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Summary. Membrane fragments containing the H K -ATPase
from parietal cells have been adsorbed to a planar lipid mem-
brane. The transport activity of the enzyme was determined by
measuring electrical currents via the capacitive coupling be-
tween the membrane sheets and the planar lipid film. To initiate
the pump currents by the ATPase a light-driven concentration
jump of ATP from caged ATP was applied as demonstrated pre-
viously for NatK+-ATPase (Fendler. K., Grell. E.. Haubs, M..
Bamberg, E. 1985, EMBO J. 4:3079-3085). Since H"K*-ATPase
is an electroneutrally working enzyme no stationary pump cur-
rents were observed in the presence of K*. By separation of the
H* and K* transport steps of the reaction cycle. however, the
electrogenic step of the phosphorylation could be measured.
This was achjeved in the absence of K* or at low concentrations
of K*. The observed transient current is ATP dependent which
can be assigned to the proton movement during the phosphoryl-
ation. From this it was concluded that the K* transport during
dephosphorylation 1s electrogenic, too, in contrast (o the
Na*K*-ATPase where the K* step is electroneutral. The tran-
sient current was measured at different ionic conditions and
could be blocked by vanadate and by the H*K*-ATPase specific
inhibitor omeprazole. An alternative mechanism tor activation of
this inhibitor is discussed.
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Introduction

The H* and K* transporting ATPase from parietal
cells in the gastric mucosa (H*K*-ATPase EC
3.6.1.36) is an electroneutral ion pump, which ex-
changes protons for potassium ions (Forte, Forte &
Saltman, 1967; Lee, Simpson & Scholes, 1974;
Sachs et al., 1976). The physiological role of the
pump is to produce and to maintain a pH level of
about I in the lumen of the mammahian stomach.
The H*K*-ATPase 1s located in the secretory mem-
brane system of the parietal cell, where the protons
must be transported against a gradient of 6 pH
units. Transport activity of the H*K*-ATPase in

membrane liposomes or reconstituted proteolipo-
somes has been described previously. The energy
for the active hydrogen transport against the enor-
mous pH difference is obtained by ATP hydrolysis,
with a stoichiometry of 1 to 4 H*/1 ATP depending
on the source (Lee et al., 1974; Sachs et al., 1976;
Reenstra & Forte, 1981; Rabon, McFall & Sachs,
1982; Smith & Scholes, 1982; Skrabanja, De Pont &
Bonting, 1984; Skrabanja, Van der Hijden & De
Pont, 1987). From conformational studies it has
been deduced that the H*K™-ATPase behaves like
an E;, E, type enzyme (Schrijen et al., 1980, 1981;
Wallmark et al., 1980; Jackson, Mendlein & Sachs,
1983; Morii, Ishimura & Takeguchi, 1984; Helmich-
de Jong, van Emst-de Vries & De Pont, 1987) as has
been proposed for the ubiquitous Na*K™-ATPase
by Albers (1967) and Post et al. (1969). Na*K™-
ATPase and the HTK*-ATPase have a homology of
more than 60% in the primary structure (Shull,
Schwartz & Lingrel, 1985; Shull & Lingrel, 1986;
Shull & Greeb, 1988). The Nat*K*-ATPase, how-
ever, is an electrogenic pump with a stoichiometry
of 3Na* to 2K™*. The electrogenicity of the Na*K™-
ATPase was directly demonstrated in intact cells
(Thomas, 1969; Abercrombiec & De Weer, 1978; La-
faire & Schwarz, 1984; Gadsby, Kimura & Noma,
1985), in reconstituted proteoliposomes (Goldin &
Tong, 1974; Goldschlegger et al., 1987), or in planar
lipid membranes (Fendler et al., 1985) by measuring
the stationary electrical pump current or by use of
voltage-sensitive dyes in case of the reconstituted
proteoliposomes. The HTK*-ATPase, however, as
an eclectroneutral exchanging enzyme is not ex-
pected to elicit any stationary current, because the
Albers-Post scheme predicts for the H*K*-ATPase
a phosphorylation step concomitant or prior to the
proton translocation, followed by dephosphoryla-
tion concomitant with the potassium ion transloca-
tion. The sum of these steps represents the electro-
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neutral exchange across the membrane, meaning
that both the proton translocation and the K* step
are electroneutral, or that both steps are electro-
genic, but oppositely directed. Recently, voltage
sensitivity of the K-limb of the reaction cycle was
shown on HTK*-ATPase containing vesicles
(Lorentzon, Sachs & Wallmark, 1988).

Planar lipid membranes are an excellent tool by
which to study the electrical properties of ion
pumps. This was demonstrated for the first time for
the light-driven proton pump bacteriorhodopsin by
Skulachev and his associates (Drachev et al., 1974,
19764a,b).The method consists of the adsorption of
bacteriorhodopsin proteoliposomes or of bacter-
iorhodopsin-containing purple membranes to a pla-
nar lipid bilayer, where either photopotentials or
photocurrents are obtained via the planar lipid bi-
layer as a capacitive electrode. A quantitative de-
scription of the system for proteoliposomes and
purple membranes adsorbed to the lipid film has
been given (Herrmann & Rayfield, [978; Bamberg
et al., 1979).

