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The mechanism of gastric antisecretory action for trifluoperazine, verapamil and 8-(N,N-diethyl- 
amino)octyl-3,4,5-trimethoxybenzoate (TMB-8) has been studied utilizing isolated hog gastric membranes 
enriched with (H + + K +)-ATPase. The drugs inhibited the gastric ATPase due to their apparent competition 
with K + for the luminal high-affinity K +-site of the ATPase. The dose to inhibit 50% (IDso) of the ATPase 
in the membranes rendered freely permeable to K + (20 raM) was 50/tM for trifluoperazine and 1.5 mM for 
verapamii and TMB-8. In intact hog gastric membranes which develop a pH gradient in the presence of 
valinomycin, ATP and KCi, however, trifuoperazine at 4 pM, verapamii and TMB-8 at 15 pM inhibited 40 
and 30% of the valinomycin-stimulated ATPase activity, respectively, and also blocked the ionophore-depen- 
dent intravesicular acidification as measured by aminopyrine' accumulation. The enhanced potency of the 
drugs to inhibit the ATPase in the intact membrane vesicles may be attributed to the accumulation of the 
drugs as a weak base within the vesicles, where the luminal K +-site of the ATPase is accessible. Caimodulin 
and Ca 2 + had no effect on the extent of H +-accumulation as measured by aminopyrine accumulation in the 
membrane vesicles which were prepared in the presence of 1 mM EGTA. Since the drugs showed similar 
potency in interfering with H + movements either in the membrane vesicles or isolated rabbit gastric glands 
stimulated by dibutylryl cAMP, it is reasonable to suggest the inhibitory effect of the drugs on (H ++ 
K +)-ATPase as a primary cause for such interferences in both cases. A trifluoperazine analog and other 
lipophilic amine drugs similarly inhibited (H + + K +)-ATPase and H + accumulation in the membrane vesicles 
or in the glands. We have concluded that a tertiary amine, the only common functional group among these 
drugs, is primarily responsible for their ability to interact with the high-affinity K + site of the gastric ATPase. 

Introduction 

Trifluoperazine, an antipsychotic drug, is known 
as an inhibitor of calmodulin [1-3]. Verapamil and 

Abbreviations: TMB-8, 8-( N, N-diethylamino)octyl-3,4,5-tri- 
methoxybenzoate; EGTA, ethylene glycol bis(fl-aminoethyl 
ether)-N,N'-tetraacetic acid; Pipes, piperazine-N,N'-bis(2-eth- 
anesulfonic acid). 
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TMB-8, antiarrhythmic agents, have been reported 
to be Ca 2+ antagonists [4-6]. The effect(s) of these 
drugs on gastric acid secretion is of considerable 
interest, since intracellular Ca 2+ and calmodulin 
are known to affect secretory processes in endo- 
crine and exocrine tissue [3-7]. Recently, trifluo- 
perazine has been shown to inhibit gastric acid 
secretion in frog gastric mucosa as measured by a 
pH electrode and in isolated rabbit gastric glands 
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stimulated with histamine or dibutyryl cAMP as 
measured by aminopyrine accumulation [8,9]. Also, 
we have observed potent antisecretory activity of 
verapamil and TMB-8 in the dibutyryl cAMP- 
stimulated glands. It is not clear, however, whether 
the antisecretory activity of these drugs is related 
to their antagonistic action on calmodulin or Ca 2÷. 
Several recent studies [10,11] have pointed out 
possible interactions of phenothiazines and related 
compounds with cellular components other than 
calmodulin. 

This investigation was initiated to gain some 
insight on the mechanism of gastric antisecretory 
action of trifluoperazine, verapamil and TMB-8. 
The studies with the glands indicated that the 
drugs act on the acid secretory step(s) distal to 
cAMP [9]. Since gastric (H÷+ K+)-ATPase repre- 
sents an enzyme involved in the terminal steps of 
the acid secretory process [12,13], we have ex- 
amined the effect of the drugs on the gastric 
ATPase and on H ÷ accumulation in isolated hog 
gastric membrane vesicles using aminopyrine as an 
internal pH probe. In this report, we will provide 
evidence that these drugs inhibit gastric (H++ 
K÷)-ATPase and H ÷ accumulation in the mem- 
brane vesicles not due to their effect on calmodu- 
lin or Ca 2 +, as generally suggested [8,9], but due to 
their interaction with the luminal K+-site of the 
ATPase in competition with K ÷. The common 
functional group in the drugs eliciting such compe- 
tition appeared to be a tertiary amine, since many 
other lipophilic amines inhibited ( H + +  K÷) - 
ATPase and at the same time blocked aminopyrine 
accumulation in the glands. 

