole
(after activation by mucosal acidity) [24, 25].

Inhibition of Acid Secretion by Prodigiosins in Parietal
Cells Isolated from Rabbit Gastric Mucosa

Finally, prodigiosins were found to inhibit acid secretion of
parietal cells isolated from rabbit gastric mucosa. As shown
in Fig. 7, prodigiosins, like omeprazole, strongly inhibited
the accumulation of orange fluorescence of weak base
(acridine orange) within apical acid vacuoles of isolated
parietal cells stimulated by a secretagogue histamine. Pro-
digiosins affected acridine orange accumulation within
small lysosome-like vesicles, too, which was affected only
marginally by omeprazole. TBT also inhibited strongly the
acridine orange accumulation within both large apical
vacuoles and small lysosome-like vesicles, probably reflect-
ing depletion of cellular ATP.

DISCUSSION

In the present study, we examined the effects of prodigi-
osins on the activity of (H"+K™)-ATPase on membrane
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FIG. 7. Inhibition of acid secretion by prodigiosins
in gastric parietal cells isolated from rabbit stom-
ach. Parietal cells isolated from rabbit gastric glands
were preincubated in medium containing 107° M
quinacrine, stimulated with histamine (10™* M),
further incubated for 40 min in the presence of
prodigiosin 25-C, TBT, or omeprazole, or in their
absence (DMSO as solvent control) and viewed
under a phase and fluorescence microscope using a
B-type dichroic mirror. The pictures are represen-
tatives of the experiments performed twice. (A-D)
phase contrast; (E-H) fluorescence. (A, E) control
(1% DMSO); (B, F) 2.5 uM prodigiosin 25-C; (C,
G) 2.5 pM TBT; (D, H) 100 pM omeprazole.
Bars represent 50 pm. Accumulation of orange
fluorescence in the large vacuoles disappeared after
treatment of parietal cells with prodigiosin 25-C,
with TBT, as well as with omeprazole. Represen-
tative data are from two independent experiments.

vesicles from hog gastric mucosa. The results clearly showed
that: (i) prodigiosins also potently inhibit intravesicular
acidification of hog gastric mucosa with 1Cs, values of
32-103 pmol/mg protein without inhibiting K*-ATPase
activity, (ii) prodigiosins inhibit ATPase activities of the
gastric proton pump [(H*+K™*)-ATPase] only at high
concentrations (ICso = 1.5 and 3 uM for prodigiosin and
metacycloprodigiosin, respectively), (iii) the effects of pro-
digiosins are rapid and reversible compared with that of
omeprazole, a representative potent irreversible inhibitor of
the gastric proton pump, and non-competitive (for ATP)
with apparent K; values of 1.8 to 2.0 nM, (iv) the gastric
proton pump itself requires chloride ions for the acidifica-
tion of gastric membrane vesicles, but prodigiosins require a

high concentration of chloride ions to inhibit acidification,
(v) prodigiosins quickly reverse the acidification of intra-
vesicular pH even in the presence of a general covalent
modifier of the proton pump, DCCD, suggesting that they
themselves possess ionophoric activity to promote proton
movement across vesicular membranes, and (vi) prodigi-
osins, in fact, prevent acid secretion of isolated parietal cells
through inhibition of acid accumulation in apical acid
vacuoles.

The results suggest that prodigiosins exhibit a more
general inhibition of acidification. This is consistent with
our findings that they exhibit ionophoric activity (H/Cl~
symport) even on liposomes [5]. In fact, prodigiosins also
inhibit the acidification driven by the respiratory proton
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pump, the proton translocation mechanism of which is
totally different from that of H™-translocating ATPases
[39, *]. Recently, cycloprodigiosin has also been reported to
show chloride-dependent uncoupling of proton pumping
pyrophosphatase [40]. However, the results obtained thus
far do not completely exclude the former possibility of
interaction with the enzyme’s common site required for
proton translocation. In fact, at high enough concentra-
tions, prodigiosins inhibit ATP hydrolysis too, suggesting
their interaction with the enzyme molecules. We are now
investigating the mode of inhibition of ATPase activity by
prodigiosins at higher concentrations.

The new type of proton pump inhibitors (actually un-
couplers) described in this paper will be useful not only for
the clarification of the mechanism of acidification driven
by gastric proton pumps but also for the clinical treatment
of gastritis. To date, only omeprazole-type (e.g. omeprazole,
lansoprazole) proton pump inhibitors have been used suc-
cessfully for the treatment of peptic ulcer diseases (gastri-
tis): these are acid-activated prodrugs that covalently bind
to and inactivate the (H™+K™%)-ATPases [24, 25]. How-
ever, as a long duration of action appears to cause undesir-
able side-effects, quick and reversible drugs are awaited, the
duration of action of which should be determined solely by
pharmacokinetic properties [41]. Reversible-type proton
pump inhibitors that compete for the potassium binding
site of the enzyme have been reported [42]: SCH 28080
[43], SK&F 96067 [44], MDPQ [45], scopadulcic acid or
scopadol [46], and benzimidazole class analogues, e.g.
4-(phenylamino)quinoline-3-carboxamides [47] and SK&F
97574 [3-butyryl-4-(2-methylamino)-8-(2-hydroxyethoxy)
quinoline] [48]. Prodigiosins may constitute a separate
group of strong reversible proton pump inhibitors: a group
of H*/CI™ symporters that affect only the pH of acidic
compartments (like gastric apical acid vacuoles) without
any discernible effect on the cellular ATP level, unlike
general uncouplers that affect cellular oxidative phosphor-
ylation as well [1]. Therefore, we can expect wide range
applicability of prodigiosins in this field. Furthermore,
prodigiosins inhibit the growth of Helicobacter pylori cells
[49]. It is not clear if this is due to inhibition of F-ATPase
or of P-ATPase [50], but slightly higher concentrations of
prodigiosins are required to inhibit the growth of H. pylori
cells (MICsy = 1 uM and MIC,yy = 4 uM for prodigiosin
25-C) than to inhibit cell-free proton pump activity.
Prodigiosins may also exhibit an additional protective effect
against gastritis and peptic ulcer diseases, by suppressing
vacuole formation, as does bafilomycin A; [51].

Our results also suggest that the conventional method of
screening gastric proton pump inhibitors by ATPase inhi-
bition assay does not pick up new classes of proton pump
inhibitors. By screening the acidification inhibitor, one is
able to find new groups of proton pump inhibitors. Further-
more, the ability of prodigiosins to perturb acid secretion

* Tanaka Y, Kataoka T, Nagai K, Wasserman HH and Ohkuma S,
Manuscript in preparation.

H. Matsuya et al.

may be useful for the treatment of bone resorption as is the
case with omeprazole [52]. Such studies are now in progress
in our laboratory.
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