The immediate application of light, as the en-
ergy-supplying substrate, synchronizes the activa-
tion of bacteriorhodopsin, permitting detailed stud-
ies of the stationary and kinetic properties of the
pump currents to be performed (Dancshazy & Kar-
valy, 1976; Herrmann & Rayfield, 1978; Bamberg et
al., 1979; Fahr, Lauger & Bamberg, 1981). Since for
ATP-driven pumps like the NatK*-ATPase or the
Ca’>* ATPase from sarcoplasmic reticulum the time
required to add ATP by mixing is at least a few
seconds, the method described above cannot be ap-
plied. A photolabile analogue of ATP, caged ATP,
which produces a concentration jump of ATP in the
millisecond range following irradiation with UV
light (Kaplan, Forbush & Hoffmann, 1978; McCray
et al., 1980) was successfully applied to the Na*K™*
ATPase, Ca’* ATPase from sarcoplasmic reticulum
and to the Fy, Fy ATP synthase from photosynthetic
bacteria on planar lipid films. By adsorption of
membrane fragments (Na*K*-ATPase), membrane
vesicles (Ca’™ ATPase from sarcoplasmic reticu-
lum) or reconstituted proteoliposomes (Fy, F; ATP
synthase) to a planar lipid film, the properties of the
electrical pump currents were investigated (Fendler
et al., 1985; Boriinghaus, Apell & Lauger, 1987;
Fendler, Grell & Bamberg, 1987; Hartung et al.,
1987; Nagel et al., 1987; Christensen et al., 1988).

Based on these studies we applied this tech-
nique to gastric H*K*-ATPase. Here we show for
the first time the generation of transient electrical
currents by a pump that operates electroneutrally
under stationary conditions. This was achieved by
separation of the pump cycle into its phosphoryl-

ation phase and its dephosphorylation phase, re-
spectively.

A preliminary report on these results was pre-
sented at the 5" International Conference on
Na*K*-ATPase (Fugslo, Denmark, 1987) and has
been published (Fendler et al., 1988).

Materials and Methods

PREPARATION OF THE HYK*-ATPASE
MEMBRANE SHEETS

HK*-ATPase from pig stomach was prepared as previously de-
scribed (Forte, Ganser & Tanisawa. 1974; Rabon et al., 1985)
with a few modifications. Mucosal scrapings of the fundic part of
the pig stomach were homogenized in a buffer containing 150 mm
sucrose and 20 mm Tris/HCL (pH 7.2). The homogenates were
centrifuged for 20 min, at 20.000 x g (Sorvall SS 34 rotor) yield-
ing a supernatant that was centrifuged for 43 min at 100.000 x g
{MSE. & X 50 rotor). The resulting pellet was resuspended in 235
mM Tris/HCH (pH 7.2) and centrifuged for 60 min at 106,000 x g
on top of a gradient consisting of 7% Ficoll/250 mMm sucrose in 20
mM Tris/HCI (pH 7.2) over 37% sucrose in 20 mm Tris/HCI (pH
7.2). The buffer-Ficoll interface consisted of closed vesicles and
the Ficoll-sucrose interface of broken membrane sheets. Both
fractions were diluted in 20 mm Tris/HCI (pH 7.2) before centri-
fuging 60 min at 10,000 x g (MSE & x 50 rotor). The resulting
supernatant was once again centrifuged in 20 mm Tris/HC! (pH
7.2) a1 38,000 x g (MSE 8 x 50 rotor). The four different pellets
were resuspended in 20 mm Tris/HCI (pH 7.2) and frozen at
—20°C. After two or three freezing and thawing steps the vesicles
were broken. yielding activities ranging trom 0.02-0.06 tor the
10,000 x g fractions and from 0.06 to 0.12 mmol per mg per hr for
the 38,000 x g fractions. In some experiments further purifica-
tion was carried out by zonal electrophoresis (Walters & Bont,
1979). Both preparations of membrane sheets gave similar results
on planar lipid membranes. Residual activity of Na*K--ATPase
in the preparation was suppressed by the addition of 1 mwm oua-
bain to the membrane sheets prior to their addition to the planar
lipid membranes. Enzymatic activity was determined in the pres-
ence of 0.0375 mg enzyme per mi and 5 mm Tris-ATP at 37°C
employing the technique of Jorgensen (1974), with incubation
times of 8 and 15 min. The enzymatic activity of the gastric
H*K*-ATPase is calculated as the difference between the activi-
ties determined in a medium containing (in mMm): 60 imidazole-
HCI, 10 MgCl,, 40 KCI and 0.2 ouabain at pH 7.5, and in a
similar medium where KCl is replaced by 40 mm choline chlo-
ride. The activity of the investigated sample was 27 ol P, mg™!
hr-!. The Tris salts of caged ATP and ATP were prepared em-
ploying a Dowex 50-W ion exchanger column.

MEMBRANE SETUP

Optically black lipid membranes with an area of 10 * cm?® were
formed in a thermostated Teflon cell with 1.5 ml of an appropri-
ate electrolyte solution in each compartment (Mueller et al.,
1964). The membrane-forming solution contained 1.5% phos-
phatidylserine wt/vol in n-decane or 1.5% wt/vol diphytanoyl-



H.T.W.M. van der Hijden et al.: Electrogenicity of Proton Translocation 247

a
fo current to voltage source
HiK ATPase
membrane
discs Vl-s __ & _ - _Uvfiash
Huminated
volume=1%
of sait soltion lipid bilayer
membrane
C
Av Al
1l
"I
ATP ~ ADP+P,
K Gm
—— T —— MM
Ip
AP
Gp
{— {—4»——-
Cp Cm

lecithin together with 0.025% wt/vol octadecylamine. To im-
prove the adsorption of the negatively charged membrane sheets
1o the supporting lipid bilayer made from phosphatidylserine,
about [0 uM free Ca’+ was added to the electrolyte. For the same
purpose octadecylamine was added to the lipid-forming solution
in case of diphytanoyllecithin yielding a positive surface charge
on the lipid bilayer (Dancshazy & Karvaly, 1976).

The membrane was connected to an external measuring
circuit via Ag/AgCl elecirodes. To avoid artificial photoetfects
the electrodes were separated from the aqueous compartments
of the cell by agar-agar salt bridges. To prevent light pipe effects,
the salt bridges were made from polyethylene tubing. In addi-
tion, the agar-agar in the bridges contained black ink (o avoid any
light conduction to the electrodes.