Methods and Materials 

Preparation of hog gastric membranes enriched in 
(H + + K +)-,4 TPase. The mucosal scrapings from 
hog stomachs were suspended in about 10 vol. 
buffer 1 (250 mM sucrose/2 mM MgC12/1 mM 
E G T A / 2  mM Hepes-Tris, pH 7.4), and were ho- 
mogenized with 20 strokes of a motor-driven (1500 
rpm) Teflon pestle in a Potter-Elvehjem homo- 
genizer. The microsomal membranes were ob- 
tained from the mucosal homogenate by differen- 
tial centrifugation [14] and suspended in sucrose- 
EGTA buffer. The membrane suspension was 
layered over a sucrose gradient consisting of 30 

and 40% (w/w) sucrose and centrifuged for 1 h at 
100000×g .  The membrane band above 30% 
sucrose was collected and stored under liquid 
nitrogen in the presence of 20% glycerol. The 
specific activity of (H ++ K +)-ATPase in the final 
fraction ranged from 90 to 110 /~mol/h per mg 
protein. 

To render the membrane vesicles freely permea- 
ble to cations, the gastric membranes were either 
lyophilized [15] or homogenized for 3 rain with a 
Sorvall Omni-Mixer and freeze-thawed twice in 
the absence of glycerol. 

Preparation of rabbit gastric glands. The glands 
were prepared by the method of Berglindh and 
Obrink [16] using a male New Zealand albino 
rabbit, weighing 1.5 to 2.5 kg. The digestion buffer 
contained 70 units collagenase (Type III, Milli- 
pore), 0.25 mg soybean trypsin inhibitor, 2 mg 
rabbit albumin and 2 mg D-glucose per ml of the 
buffer. 

Assay procedures. (H++ K+)-ATPase activity 
was determined in 1 ml incubation medium con- 
taining 40 mM Tris acetate, pH 7.4/180 mM 
sucrose/2 mM MgC12/2 mM ATP, with or 
without 20 mM KC1. Leaky gastric membranes 
were utilized unless stated otherwise. The reaction 
was for 8 min at 37°C and was terminated by 
adding 1 ml of 10% trichloroacetic acid and 0.1 g 
of HCl-washed charcoal. After removal of char- 
coal, inorganic phosphate released was measured 
by the method of Tsai et al. [17]. 

K+-dependent p-nitrophenylphosphatase was 
assayed in 1 ml incubation medium containing 10 
mM Tris-HC1, pH 7.5/5 mM MgSO4/5 mM p- 
nitrophenyl phosphate, with or without 10 mM 
KC1. The reaction was terminated with 1.5 ml 0.5 
M NaOH after incubation at 37°C for 5 min. The 
mixture was centrifuged briefly and the ab- 
sorbance of the supernatant, at 410 nm, was mea- 
sured. In all the assays performed under these 
conditions, reaction rates did not deviate from 
linearity with respect to reaction time and protein 
concentrations. 

The distribution ratio of amino[~4C]pyrine was 
measured to monitor the degree of H + accumula- 
tion. The level of aminopyrine accumulated in the 
glands was determined as described by Berglindh 
[18]. In the isolated membrane vesicles, the 
aminopyrine uptake studies were carried out under 



67 

the following conditions. An aliquot, 10 /~1, of 
membrane suspension in sucrose buffer (approx. 
30 ttg protein) with or without 5 ~tg valinomycin 
was mixed with 500/~1 of a buffer containing 150 
mM KC1/1 mM MgSO4/10 mM Pipes, pH 7.0/1 
mM ATP, and 3 #M amino[laC]pyrine. The in- 
cubation was at 22°C for an indicated time. The 
rapid filtration using a Millipore filter (HAWP 
0.45 /~m) was employed to determine the amount 
of amino[laC]pyrine trapped within the vesicles. 

