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Arachidonic acid and unsaturated C,; fatty acids at concentrations near 10 > M markedly inhibited
(H* + K*)-ATPase in hog or rat gastric membranes. Arachidonic acid was a more potent inhibitor than
unsaturated C ¢ fatty acids, but the involvement of the metabolites of arachidonic acid cascade was ruled out.
Linolenic acid inhibited the formation of phosphoenzyme and the K* -dependent p-nitrophenylphosphatase
activity of the hog ATPase. Treatment with fatty acid-free bovine serum albumin abolished only the
inhibitory effect of the fatty acid on the phosphatase activity without restoring the overall ATPase action.
These data suggest the existence of at least two groups of hydrophobic binding sites in the gastric ATPase
for unsaturated long-chain fatty acids which affect differentially the catalytic reactions of the ATPase.
(H* + K*)-ATPase in rat gastric membranes was found more susceptible to the fatty acid inhibition and
also more unstable than the ATPase in hog gastric membranes. The presence of a millimolar level of
lanthanum chloride or ethylene glycol bis(B-aminoethyl ether)-NV,N'-tetraacetic acid stabilized the rat
ATPase probably via the inhibition of Ca?* -dependent phospholipases in the gastric membranes.

Introduction ally expected to be influenced to a certain extent
by its interactions with the surrounding membrane
phospholipids and possibly their metabolites. It
has been recently reported that (H™ + K*)-
ATPase activity in hog gastric membranes de-
creased markedly upon partial digestion of the

membrane lipids by phospholipase A, or C or

Gastric microsomal membranes from various
species contain K* -dependent ATPase [1-7]. Fur-
ther studies have established the ATPase as an
electroneutral H* /K™ exchange pump [8-10] and
its involvement in the terminal steps of the gastric

acid secretory process [11]. The partial reactions of
the ATPase have been shown to include H*-
dependent formation and K™*-dependent break-
down of a phosphorylated intermediate of the
ATPase [12-14]. These catalytic reactions of the
ATPase, an integral membrane protein, are gener-
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upon limited extraction of the lipids with ethanol
[15-18]. In particular, free fatty acids released
from the membrane lipids by the action of phos-
pholipase A, have been reported to reversibly
inhibit K*-dependent p-nitrophenylphosphatase
activity of hog (H* + K*)-ATPase [15]. The phos-
phatase activity, copurified with the ATPase, pre-
sumably represents its dephosphorylation reaction
[19-22]. During preliminary studies, we have also
observed that arachidonic acid at 10> M markedly
inhibited (H* + K*)-ATPase in rat gastric mem-
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branes. This study was initiated, therefore, to ex-
amine the effect of unsaturated long-chain fatty
acids on gastric (H* + K*)-ATPase. It has been
found that the fatty acids inhibited not only the
K ™ -p-nitrophenylphosphatase activity, but also the
formation of phosphoenzyme. The inhibitory ef-
fect on the overall ATPase action was irreversible,
although the K* -p-nitrophenylphosphatase activ-
ity was fully recovered by the action of fatty
acid-free bovine serum albumin as reported previ-
ously [15]. By contrast, we have observed that
(Na* + K*)-ATPase, an analogous membrane
ATPase, was not noticeably affected by the fatty
acids.

Materials and Methods

(H* + K * }-ATPase preparation

From the rat. A tissue fraction enriched in gastric
parietal cells was obtained typically from twenty
male Sprague-Dawley rats weighing about 230 g
according to the method of Robert et al. {23]. The
mucosal tissues were suspended in 10 volumes of a
solution containing 250 mM mannitol, 2 mM
MgCl,, and 2 mM Hepes-Tris, pH 7.4 (mannitol
buffer), and homogenized in a Sorvall Omni-Mixer
for 3 min. The homogenate was centrifuged at
20000 X g for 15 min. The supernatant was col-
lected and centrifuged at 170000 X g for 30 min to
obtain the microsomal membranes. The mi-
crosomes were further resolved by sedimentation
through a sucrose density gradient consisting of 30
and 40% (w/w) sucrose solutions containing 2
mM MgCl, and 2 mM Hepes-Tris, pH 7.4. After
centrifugation at 100000 X g for 60 min, the light
microsomal membrane band above 30% sucrose
was collected and stored under liquid nitrogen
until use. For a typical preparation, the specific
activity of (H* + K*)-ATPase, determined as the
difference in ATP hydrolysis in the absence or
presence of KCl1 (20 mM), was 9.5 pmol/h per mg
protein in the homogenate, 25 pmol/h per mg
protein in the microsomes and 112 pmol/h per mg
protein in the light microsomal membranes ob-
tained from the density gradient. The ATP split-
ting activity in the absence of KCl was 5, 10 or 38
wmol /h per mg protein for the respective prepara-
tions in the same order given above. It should be
noted that the whole procedure was completed