Caged ATP was photolysed by an UV light pulse of 125-
msec duration with a maximal light intensity of 3.7 W/cm®. The
light intensity could be attenuated with appropriate UV light
filters (Melles-Griot, Darmstadt, FRG). As light source a mer-
cury high pressure [amp was used (200 W). Unless otherwise
indicated, light pulses were applied in intervals of 10 min. After
each measurement the stirrers in the cuvette were turned on, so
that the liberated ATP was diluted within the path of the light
beam and hydrolyzed by the enzyme in suspension. Conse-
quently, the original concentration of caged ATP at the mem-
brane surface was nearly recovered. Each flash liberated about
0.3% of the total amount of caged ATP in the cuvette (Nagel et
al., 1987). Knowing the geometry of the light beam in the cu-

ATP >
ADP+ P

caged ATP

hv

ATPase

™~ 7 <
.ﬁf@

intracellular

side of disc lipid bilayer

membrane

Fig. 1. Schematic representation of the bilayer setup. («) Teflon
cell with black lipid membranes and adsorbed H*K™-ATPase
membrane fragments. (#) Proposed sandwich-like arrangement
of discs and underlying lipid membrane. Note that in experi-
ments with ionophores incorporation of ionophores into the
membrane fragments cannot be excluded (not shown in the fig-
ure). (¢) Equivalent circuit diagram of the two membranes in
series. G,, and G, refer to the conductance of the planar film and
the membrane fragments, respectively. C,, and C, refer to the
corresponding capacitances. [, designates the pump current gen-
erator

velte, the conversion rate of caged ATP was determined using a
luciferin-luciferase assay (Fendler et al., 1985: Nagel et al..
1987). A schematic representation of the experimental situation
is given in Fig. 1.

The two membranes in series are capacitatively and DC
coupled, in the absence and the presence of the ionophores,
respectively. The pump current can be described as follows
{Bamberg et al., 1979):

Iy =1, + Uy — L)exp(—#/7) ()
Iy =L —C—'—,,—,C_:F,, (2)
L= 1y G 7 3)
G, + G, + —J%
pe Gt C,,l o
Gn + G, + V/}’

where [, is the current at 1 — . [y is the initial current at 1 = 0, 1,4
is the pump current and V* a constant. G,, and G, are the con-
ductances of the planar film and the adsorbed membrane sheets,
respectively. C,, and C, are the corresponding electrical capaci-
tances. 7 is the RC time of the system, which depends on the
pump current /,. The discharging time is given by
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GG,
o=
G, + G,

(5)

which is equal to 7(/,y — 0).

CHEMICALS

P3-1-(2-nitro)phenylethyladenosine-5-triphosphate (caged ATP)
was prepared according to Kaplan et al. (1978) and Fendler et al.
(1985). Phosphatidylserine from bovine brain and synthetic
diphytanoyl-lecithin were purchased from Avanti Lipid Prod-
ucts, Birmingham, AL. The luciferin-luciferase assay Kit was
obtained from Boehringer. Mannheim, FRG. DTT
(dithiothreitol) was obtained from Roth, Karlsruhe, FRG. The
UV light-insensitive protonophore 1799 (1,1,1,7,7.7-hexafluoro-
2.6-bis (triffuoromethyl) hepane-4-one was kindly provided by
Dr. P. Heytler, DuPont de Nemours. Monensin was a gift from
Dr. G. Szabo, Galveston, TX. Omeprazole was a gift from B,
Wallmark, Molndal, Sweden. All other reagents were analytical
grade or suprapur standard (Merck, Darmstadt, FRG).

Results

DEMONSTRATION OF ATP-DEPENDENT CURRENTS

H*K*-ATPase membrane discs were added to-
gether with caged ATP under stirring to one side of
the lipid bilayer membrane. After 20 min the first
UV light flash was applied in order to produce a
concentration jump of ATP from caged ATP. Under
physiological ion conditions 20 mMm K*, 120 mmMm
Na*, 3 mm Mg, 50 mm imidazole (pH 7.0)) no
electrical response was observed at all. A transient
biphasic electrical current, however, was detected
when K* was absent, indicating a charge movement
during the phosphorylation process (Fig. 2, trace a).
The sign of the transient current was the same in all
experiments. The first phase corresponded to a
movement of positive charges towards the protein-
free side of the planar lipid membrane. The oppo-
sitely directed current phase disappeared after the
addition of the proton-conducting system 1799 plus
monensin, so that this component may represent
the discharging of the membrane capacitors gov-
erned by the RC time constant (see Materials and
Methods). The UV-insensitive protonophore 1799
together with the H¥, Nat exchanging carrier
monensin was applied in previous work for the
Na*K*-ATPase in order to increase the electrical
permeability of the underlying lipid film in the sand-
wich-like structure as shown in Fig. | (Fendler et
al., 1985; Nagel et al., 1987). This was necessary for
the demonstration of the stationary pump currents.
Trace b in Fig. 2 shows that in the presence of the
ionophores the H*K"-ATPase does not produce a
stationary pump current. Successive additions of
K™, which iucreases the speed of dephosphoryla-

tion, decreased the peak current but did not create
stationary currents (data not shown), reflecting the
electroneutral exchange of potassium ions and pro-
tons by the pump. The peak current disappears af-
ter addition of 50 mm K™ which can be explained by
the kinetics of the pump cycle (see helow). The
ATP-induced current is abolished completely by the
addition of vanadate (trace ¢ in Fig. 2). The block-
ade by vanadate occurs only when the agent is
added to the protein-containing side of the mem-
brane. Successive additions of caged ATP and
vanadate to the protein free side had no effect on
the signal, showing that the membrane fragments
are adsorbed to the lipid film rather than integrated
into it. In the latter situation, the oppositely ori-
ented fraction of membrane fragments should show
the usual signal in response to ATP and its blockade
by vanadate.

As shown in previous papers, involving the
Na*K*-ATPase, different control experiments
were carried out to exclude possible artifacts by the
photoreaction of caged ATP (Fendler et al., 1985;
Nagel et al., 1987). In brief, the following controls
also were made for the HYK*-ATPase:

(i) The pure lipid bilayer did not show any effect
after a UV flash of 125 msec and 3.7 W/cm? light
intensity.