Phosphorylation of ( H ÷ +  K÷)-ATPase was car- 
ried out with lyophilized hog gastric membranes in 
a medium containing about 50/~g prote in/5  /~M 
[y-32p]ATP/2 mM Mg 2+ or Ca 2+, and 50 mM 
Tris-HC1, pH 7.4. The reaction was at 0°C. The 
termination of the reaction and the filtration of 
the reaction mixture over a Millipore filter (3 ~tm 
pore size) were carried out as described [15]. Pro- 
tein was determined by the method of Lowry et al. 
[19] using bovine serum albumin as a standard. 

Materials. The sources of the compounds stud- 
ies were as follows: trifluoperazine: Sigma; 
verapamih Knoll Pharmaceuticals; 8-N, N-diethyl- 
amino)octyl-3,4,5-trimethoxybenzoate (TMB-8): 
The Upjohn Co.; azacosterol (20,25-diazacho- 
lesterol): G.D. Searle; iprindole: Wyeth Laborato- 
ries; 1-[3-(dimethylamino)propyl]indoh Biological 
Screening Office (The Upjohn Co.); chlorproma- 
zine and plasmocid: commercial sources. Amino- 
[]4C]pyrine and [7-32P]ATP were purchased from 
New England Nuclear. All other materials were of 
regent-grade quality and obtained from standard 
sources. Calmodulin was obtained from Caabco 
Inc. (Houston, TX). 

Resu l t s  

Trifluoperazine, verapamil and TMB-8 in- 
hibited ( H + +  K+)-ATPase activity in isolated hog 
gastric membranes. The dose to inhibit 50% (IDs0) 
of K÷-dependent  ATP hydrolysis in the presence 
of 20 mM KCI was 50 FM for trifluoperazine and 
1.5 mM for verapamil and TMB-8. Since the mem- 
branes used in this study were freely permeable to 
K ÷, the ATPase was fully activated by 20 mM 
KC1 without valinomycin or gramicidin. Fig. 1 
shows Lineweaver-Burk plots of 1 / [ K  ÷] (0.2 to 2 
mM) versus a reciprocal of the rate of K+-depen- 
dent ATP hydrolysis in the absence or presence of 
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Fig, 1. Lineweaver-Burk plots of the rate of K+-dependent 
ATP hydrolysis versus the concentration of K ÷ varying from 
0.2 to 2 mM in the absence (©) or presence of 15 /*M 
trifluoperazine (*), 0.4 mM verapamil (I) and 0.5 mM TMB-8 
(e). Hog gastric membranes used in these experiments were 
made freely permeable to K +. The activity of (H + +K+)- 
ATPase was determined as the difference in ATP hydrolysis 
with or without K ÷ at indicated concentrations. The Vm~ x was 
89 #mol/h per mg protein. 

15 /tM trifluoperazine, 0.4 mM verapamil or 0.5 
mM TMB-8. The plots clearly showed that the K m 

of K ÷, 0.43 raM, was increased two to three times 
in the presence of the drugs while the Vma x, 89 
/~mol/h per mg protein, was not affected. These 
data are consistent with competitive inhibition of 
the ATPase by the drugs with respect to K ÷. Fig. 2 
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Fig. 2. Lineweaver-Burk plots of the rate of N H  +-dependent  
ATP-hydrolysis as a function of NH~ concentration (1 to 5 
raM) in the absence (O) or presence of 15 FM trifluoperazine 
(*), 0.4 mM verapamil (m) or 0.5 mM TMB-8 (e). The V~,~, 
was about 86 #mol/h per m 8 protein. Other experimental 
conditions were the same as described in the legend of Fig. 1, 
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shows similar plots with the concentration of NH~ 
(instead of K +) varying from 0.5 to 5 mM. Again 
the principal effect of the drugs was to increase the 
g m for NH~" ; the value of K m w a s  2.5 mM without 
the drugs, 6.4, 4.8 or 5.4 mM with 15 #M trifluo- 
perazine, 0.4 mM verapamil or 0.5 mM TMB-8, 
respectively. 