within 3h at 4°C, since prolonged preparation
time often resulted in a significant loss of (H* +
K™*)-ATPase in the light microsomal membranes.

From the hog. The mucosal scrapings from hog
stomachs were prepared as reported by Saccomani
et al. [6]. The rest of the procedure was identical as
described above. The specific activity of (H* +
K*)-ATPase in the hog gastric membranes thus
prepared ranged from 90 to 110 pmol/h mg pro-
tein.

(Na*t + K * )-ATPase preparation

The microsomes enriched in (Na* + K*)-
ATPase were prepared from the inner medulla of
dog kidneys according to the method of Kyte [24].
To disrupt the sidedness of the membrane vesicles
and enhance the accessibility of substrates to the
catalytic sites, the microsomal membranes were
treated with deoxycholate at a final concentration
of 0.6 mg/ml. The detergent was removed by
centrifugation. The specific activity of (Na® +
K*)-ATPase in the microsomes was 53 pmol/h
per mg protein.

Assay procedures

(H* + K*)-ATPase activity was determined in
1-ml incubation media containing 40 mM Tris-
acetate pH 7.4, 2 mM MgCl,, 2 mM ATP with or
without 20 mM KCl, and gramicidin (5 pg/ml). In
some experiments, 20 mM KCl and gramicidin
were replaced with 7 mM KCl and 7 mM NH,Cl
[21]. Identical results were obtained. Typically,
about 50 pg membrane protein were incubated at
37°C for 5 min. The reaction was terminated by
adding 1 ml of ice-cold 10% trichloroacetic acid
and 0.1 g of HCl washed charcoal. The charcoal
was then removed by centrifugation and passage
through glass wool filters. The amount of in-
organic phosphate in the filtrates was determined
by the method of Tsi et al. [25]. (Na* +K™)-
ATPase activity was measured in 1 ml of incuba-
tion media containing 120 mM NaCl, 7 mM KCl,
0.5 mM EDTA, 4 mM MgCl,, 4 mM ATP, and 5
mM Hepes-Tris, pH 7.4, with or without 1 mM
ouabain. The rest of the procedures was the same
as described above.

K *-Dependent p-nitrophenylphosphatase was
assayed in 1 ml incubation media containing 10
mM Tris, pH 7.5, 5 mM p-nitrophenyl phosphate



with or without 10 mM KCl [26]. The reaction was
terminated with 1.5 ml 0.5 M NaOH after incuba-
tion at 37°C for 5 min. The mixture was centri-
fuged briefly and the absorbance of the super-
natant, at 410 nm, was measured. In all the assays
performed under these conditions, reaction rates
did not deviate from linearity with respect to
reaction time and protein concentrations.

The formation of phosphoenzyme at steady state
was measured with (H" + K*)-ATPase in hog
gastric membranes. One milliliter of incubation
medium contained about 50 pg membrane pro-
teins, 40 mM Tris-acetate, pH 7.4, 2 mM MgCl,,
and 10 pM[y-**P)ATP. The reaction was at 22°C.
The termination of the reaction and the filtration
of the reaction mixture over a Millipore filter
(3-pm pore size) were carried out exactly as de-
scribed [14]. The >?P-radioactivity of the filters
was counted in 10 ml of Instagel scintillation
cocktail (Packard) using a Tricarb spectrometer. A
time-course study indicated the level of phos-
phoenzyme was steady from 15 to 30 s. In some
assays, unsaturated fatty acids and their analogs in
methanolic solution were added. The level of
methanol never exceeded 2% and was maintained
constant in all assay tubes.