(i1} The bilayer with adsorbed protein fragments
showed no effect in the absence of caged ATP.

(iii} The bilayer in presence of 50 uMm caged ATP
alone showed a small (10 pA/cm?) photoeffect,
which is due to the protonation of the lipid bilayer
and the concomitant capacitive current. One H* per
molecule caged ATP was released during the photo-
reaction. This current depended strongly on the
buffer concentration and disappeared at concentra-
tions of about {00 mm imidazole at pH 7.0 (Chris-
tensen et al., 1988).

(iv) The addition of the ionophores 1799 and
monensin did not cause further photoeffects.

{(v) Prior addition of ATP {100 um) in absence of
K* to the lipid bilayer with adsorbed H*K*-ATPase
abolished the electrical response after an ATP-re-
leasing flash because under these conditions all of
the enzyme was already in the phosphorylated
form.

loN SELECTIVITY, ATP, ADP AND P,
DEPENDENCY AND THE INHIBITORY EFFECT OF
CAGED ATP oN THE TRANSIENT CURRENT

Figure 3 shows the dependence of the transient cur-
rent on the concentration of ATP. The two traces
were obtained in different ways. In trace a, increas-
ing amounts of caged ATP were added to the pro-
tein-containing side, where the conversion rate of
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Fig. 2. Short-circuit current on the lipid bilayer system under
different experimental conditions. The membrane bathing solu-
tion contained 3 mm MgCl,, 50 mM imidazoie pH 6.0 and 100 um
caged ATP (conversion rate 30%). The light intensity was 3.7
W/cm?, and the flash duration was 125 msec. The arrow indicates
the opening of the shutter. Trace a: Transient current after addi-
tion of 25 ul purified H*K*-ATPase 5, mg protein/ml. Trace b:
Pump current after addition of 10 um monensin and 1 um 1799.
Trace c¢: Blockade of the transient current by 20 um vanadate

ATP from caged ATP was kept constant at 30%.
Trace b represents the ATP dependency when 100
uM caged ATP was added and the conversion rate
increased by increasing light intensity. In the sec-
ond of these two procedures the ratio of caged ATP
to ATP was changed, so that an inhibitory effect of
caged ATP, if present, should be detectable. As
seen in Fig. 3, the two traces do not differ substan-
tially so that an inhibitory effect of caged ATP on
the enzyme appears neglegible. Depending on the
experimental procedure, an apparent K, for ATP of
9.4 uM (trace a) and 25 uM (trace b) was found. In
parallel, the effect of caged ATP was studied in an
enzymatic assay. The ATPase activity was mea-
sured at a fixed concentration (5 mM) and increasing
amount of caged ATP. An inhibition constant of the
enzyme activity with an lys of 5 x 107 M was
found, which its 100 times bigger than the Kgs for
ATP. (Fig. 4). This resuit indicates that the inhibi-
tion of the ATPase activity by caged ATP is neglegi-
ble for the H*K*-ATPase. The inhibitory effect,
however, should be taken in account for a kinetic
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Fig. 3. ATP dependence of the peak current measured by two
different procedures. Electrolyte composition was the same as in
Fig. 2. Trace a: The conversion rate of caged ATP was kept at
30%:; variation of released ATP was obtained by addition of
caged ATP. Trace b: Initial concentration of caged ATP was kept
at 100 um. The release of ATP from caged ATP was varied by
changing the rate of photolysis. UV light was attenuated with
UV filters. The peak current was normalized to f,,, = 1 which is
the saturating current response at carp — *. Trace a: Kys = 9.4
uM. Trace b: Kp5 = 25 uMm
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Fig. 4. Inhibition of enzymatic H*K*-ATPase activity at pH 7.5
by the Tris salt of caged ATP at 37°C: Plot of % activity in
dependence of the negative logarithm of caged ATP concenira-
tion. The solid line corresponds to a theoretical inhibition curve
with an equilibrium constant of 5 X 1074 M at 5 mm ATP. Further
details are given in Materials and Methods

analysis as shown for the Na*K*-ATPase
(Borlinghaus et al., 1987; Fendler et al., 1987).
The ion selectivity of the electrical signal with
respect to monovalent cations is represented in Fig.
5. Sodium ions have no effect on the current re-
sponse of the enzyme in the measured concentra-
tion range from 0-9 mm. K* and Rb* show a de-
crease of the peak current with an apparent
inhibition constant of 3 mm at 30 um reieased ATP.
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Fig. 5. Dependency of the peak current on monovalent cations.
The cuvette contained 100 um caged ATP, and the conversion
rate was 30%. Purified membrane sheets (125 ug) containing
H*K*-ATPase were added to the membrane. The electrolyte
composition was the same as in Fig. 2 except for the additional
monovalent cations Na* (@), K* (O), Rb* (V) and TI* (A) at the
indicated concentrations

This effect is more pronounced for TI* ions with an
apparent inhibition constant of 100 pM.

The inhibition can partially be explained by a
decrease in the affinity of the ATP-binding site for
the substrate produced by cations like K™, Rb™ and
TI* (Schrijen et al., 1980). In the absence of K* and
in presence of 30 um ATP (from 100 umM caged
ATP), saturating for phosphorylation, the peak cur-
rent was measured (Fig. 6). Then 3 mmM K* was
added which reduced the peak amplitude to the
half-maximal value. Further release of ATP from
caged ATP up to 120 umM restored the current re-
sponse almost completely (Fig. 6). When, however,
a similar experiment was carried out with 50 mm
instead of 3 mm K™, the peak current was abolished
completely and could not be restored by concentra-
tions of released ATP up to 200 um (data not
shown). This can be understood on the basis of the
kinetics of the proton pump cycle (see Discussion).