The effect of the drugs on phosphorylation of 
(H++ K+)-ATPase in lyophilized hog gastric 
membranes was examined in the presence of 5 ~M 
[y-32P]ATP and 2 mM MgC12 at 0°C. Trifluo- 
perazine at 80/~M, verapamil or TMB-8 at  1 mM 
reduced the level of phosphorylated intermediate 
at equilibrium (50 s) to less than 10% of the 
control. Similar studies were carried out using 2 
mM CaCI 2 instead of MgCI 2 since the Ca 2+ form 
of phosphorylated enzyme is known to be more 
stable than the Mg 2+ form of phosphorylated en- 
zyme [20]. Again the drugs diminished the amount 
of phosphorylated enzyme at equilibrium (Fig. 3); 
almost 70% reduction by trifluoperazine (80/zM) 
and 80 to 90% reduction by verapamil and TMB-8 
(1 mM). Fig. 4 shows that trifluoperazine at 80 
/~M, when added at equilibrium (6 min after the 
initiation of phosphorylation), had no noticeable 
effect on the level of phosphorylated enzyme. Even 
in the presence of 8 mM EGTA, trifluoperazine 
did not accelerate the hydrolysis of phosphory- 
lated enzyme. Similar results were obtained with 1 
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Fig. 4. Plots showing changes in the level of the Ca form of E-P 
(550 pmol /mg  protein) at equilibrium in the presence of 80 #M 
trifluoperazine (©), 8 mM EGTA (A) or in combination (a). 
The chemicals were added 6 min after the initiation of phos- 
phorylation of hog gastric ( H + +  K+)-ATPase, the conditions 
for which were described in the legend of Fig. 3. 

mM verapamil or TMB-8. Therefore, the reduction 
of phosphorylated enzyme by the drugs can be 
attributed to difference in the formation, rather 
than in the hydrolysis of phosphorylated enzyme. 

K +-dependent p-nitrophenylphosphatase, copu- 
rifled with (H++K+)-ATPase, has been often 
considered as a model reaction for dephosphoryla- 
tion of the ATPase [21,22]. Fig. 5 shows reciprocal 
plots of the K+concentration varying from 0.2 to 
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Fig. 3. Time-course profiles for the formation of phosphoen- 
zyme (E-P) in the absence (©) or presence of 80/zM trifluo- 
perazine (A), 1 mM verapamil ( , )  or 1 mM TMB-8 (O). The 
reaction was at 0°C with 5/~M [y-32p]ATP and 2 mM Ca 2+. 
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Fig. 5. Lineweaver-Burk plots of the hydrolysis rate of p- 
nitrophenylphosphate by hog gastric membranes versus the 
concentration of K + varying from 0.2 to 3 mM in the absence 
(©)  or presence of 5 v M  trifluoperazine (O), 1.4 mM verapamil 
( l )  or 0.5 mM TMB-8 (A) The Vma ~ was 48 # m o l / h  per mg 
protein. The incubation was 5 n-fin at 37°C. 
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Fig. 6. Time-course profiles of amino[ TM C]pyrine uptake by hog 
gastric membranes enriched with (H + +K+)-ATPase in the 
absence (o) or presence (O) of valinomycin (10 ~tg/ml). The 
concentration of aminopyrine at the beginning of the reaction 
was 3 #M in the medium containing 1 mM ATP-Mg 2+, 150 
mM KCI and 10 mM Pipes, pH 7.0. Incubation was at 22°C. 

3 mM versus the hydrolysis rate of p-nitrophenyl 
phosphate observed with or without the drugs. 
Again, from the Lineweaver-Burk plots, the main 
effect of the drugs was to increase the K m for K ÷ 
without affecting the Vmax; the K m values for K ÷ 
were 1.0 mM without the drugs, 3.8, 7.5 and 1.8 
mM in the presence of 5 ~tM trifluoperazine, 1.4 
mM verapamil or 0.5 mM TMB-8, respectively. 
The Vmax, 48 lamol /h  per mg protein, remained 
unchanged. These observations suggest that the 
drugs compete for K+-site(s) of both phosphory- 
lated and dephosphorylated forms of the ATPase. 
Occupation of K+-site of phosphorylated enzyme 
by the drugs, however, did not promote dephos- 
phorylation reaction. Rather the drugs inhibited 
K+-dependent phosphatase activity. Also the bind- 
ing of the drugs to dephosphorylated form of the 
enzyme blocked phosphorylation reaction until the 
drugs are displaced competitively by a high con- 
centration of K +, which is consistant with the 
u n c h a n g e d  Vma × we observed. 