To analyze membrane proteins, polyacrylamide
disc gel electrophoresis (5.6% gel, 1% sodium
dodecyl sulfate) of protein samples (~ 20 pg) were
carried out as described by Fairbanks et al. [27].
Protein was determined by the method of Lowry
et al. [28] using bovine serum albumin as a stan-
dard.

Materials

Free fatty acids, diacylglycerols, and linolenyl
alcohol were obtained fron Nu-Chek Prep Inc.,
Elysion, MN. Linolenyl methyl ester, lysophospha-
tidylcholine, and essentially fatty acid free-bovine
serum albumin were purchased from Sigma. Pros-
taglandins were from The Upjohn Company. All
other materials were of reagent-grade quality and
obtained from standard sources.

Results
Arachidonic acid, unsaturated C,4 fatty acids,

and few analogs of linolenic acid were compared
for their inhibitory potency on (H* + K*)-ATPase

357

in hog or rat gastric membranes (Table I).
Arachidonic acid was the most potent inhibitor of
gastric (H* + K*)-ATPase among those free fatty
acids tested. To eliminate possible effects of the
various metabolites of arachidonic acid on the
ATPase, the hog membranes were treated with
indomethacin (cycloxygenase inhibitor) or
5,8,11,14-eicosatetraynoic acid (lipoxygenase in-
hibitor) at 10™% M. The treatment, however, did
not alter the dose of arachidonic acid to produce
50%inhibition of the ATPase activity (EDs,), 3 -
1073 M. Also several prostaglandins (prostaglan-
din D,, E,, F,a, and I,) at millimolar concentra-
tions showed no inhibitory effect on the gastric
ATPase. These observations indicate that the
metabolites of arachidonic acid cascade were not
involved in the fatty acid inhibition of the ATPase.

A series of unsaturated C , fatty acids were also
inhibitory to the ATPase in hog gastric mem-
branes, but their EDy, values, 6 to 8-107° M,
were about twice as high as that of arachidonate.
The number or the type (cis or trans) of double

TABLE I

COMPARISON OF INHIBITORY POTENCY OF UN-
SATURATED LONG-CHAIN FATTY ACIDS AND THEIR
ANALOGS ON (H* +K*)-ATPase IN RAT OR HOG
GASTRIC MEMBRANES

The rat or hog gastric membranes ( ~ 50 pg) were preincubated
in the presence or absence of fatty acids for 2 min at 37°C. The
reaction was initiated by adding ATP and lasted for 5 min at
37°C. The fatty acid dose to produce 50% inhibition of the
ATPase activity, EDs,, was obtained from a typical dose-re-
sponse curve. Standard errors were found less than 20% from
several experiments in which data in triplicate were available.

EDs, (M)

Hog (H* +K*)- Rat (H* +K™*)-

ATPase ATPase
Arachidonic acid 30 15
Linolenic acid 58 30
Linoleic acid 60 30
Linoelaidic acid 76 30
Oleic acid 80 30
Linolenyl alcohol 240 60
Linolenyl methyl No No

ester inhibition inhibition

Lysophosphatidyl-

choline, oleoyl 75 75
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bonds within the C,; series produced only a
marginal effect on their potency. Linolenyl alcohol
was much less potent than linolenic acid, and its
methyl ester was not inhibitory at all. Therefore,
the carboxylic anion appeared to play an im-
portant role in the fatty acid inhibition of the
ATPase. The same trends were observed from
similar studies with (H* 4+ K*)-ATPase in rat
gastric membranes, although the rat ATPase was
found more sensitive to the fatty acids; the EDj,
values of the fatty acids were roughly one-half of
those observed with the hog enzyme. On the other
hand, oleoyllysophosphatidylcholine, a powerful
detergent, displayed the same inhibitory potency
on rat and hog gastric (H* + K*)-ATPase; and
its ED,, value, 7.5 - 107> M, was higher than most
of the unsaturated fatty acids tested.