The H*K*-ATPase is a Mg’ *-dependent pump.
Therefore the removal of Mg>* should abolish the
transient current response. In absence of Mg>* no
current was obtained. The dependency of the tran-
sient current on the free Mg>* concentration which
was adjusted with EDTA is shown in Fig. 7. An
apparent K,, for Mg?* was found to be 27 um. At
high concentrations of free Mg?*, a slight decrease
of the current could be observed, which might be
related to lower affinity for ATP (Fig. 8a). It is in-
teresting that the affinity for ATP (K¢s = 0.9 uM) is
considerably higher in presence of low Mg>t (10
#M) than at a concentration of 3 mm which gives a
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Fig. 6. Demonstration of the decrease in the affinity for ATP in
presence of K*. In the presence of 100 uM caged ATP. and a
conversion rate of 30%, and in the absence of K*, the peak
current was measured (@); addition of 3 mm K* reduced the
peak current (O). Thereafter the peak current was measured
after subsequent additions of caged ATP. The initial efectrolyte
composition was the same as in Fig. 2

Kos of 10.2 um (Fig. 8a). The different ATP affini-
ties at different Mg>* concentrations can be tenta-
tively explained, by assuming that ATP binds first
and then Mg?** or vice versa, but that MgATP is not
bound to the enzyme or that it has a lower affinity
than ATP.

The electrical signal is inhibited by the addition
of ADP. The inhibition is slightly dependent on the
free Mg®* concentration such that at high Mg>* a
higher affinity for ADP is found compared to low
Mg?* concentrations (Fig. 8b).

That the electrical signal represents a part of the
pump cycle of the H*K*-ATPase is further demon-
strated by the inhibition of the signal by inorganic
phosphate (P;). Figure 9 shows the decrease of the
electrical current after successive addition of P;.
This inhibition may result from the ability of P; to
convert the enzyme into its phosphorylated state
(E,P). For further details, see also Discussion and
Fig. 12.

Finally, the pH dependency of the electrical sig-
nal was measured. A maximum for the current was
obtained at pH 5.8 (Fig. 10) which is in agreement
with the pH optimum of 6.0 for the phosphorylation
reaction (Stewart, Wallmark & Sachs, 1981).

THE ErrFect oF THE HYK*-ATPASE SPECIFIC
INHIBITOR OMEPRAZOLE ON THE ATP-INDUCED
TRANSIENT CURRENT

Omeprazole is a specific inhibitor of the gastric
H*K*-ATPase. Addition of omeprazole (30 um) to
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Fig. 8. (a) ATP dependency of the peak current at different concentrations of free Mg?*. Trace a: <10 uM free Mg*~. Trace #: 3 mMm
free Mg?*. Other conditions as in Fig. 2. The peak current was normalized to L, = 1. which is the saturating current response at ¢ap—
. A Kysof 0.9 uM (trace «) and 10.2 uM (trace b) was obtained. (b) Decrease of the peak current by ADP. Caged ATP (100 pum) was
used (conversion rate 30%). Three mm MgCl, and 50 mM imidazole were present throughout pH 6.0: the peak currents were measured
at ADP concentrations as indicated (@). In absence of added Mg>* the experiment was repeated (O). The latter trace (O) was

normalized to the first one (@)

the protein-containing compartment of the cuvette
indeed abolished the peak current almost com-
pletely (Fig. 11). The lipid bilayer system offers the
possibility of studying the mechanism of activation
of the lipophilic compound. In the following experi-
ments, a membrane-bound mechanism for the acti-
vation (protonation) of the inhibitor was tested. The
possibility of activation by acid groups of the en-
zyme which can react with omeprazole during the
H* pumping phase of the reaction cycle was consid-
ered. Such acid groups seem to be necessary be-
cause protons are released into the lumen, where
the pH is 1. The groups should be located close to
the extracellular side, which faces in oui experi-

ments the planar lipid film. According to the sign of
the current the protons are moved into the interfa-
cial space. In the absence of omeprazole and K*,
repetitive measurements of the transient current
gave reproducible signals after 5 min with an accu-
racy of 5-10%. Then 30 uM omeprazole was added
to the protein-free side of the membrane and the
pump was activated by a light-induced concentra-
tion jump of ATP from caged ATP. After 27-min
incubation with omeprazole, the current amplitude
was reduced to 20-30% compared with the original
value in the omeprazole-free medium. Further UV
flashes releasing ATP increased the steepness of the
time-dependent inactivation curve drastically. Fi-
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Fig. 9. Decrease of the peak current by inorganic phosphate (P;).
Using the conditions described in Fig. 2, the peak current was
measured in presence of added P, at the indicated concentrations
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Fig. 10. pH dependence of the peak current in the presence of
100 uM caged ATP (conversion rate 30%). The data were ob-
tained on the same membrane, The pH was varied in both com-
partments by addition of NaOH and H,SO,, respectively. Start-
ing conditions: 50 mM imidazole, 3 mMm Mg’*, pH 5.99

nally, after about 10 flashes, the current disap-
peared almost completely (Fig. 11). The repetition
of the same experiment in presence of 3 mm K™ did
not show the increased inhibition. Addition of 1 mm
DTT to the protein-containing compartment pro-
tected the enzyme partially from the inhibition by
omeprazole (data not shown). Addition of monen-
sin to both sides of the membrane in order to release
transported protons from the interstitial space did
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Fig. 11. Inhibition of the peak current in presence of 30 um
omeprazole, without (O) and with (@) the H*, Na* exchanging
carrier monensin (10 um); 10 mm NaCl was present. The arrow
indicates the addition of omeprazole. The curves are normalized
to each other, Other conditions as in Fig. 2
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Fig. 12. Representation of the reaction cycle of the gastric H*K-~
ATPase in a modified Albers-Post scheme according to Stewart
et al., 1981; Sachs, Faller & Rabon, 1982

not change the inhibition curve. These results sug-
gest that a drop in the pH of the interstitial space is
not the main reason for inactivation of the pump by
omeprazole and that activation of the drug may oc-
cur at neutral pH.