In intact hog gastric membrane vesicles, the 
operation of ( H + +  K+)-ATPase in the presence of 
KC1 (150 mM), ATP (1 mM) and valinomycin 
[23,24] results in accumulation of H + inside of the 
vesicles. Fig. 6 shows the extent of amino- 
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TABLE I 

IDs0 OF TRIFLUOPERAZINE, TMB-8 AND VERAPAMIL 
FOR AMINO []4C]PYRINE ACCUMULATION AT EQUI- 
LIBRIUM IN HOG GASTRIC MEMBRANES VESICLES 
OR IN ISOLATED RABBIT GASTRIC GLANDS 

The membrane vesicles were incubated for 15 min at 22°C and 
the drugs were added at the beginning of the reaction. The 
gastric glands were stimulated with 10 -4 M dibutyryl cAMP 
and incubated for 45 min at 37°C. 

Drugs Inhibition of amino- 
[14 C]pyrine uptake, IDs0 (/L M) 

Hog gastric Rabbit 
membranes gastric glands 

Trifluoperazine 2.0 + 0.3 7 5:0.5 
TMB-8 10 40 + 6 
Verapamil 9 -F 2 355:7 

[14C]pyrine uptake in response to a pH gradient 
produced by the ATPase [25]. Typically, the distri- 
bution ratio of aminopyrine at equilibrium reached 
about 3000 favoring the intravesicular water space 
which was found to be 2 btl /mg protein [26]. The 
concentration of aminopyrine in the incubation 
media was 3/~M at the beginning of the reaction. 
Addition of unlabeled aminopyrine up to 30 #M 
had no effect on the distribution ratio. 

The drugs were potent inhibitors of H + uptake 
in the gastric membrane vesicles. The IDs0 for the 
aminopyrine accumulation at equilibrium (15 min) 
was 2/~M for trifluoperazine, 10/~M for verapamil 
and TMB-8 (Table I). It should be noted that the 
membrane vesicles were prepared in the presence 
of 1 mM EGTA and that addition of Ca 2÷ up to 
50 /~M (in the absence of EGTA) alone or with 
calmodulin (1 # g / m l )  had no noticeable effect on 
the IDs0 values of the drugs or the distribution 
ratio of aminopyrine (data not shown). As further 
shown in Table I, the IDs0 values of the drugs for 
the acid secretion in the gastric glands stimulated 
by dibutyryl cAMP were quite compatible with 
those of the drugs to inhibit H + uptake in the 
membrane vesicles. 

There was a big discrepancy however, in the 
potencies of the drugs to inhibit the ATPase in the 
membranes made freely permeable to cations and 
to block H+-uptake in intact membrane vesicles. 
Therefore, we have measured the ability of the 
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Fig. 7. Effect of trifluoperazine on two types of K+-dependent 
ATP hydrolysis observed in hog gastric membrane vesicles 
developing a pH gradient; the ATP hydrolysis stimulated with 
valinomycin, 10 # g / m l  (©) or observed without valinomycin 
(e). The reaction was for 5 min at 37°C using the .same 
medium and the membranes as described in the legend of Fig. 

6. 

drugs to inhibit (H++ K+)-ATPase in intact hog 
membrane vesicles under the conditions to develop 
a pH gradient. Two types of ATP-hydrolysis in 
these membrane vesicles were observed; one is 
K÷-dependent ATP-hydrolysis, 47 #mol/h per mg 
protein, in the absence of valinomycin probably 
representing a population of the vesicles leaky to 
K ÷, and the other is the valinomycin-stimulated 
ATP-hydrolysis amounting to 52 #mol/h per mg 