Because of the facile metabolism of arachidonic
acid in biological membranes, linolenic acid was
employed in characterizing further the mode of
action of unsaturated long-chain fatty acids on
gastric (H* + K*)-ATPase. Fig. 1 shows the
dose-response curves for linolenic acid action on
(Na* + K*)-ATPase from canine renal medulla in
comparison with (H* + K*)-ATPase in rat or hog
gastric membranes. At the concentrations above
20 pM, linolenic acid failed to show an evident
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Fig. 1. Dose-response profiles for linolenic acid action on (Na™*
+K™*)-ATPase from canine renal medulla and (H* + K*)-
ATPase in rat or hog gastric membranes. About 50 ug of
membrane proteins were employed in all assays to maintain
consistent ratios of linolenic acid-to membrane proteins.

dose-dependent effect on (Na* + K*)-ATPase.
Almost 70% of (Na* + K*)-ATPase activity still
survived at 100 pM linolenic acid, at which con-
centration gastric (H* + K*)-ATPase was com-
pletely inhibited.

The effect of linolenic acid on the formation of
phosphorylated intermediate of (H* + K*)-
ATPase in hog gastric membranes was examined
at 10 uM [y->2P]JATP. The steady-state level (20 s)
of the phosphoenzyme was 851 pmol/mg protein
and was reduced to 149 pmol/mg protein in the
presence of 80 uM linolenic acid. An Mg?" chelat-
ing agent, (l,2-cyclohexylene-dinitro)tetraacetic
acid (CDTA), at 5 mM produced a similar reduc-
tion of the phosphoenzyme level (150 pmol/mg
protein). K™ -p-Nitrophenylphosphatase activity of
the gastric membranes was also inhibited by lino-
lenic acid. The dose-response profile for linolenic
acid action on the phosphatase activity was identi-
cal to that on the ATPase activity. These observa-
tions can be interpreted to mean that linolenic
acid inhibited both the phosphorylation and de-
phosphorylation reaction of gastric (H* + K*)-
ATPase.

The reversibility of the inhibitory effect of lino-
lenic acid on (H* + K*)-ATPase was tested. As
shown above, hog gastric membranes in the pres-
ence of 100 uM linolenic acid lost more than 90%
of K* -p-nitrophenylphosphatase and (H™ + K*)-
ATPase activities. When the membranes treated
with the fatty acid (100 pM) were washed in the
presence of 1% fatty actid-free bovine serum al-
bumin, almost 60% of K™ -p-nitrophenylphos-
phatase activity but no significant amount of (H*
+ K™ )-ATPase activity were restored. It should be
noted that the wash of the native membranes with
the bovine serum albumin alone led to 20 and 30%
reduction of the (H* + K*)-ATPase and K™ -p-
nitrophenylphosphatase activities, respectively.
The reversible inhibition of K*-p-nitrophenyl-
phosphatase activity of hog (H* + K™ )-ATPase
by free fatty acids has been also reported by
Saccomani et al. [15].

During this study we have observed that (H* +
K*)-ATPase and K™ -p-nitrophenylphosphatase
activities of rat gastric membranes were quite un-
stable at 37°C. Both activities decreased simulta-
neously with an apparent half-life of 33 min
(Fig. 2), whereas the same activities in the hog
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Fig. 2. Time-course profiles of (H* + K™ )-ATPase activity in
rat gastric membranes. The gastric membranes in mannital
buffer (3 mg protein/ml) were incubated at 37°C in the
absence (O) or presence of | mM EGTA (@) or lanthanum
chloride (a). An aliquot of 15 pl was withdrawn at the in-
dicated time points and was assayed for K*-dependent ATPase
activity.