Discussion

The pump cycle of the H'K*-ATPase can be de-
scribed iike the cycle of the NatK*-ATPase by the
Albers-Post scheme, shown in Fig. 12. Many simi-
larities between the two enzymes are apparent. One
of the main differences, however, is that the
Na*K*-ATPase is an electrogenic pump, where the
Na' transport contributes to the electrogenicity
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(Fendler et al., 1985; Gadsby et al., 1985; Karlish,
Raphaeli & Stein, 1985, Borlinghaus et al., 1987;
Nagel et al., 1987). The potassium transport in the
sodium pump is electroneutral (Karlish et al., [985;
Goldschlegger et al., 1987; Bahinski, Nakao &
Gadsby, 1988). In this paper, the transient current
generated during phosphorylation of the electroneu-
tral H*K*-ATPase were studied. This was possible
by separation of the H*~dependent phosphorylation
step from the K-dependent dephosphorylation step.
The results show that phosphorylation of the pump

by ATP in the absence of K* produces a transient -

biphasic electrical response. suggesting that proton
translocation is electrogenic. As a direct conse-
quence of these experiments, the transport of potas-
sium must be electrogenic, too, since no net station-
ary current was obtained, when H* and K" were
both present.

These experiments strongly support sequential
transport of H' and K* ions and thus any model
including the Albers-Post scheme, which is based
on sequential transport. In principle, after a sudden
release of ATP a transient electrical current either
monophasic or biphasic should occur reflecting the
H* and K* translocation which are oppositely di-
rected. Considering the data obtained from the ki-
netics of enzymatic reactions it seems understand-
able that no current occurs in presence of high
potassium and high ATP. At high potassium con-
centration the enzyme is in the E;K or E;K form
with a low affinity for ATP. The transition of E,K
(E;K) 2% E,K ATP (E,K ATP) is slow (250
min~!), whereas the subsequent transition from E;
ATP — E,P + ADP is fast (4400-7900 min~')
(Wallmark & Mardh, 1979; Ljungstrom, Vega &
Mardh, 1984). A cycle starting with enzyme in the
E,K form will not give an electrical response, since
a slow process (oppositely directed electrogenic or
electroneutral) precedes the fast Ht-dependent
electrogenic step. The demonstration of the proton
transporting step in the absence or at low concen-
trations of potassium shows that the reaction under
these conditions always starts in the EH form (Fig.
12).

Since only counter-transported ions like K*,
Rb* and Ti* in contrast to Na™ have an effect on the
electrical response and no stationary currents can
be observed, one may conclude that the electrical
signal represents proton transport and not a dipole
movement during a conformational change within
the protein. The ion specificity of the electrical cur-
rent shown in Fig. 5 agrees well with data obtained
by Ray and Forte (1976), and Sachs et al. (1976),
who showed that the reduction of the phosphory-
lated intermediate decreased with the same specific-
ity for Na*, K*, Rb*, and TI".

THE EFFECT OF Mg>*: ATP, ADP, AND P;

Mg?* influences the activation of the transient cur-
rent with respect to the affinity of ATP (Fig. 8a).
The high affinity for ATP at low concentrations of
Mg?* suggests that the affinity for ATP is higher
than for MgATP. Since the enzyme contains tightly
bound Mg>* (50 nmol/mg protein) for steric reasons
it is expected to bind ATP better to the enzyme than
preformed MgATP. Similar results were obtained in
ATP-dependent proton transport studies on mem-
brane vesicles (Ljungstrom & Mardh, 1985). These
results agree within a factor of 3 with the electrical
measurements presented above. The affinity of
ADP shows the opposite Mg>* dependence to that
of ATP at high and low concentrations of Mg?* (Fig.
8b). In presence of high Mg?* (3 mm) the high affin-
ity for ADP can be explained by a Mg>*-dependent
binding to the E,P form. Then the inhibition of the
current by ADP can be explained by two mecha-
nisms: (i) competition of ADP with the ATP binding
site E,H"* or (ii) binding of ADP to the EP form
which drives the back reaction.

The inhibition of the electrical current by inor-
ganic phosphate P; reflects the formation of E,P.
The K5 of 150 um is in good agreement with a Ky s
of 60 uM obtained from phosphorylation experi-
ments (Jackson & Saccomani, 1984).

THE EFFECT OF OMEPRAZOLE

Omeprazole is a specific inhibitor of the gastric
H*K*-ATPase. At neutral pH omeprazole has hy-
drophobic properties and is membrane permeable
so that it can penetrate into the ATPase-rich vesi-
cles. The inhibitory activity under these circum-
stances is low. Activation of the pump by ATP aci-
difies the intravesicular medium. Thereby omepra-
zole is decomposed at pH 4 to a hydrophilic com-
pound (pK, = 4) which is trapped within the
vesicles. In its decomposed form omeprazole de-
velops full inhibitory activity as an SH reagent.
(Fellenius et al., 1981; Larsson et al., 1983; Im et
al., 1984; Wallmark, Brandstrém & Larsson, 1984;
Lindberg et al., 1986). Results of the present study
suggest that inactivation of the H*K*-ATPase is
not necessarily dependent on being in a low pH
aqueous compartment. The experiment shown in
Fig. 11 raises the question if omeprazole in addition
to its efficacy at low pH can be activated by the
pump itself. In an almost perfectly buffered system
the inactivation increases the more the pump is in-
activated. The addition of the H*Na* exchanging
carrier monensin which removes a possible H* gra-
dient from the interstitial space did not change the
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inhibition curve. Control experiments with the
light-driven proton pump bacteriorhodopsin
showed an inhibition of the pump by acidification of
the interstitial space between the adsorbed purple
membranes and the underlying iipid film. This effect
could completely be removed by the addition of the
ionophoric system monensin plus the protonophore
1799 (data not shown). As shown in Fig. 11 the
addition of the same ionophoric system had no in-
fluence on the inactivation by omeprazole, so that
in this particular experiment activation of the drug
by acidification of the interstitial space might be ex-
cluded. In other words a blockade of the H*K*-
ATPase by omeprazole close to neutral pH (pH =
6.4) is possible and can be explained as follows: In
the inactive hydrophobic form omeprazole is ex-
pected to be located in the membrane. During the
H* transport step of the H*K*-ATPase, possibly
extremely acidic groups may be exposed to the
membrane interface, which are not accessible to the
well-buffered aqueous bulk phase. This is reason-
able because the pump releases protons into a me-
dium of pH 1. These groups might initiate the H*-
dependent decomposition of omeprazole, so that
the inhibition occurs after activation of the pump
during the formation of E\P or E,P. The experi-
ments were carried out at zero K* which means that
the phosphorylated form remains stable for a longer
period of time than under physiological conditions
so that an increased inhibition is probable. This is
supported by experiments where in the presence of
3 mM K™ an increased inhibition at pH 6.4 was not
observed, where dephosphorylation decreases the
concentration of the phosphorylated intermediates.