protein additionally. Trifluoperazine at 4 vM in- 
hibited almost 40% of the valinomycin-stimulated 
ATPase activity, but had no effect on the 
valinomycin-independent K+-dependent ATPase 
activity (Fig. 7). Verapamil and TMB-8 at 15 /~M 
also reduced selectively the valinomycin-stimu- 
lated ATP hydrolysis by about 30%. Uptake of 
H ÷ as measured by aminopyrine accumulation 
occurs only with valinomycin in these membrane 
vesicles. Furthermore, we observed that 40% in- 
hibition of valinomycin-stimulated ATPase activ- 
ity led to more than 90% reduction in aminopyrine 
accumulation at equilibrium. The difference in the 
degrees of inhibition of the ATPase and 
aminopyrine accumulation could be either due to a 
considerable portion of H ÷ pumping activity of 
the ATPase being nullified by H ÷ leak in the 
membrane vesicles and/or due to displacement of 
aminopyrine by the drugs. The extents of 
aminopyrine displacement by the drugs are not 
likely to be significant, however, since various 
other weak bases having no effect on the ATPase 
at the concentrations of 30 #M or higher did not 
interfere aminopyrine accumulation. Such bases 
include aminopyrine, pyridine, piperidine, pheno- 
thiazine and alipathic tertiary amines. The 
improved potency of the drugs in the membrane 
vesicles developing a pH gradient (acidic inside) 
can be attributed to the accumulation of the drugs 
as a weak base inside of the vesicles and subse- 
quent interaction with the luminal K+-site of the 

TABLE II 

DOSES OF CHLORPROMAZINE AND OTHER LIPOPHILIC AMINES TO INHIBIT 50~ (H ÷ + K ÷)-ATPASE AND AMINO 
[14C]PYRINE ACCUMULATION AT EQUILIBRIUM IN HOG GASTRIC MEMBRANES OR IN RABBIT GASTRIC GLANDS 

The value of IDs0 was obtained from a typical dose-response curve consisting of six points. Standard errors were found less than 25%. 

IDso (M) 

Inhibition of gastric 
(H ÷ + K+).ATPase a 

Inhibition of amino[14 C]pyrine uptake 

Hog gastric Rabbit 
membranes gastric glands 

Chlorpromazine 5 - 10- s 4 .10-  7 1 • 10- 6 
Azacosterol 1 - 10-5 8.10-6 2.5.10-5 

1 -[3-(Dimethylamino)propyl]- 
indole 2.5.10- 3 3.10 - -  6 9 • 10 - S 

Plasmocid 1.5.10- 4 2 .10-  6 2.5.10 - s 
Iprindole 6 • 10- 5 7 .10-  7 2.5.10- 6 

a The ATPase assays were carried out utilizing hog gastric membranes freely permeable to K + and in the presence of 20 mM KCI. 
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ATPase, which is accessible from the inside of the 
vesicle. 

We have additionally tested chlorpromazine and 
other lipophilic amine drugs for their effect on 
gastric (H++ K+)-ATPase, and on amino [14C] 
pyrine uptake in the gastric membranes and in 
isolated rabbit gastric glands (Table II). Chlor- 
promazine, plasmocid, 1-[3-dimethylamino)- 
propyl]indole, azacosterol and iprindole inhibited 
(H + + K +)-ATPase and blocked H + accumulation 
in the membrane vesicles and in the glands as 
measured by aminopyrine distribution. 

Discussion 

In this study, trifluoperazine, verapamil and 
TMB-8 have been shown to inhibit H+-uptake in 
isolated hog gastric membrane vesicles by blocking 
(H++ K+)-ATPase. Kinetic studies indicated com- 
petititve inhibition of the ATPase by the drugs 
with respect to K +. There are two K+-sites known 
for the gastric ATPase [15]. One is of low affinity 
located on the cytoplasmic surface of the ATPase 
and inhibitory to phosphorylation of the enzyme. 
The other is a high affinity site (K m) < 1 raM) on 
the luminal face of the enzyme and is stimulatory 
to dephosphorylation of the phosphoenzyme. It 
appeared from this study that the primary effect of 
trifluoperazine, verapamil and TMB-8 comes from 
their interaction with the luminal K+-site of the 
ATPase, since the drugs primarily competed for 
the K+-site of a low Kin, 0.43 mM, and their 
inhibitory potency increased as they were accu- 
mulated in the acidic luminal side of the mem- 
branes as a weak base. 