membranes were hardly affected. The possibility
of proteolytic digestion of (H* + K*)-ATPase in
rat gastric membranes has been ruled out since
SDS gel electrophoresis patterns of the membranes
before or after inactivation of 90% (H* + K*)-
ATPase activity showed no noticeable differences.
For instance, no changes were observed in the
intensities of the most prominent band at 100 kDa
representing (H* + K*)-ATPase [29] or the sec-
ond leading band at 50 kDa or other minor bands
at 150, 95, 68, 45, and 30 kDa. The gel pattern was
similar to that reported by Shaltz et al. [7]. The
presence of 1 mM lanthanum chloride or ethylene
glycol bis(B-aminoethyl ether)-N, N’'-tetraacetic
acid (EGTA) almost completely prevented the de-
cay of the ATPase activities in rat gastric mem-
branes (Fig. 2). Probably the preventive effect of
La’" or EGTA can be attributed to the inhibition
of Ca?" -dependent phospholipases in the rat mem-
branes. The abundance of various phospholipases
and lipases in rat gastric mucosa has been reported
[31-34). In addition, the extreme sensitivity of
(H* + K*)-ATPase in rat gastric membranes to
unsaturated long-chain fatty acids was shown in
this study.
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Discussion

In this study we have examined the interaction
of gastric (H* + K*)-ATPase with unsaturated
long-chain fatty acids. Since the fatty acids are
anionic amphiphiles, their effects on the ATPase
could arise from disordering its surrounding mem-
branes lipids as well as some specific interaction
with the ATPase. Several observations made in
this study favor the latter as a predominant mode
of action between gastric (H* + K*)-ATPase and
unsaturated long-chain fatty acids. First of all, the
dose-dependent inhibition of the gastric ATPase
was observed at fairly low concentrations (107>
M) of the fatty acids. (Na™ + K*)-ATPase, an
analogous membrane ATPase, was hardly affected
at these levels of the fatty acids and Ca?” -ATPase
has been reported to be rather stimulated [35,36).
Since the lipid composition of the hog gastric
membranes has been found not remarkably differ-
ent from that of other mammalian plasma mem-
branes [15,18], the differential effect of the fatty
acids on gastric (H* + K*)-ATPase should be
attributed to some unique molecular interaction
between them. Secondly, some structural varia-
tions of unsaturated fatty acids drastically altered
their inhibitory potency of the gastric ATPase; for
example, linolenic acid was much more potent
than linolenyl alcohol or methyl ester. This effect
is not likely correlated to the improved detergent
property of the anionic species since
lysophosphatidylcholine, a superior detergent, was
less effective in inhibiting the ATPase activity than
most of unsaturated long-chain fatty acids. Fi-
nally, the fatty acids inhibited irreversibly (H* +
K™*)-ATPase activity, but reversibly its K*-p-
nitrophenylphosphatase activity. This selective re-
covery of the phosphatase activity of the gastric
ATPase (with bovine serum albumin washing) sug-
gests that the ATPase has at least two groups of
hydrophobic binding sites of different affinity for
the fatty acids, each affecting the catalytic func-
tion of the ATPase differentially. Separation of the
phosphatase activity from gastric (H" + K*)-
ATPase or (Na®™ + K*)-ATPase activity has also
been reported by selective modification of certain
sulfhydryl group(s) of the ATPase with thimerasol
[26,27].

Physiological significance of the fatty acid in-
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hibition of gastric (H" + K*)-ATPase is not ap-
parent at the present time. In vivo, the level of
unsaturated long-chain free fatty acids is not likely
high enough to produce a significant effect on
gastric (H* + K" )-ATPase. It is still possible that
the fatty acids merely minic a more potent biologi-
cal regulator yet unknown but structurally similar
to the fatty acids. Under some pathological condi-
tions where phospholipases are activated abnorm-
ally, however, the fatty acids themselves could be
an important factor affecting gastric (H* + K )-
ATPase function. Similar conditions may be en-
countered not infrequently during studies with iso-
lated membranes which lack cellular enzymes to
metabolize the products of phospholipases. For
instance, we have ascribed the inactivation of (H™*
+ K*)-ATPase in rat gastric membranes to the
action of Ca’’-dependent phospholipases through
their hydrolysis products.

In conclusion, we have shown some specific
molecular interaction between gastric (H* + K*)-
ATPase and unsaturated long-chain fatty acids
and have suggested the harmful effect of phos-
pholipases on (H* + K*)-ATPase in isolated rat
gastric membranes.
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