The authors wish to thank A. Hiiby and A. Ifftner for excellent
technical assistance and Dr. J. Froehlich for valuable comments
and critical reading of the manuscript. This study was supported
partially by the Deutsche Forschungsgemeinschaft (SFB 169)
and by the Netherlands Organization for Scientific Research
(N.W.0.), through the Netherlands Biophysics Foundation.
H.T.W.M. van der Hijden, was a recipient of a Max-Planck
fellowship.

References

Abercrombie, R.F., De Weer. P. 1978. Electric current gener-
ated by squid giant axon sodium pump: External K+ and
internal ADP effects. Am. J. Physiol. 235:¢63—c68

Albers, R.W. 1967. Biochemical aspects of active transport.
Annu. Rev. Biochem. 36:727-756

Bahinski, A., Nakao, M., Gadsby, C. 1988. Potassium transioca-
tion by the NatK*-pump is voltage insensitive. Proc. Natl.
Acad. Sci. USA 85:3412-3416

Bamberg, E., Apell, H.-J., Dencher, N.A., Sperling, W., Stieve,
H., Lauger, P. 1979. Pump currents generated by bacter-

iorhodopsin on planar lipid membranes. Biophys. Struct. Me-
chan. 5:277-292

Borlinghaus, R., Apell. H.-J., Liuger, P. [987. Fast charge
translocations associated with partial reactions of the Na,K-
pump: . Current and voltage transients after photochemical
release of ATP. J. Membrane Biol. 97:161-178

Christensen, B., Gutweiler, M.. Grell, E., Wagner, N., Pabst,
R., Dose, K., Bamberg, E. 1988. Pump and displacement
currents of reconstituted ATP synthase on black lipid mem-
branes. J. Membrane Biol. 104:179~191

Dancshazy, Z., Karvaly, B. 1976. Incorporation of bacteriorho-
dopsin into a bilayer lipid membrane. A photoelectric-spec-
troscopic study. FEBS Lert. T2:136~138

Drachev, L.A., Frolov, V.N., Kaulen, A.D., Liberman, E.A.,
Ostroumov, S.A., Plakunova. V.G., Semenov. A.Y.. Skula-
chev, V.P. 1976a. Reconstitution of biological molecular gen-
erators of electric current bacteriorhodopsin. J. Biol. Chem.
251:7059-7065

Drachev, L.A., Jasaitis, A.A., Kaulen, A.D., Kondraskin, A.A.,
Liberman, E.A., Nemecek, 1.B., Ostroumov, S.A., Se-
menov, A.Y., Skulachev, V.P. 1974. Direct measurement of
electric current generation by cytochrome oxidase. H+*-
ATPase and bacteriorhodopsin. Nature (London) 249:321—
324

Drachev, L.A., Jasaitis, A.A., Mikelsaar, H., Nemecek, [.B..
Semenov, A.Y., Semenova, E.G.. Severina, 1.1.. Skulachev,
V.P. 19765. Reconstitution of biological molecular generators
of electric current. /. Biol. Chem. 251:7077-7082

Fahr, A.. Lauger, P., Bamberg, E. 1981. Photocurrent kinetics
of purple-membrane sheets bound to planar bilayer mem-
branes. J. Membrane Biol. 60:51-62

Fellenius, E., Berlindh, T., Sachs, G.. Olbe, L.. Elander. B.,
Sjéstrand, S.-E., Wallmark, B. 1981. Substituted benzimida-
zoles inhibit gastric acid secretion by blocking (H*+K*)-
ATPase. Nature (London) 290:159-161

Fendler, K., Grell, E.. Bamberg, E. 1987. Kinetics of pump
currents generated by the (Na*+K*)}-ATPase. FEBS Lett.
224:83-88

Fendler, K., Grell, E., Haubs, M., Bamberg, E. 1985. Pump
currents generated by the purified Na*K*-ATPase from kid-
ney on black lipid membranes. EMBO J 4:3079-3085

Fendler., K., van der Hijden, H., Nagel, G., de Pont,
J.J.H.H.M., Bamberg, E. 1988. Pump currents generated by
renal NatK*-ATPase and gastric H*K*-ATPase on black
lipid membranes. In: The Na*,K*-Pump, Part A: Molecular
Aspects. J.C. Skou, 1.G. Ngrby, A.B. Maunsbach, and M.
Esmann, editors. pp. 501-510. Alan R. Liss, New York

Forte, J.G., Forte, G.M., Saltman, P. 1967. K* stimulated phos-
phatase of microsomes from gastric mucosa. J. Cell. Physiol.
69:293-304

Forte, J.G., Ganser, A.L., Tanisawa, A.S. 1974, The K*-stimu-
fated ATPase system of microsomal membranes from gastric
oxyntic cells. Ann. NY Acad. Sci. 242:255-267

Gadsby, D.C., Kimura, J., Noma, A. 1985. Voltage dependence
of Na,K pump current in isolated heart cells. Nasure (Lon-
don) 315:63-65