The drug also inhibited K+-dependent 
p-nitrophenylphosphatase activity of the ATPase 
again in competition with K +. The K+-site of the 
phosphatase is likely to be accessible from the 
cytoplasmic side of the enzyme as the case with 
(Na++ K+)-ATPase [27,28]. Nevertheless, the site 
is of relatively high affinity for K + ( K  m - I mM) 
and is involved in the dephosphorylation reaction. 
Considering these factors, the K+-site of the phos- 
phatase is more comparable to the luminal site 
rather than the cytoplasmic site of the ATPase. 
The competititve inhibition of the phosphatase 
activity by the drugs, therefore, is consistent with 
the proposed interaction of the drugs with the 

luminal K+-site of the ATPase. 
The following scheme may represent a sim- 

plified version of the catalytic reactions of gastric 
(H + + K +)-ATPase in analogy with (Na + + K +)- 
ATPase [15,22]: 

H + K + 

E1 + A T P . M g  2+ -~ E i -p ,~ ,  E2.P ~ E 2 - P . K  

E 2 - P - K  ~ E ( K ) + P  i 

E ( K )  ~ E 1 + K  + 

In this scheme, luminal K + binds the E2-P form, 
one of two major conformational states of the 
ATPase. Since the drugs compete with K +, it is 
probable that the drugs also favor the E 2 form of 
the enzyme. The reduced level of phosphoenzyme 
we observed in the presence of the drugs further 
suggests that the drug-enzyme complex could not 
undergo the conformational change to E x. 

Of considerable interest is what structural fea- 
tures of the drugs are responsible for their interac- 
tion with the K+-site of the ATPase. A tertiary 
amine is the only common functional group of the 
drugs and upon protonation is likely to interact 
with I(+-site, since NH~- substitutes for K + in the 
ATPase. This idea was further supported by our 
observations that various lipophilic amines pos- 
sessed the ability to inhibit ATPase and block the 
acid secretion in the glands (Table II). In addition, 
several investigators recently reported gastric anti- 
secretory activity of various amine drugs in vivo or 
in vitro. Columbo et al. [29] reported gastric anti- 
secretory activity of 4-(p-sulfamylbenzoyl)-N- 
methylpiperidine in the rat. Ray et al. [30] showed 
gastric antisecretory effect of polyamines such as 
spermine and spermidine on isolated frog gastric 
mucosa and further noted the disappearance of the 
activity on increasing the K + concentration of the 
medium. Bristol et al. [31] reported the antisecre- 
tory activity in the rat and dog of a series of 
xanthine analogs substituted with various amines. 

Another interesting structural aspect of the 
drugs is that their potency to inhibit (H++ K+) - 
ATPase was apparently influenced by their hydro- 
phobic moiety. For instance, the phenothiazine 
derivatives were 20- to 40-times more potent than 
the indole or quinoline drugs. This observation 
points out the importance of certain hydrophobic 
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interactions of the drugs with the ATPase affecting 
their apparent affinity for the K+-site. 

It is difficult to predict whether trifluoperazine, 
verapamil or TMB-8 would be also effective as a 
K+-blocker in other animal cells. Influencing fac- 
tors are the affinity of the drugs for a given 
K+-site, the concentration of K + near the site and 
the presence or absence of a pH gradient which 
affects the effective concentration of the drugs. 
Several amine drugs have been known as K ÷- 
channel blockers: tetraethylammonium and ami- 
nopyridine in squid axon membranes [32], quinine 
and quinidine in fl-cells from mouse pancreatic 
islets of Langerhans [33] and phencyclidines in rat 
brain synaptosomes [34]. It is worth mentioning 
some known calmodulin-independent actions of 
trifluoperazine or chlorpromazine such as disrup- 
tion of ATP levels in mitochondria [10] and 
lymphocytes [11]. Verapamil also has been re- 
ported to affect heart mitochondrial respiration 
only in a low-K + (5 mM) medium, but not in a 
high-K + (150 mM) one [35]. Certainly, the possi- 
bility exists that these drugs could alter cellular 
metabolism by their K ÷- or Ca2+-antagonistic ac- 
tion, depending on concentration and cell type. 
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