Goldin, S.M., Tong, S.W. 1974. Reconstitution of active trans-
port catalyzed by the purified sodium and potassium ion-stim-
ulated triphosphatase from canine renal medulla. J. Biol.
Chem. 249:5907-5915

Goldschlegger, R., Karlish, S.J.D., Raphaeli, A., Stein, W.D.
1987. The effect of membrane potential on the mammalian
sodium-potassium pump reconstituted into phospholipid ves-
icles. J. Phvsiol. (London) 387:331--355



H.T.W.M. van der Hijden et al.: Electrogenicity of Proton Translocation 255

Hartung. K., Grell,E.. Hasselbach, W., Bamberg, E. 1987. Elec-
trical pump currents generated by the Ca** ATPase of sarco-
plasmic reticulum vesicles adsorbed on black lipid mem-
branes. Biochim. Biophys. Acta 900:209-220

Helmich-de Jong, M.L., van Emst-de Vries, S.E.. DePont,
JJH.HM. 1987. Conformational states of (K*+H?*)-
ATPase studied using trypsin digestion as a tool. Biochim.
Biophys. Acta 905:358-370

Herrmann, T.R., Rayfield, G.W. 1978. The electrical response to
light of bacteriorhodopsin in planar membranes. Biopfivs. J.
20:011-125

Im, W.B., Sih, J.C., Blakeman. D.P., McGrath, P. 1984. Ome-
prazole, a specific inhibitor of gastric (H*+K*)-ATPase, is a
H*-activated oxidizing agent of sulfhydryl groups. J. Biol.
Chem. 260:4591-4597

Jackson, R.J., Mendlein, J., Sachs., G. 1983. Interaction of fluo-
rescein isothiocyanate with the (H*+K*)-ATPase. Biochim.
Biophys. Acta 131:9-15

Jackson, R.J., Saccomani, G. 1984. Phosphorylation of gastric
(H*+K*)-ATPase by inorganic phosphate. Biophvs. J.
45:83¢

Jorgensen, P.L. 1974, Isolation of the NatK* ATPase. Methods
Enzymol. 32:272-298

Kaplan, J.H., Forbush, B.. lil, Hoffmann, J.F. 1978. Rapid pho-
tolytic release of adenosine-5 triphosphatase from a protected
analogue: Utilization by the Na: K pump of human red blood
cell ghosts. Biochemistrv 17:1929-1935

Karlish, S.J.D., Raphaeli, A., Stein, W.D. 1985. Transmem-
brane modulation of cation transport by the Na,K-pump. In:
The Sodium Pump. I.M. Glynn, and J.C. Ellory. editors. pp.
487-499. Company of Biologists, Cambridge

Lafaire, A.V., Schwarz. W. 1984, Voltage dependence of the
rheogenic Na*K* ATPase in the membrane from cocytes of
Xenopus laeris. J. Membrane Biol. 91:43-51

Larsson, H., Carlsson, E., Junggren, L.O., Sjostrand. S.E.,
Skanberg, 1., Sundell, S. 1983. Inhibition of gastric acid se-
cretion by omeprazole in the dog and rat. Gastroenterology
85:900--907

Lee, J., Simpson, G., Scholes, P. 1974. An ATPase from dog
gastric mucosa: Changes of outer pH in suspensions of mem-
brane vesicles accompanying ATP hydrolysis. Biochem.
Biophys. Res. Commun. 60:825-832

Lindberg, P., Nordberg, P.. Alminger, T., Briandstrom, A..
Wallmark, B. 1986. The mechanism of action of the gastric
secretion inhibitor omeprazole. J. Med. Chem. 29:1327-1329

Ljungstréom, M., Mardh, S. 1985. Kinetics of the acid pump in
the stomach. J. Biol. Chem. 260:5440-5444

Ljungstrom, M., Vega, F.V., Mérdh, S. 1984. Effects of pH on
the interaction of ligands with the (H*+K*)-ATPase purified
from pig gastric mucosa. Biochim. Biophys. Acta 769:220—
230

Lorentzon, P., Sachs, G., Wallmark, B. 1988. Inhibitory effects
of cations on the gastric H*K+ ATPase. A potential sensitive
step in the K*-limb of the pump cycle. J. Biol. Chem. 263:10,
705~10, 710

McCray, J.A., Herbette, L., Kihara, T., Trentham, D.R., 1980. A
new approach to time-resolved studies of ATP-requiring bio-
logical systems: Laserflash photolysis of caged ATP. Proc.
Natl. Acad. Sci. USA 77:7237-7241

Morii, M., Ishimura, N., Takeguchi, N. 1984. Quasi-elastic light
scattering studies of conformational states of the (H*+K¥)-
ATPase. Intervesicular aggregation of gastric vesicles by di-
sulfide cross-linking. Biochemistry 23:6818—-6821

Mueller, P., Rudin, D.O., Tien, H.T., Wescott, W.C. 1962. Re-

constitution of excitable cell membrane structure in vitro.
Circulation 26:1167-1171

Nagel, G., Fendier, K., Grell, E., Bamberg, E. 1987. Na* cur-
rents generated by the purified (Na*+K~*)-ATPase on planar
lipid membranes. Biochim. Bioplvs. Acta 901:239-249

Post, R.L., Kume, S., Tobin, T., Orcutt, B., Sen, A.K. 1969.
Flexibility of an active center in sodium plus potassium aden-
osine triphosphatase. J. Gen. Physiol. 54:3065-326s

Rabon. E., Gunther, R.D., Soumarmon, A., Bassilian. S., Le-
win, M., Sachs, G. [985. Solubilisation and reconstitution of
gastric (H*+K*)-ATPase. J. Biol. Chem. 260:10200-10207

Rabon, E., McFall, T., Sachs, G. 1982. The gastric (H*+K*)-
ATPase: HY/ATP stoichiometry. J. Biol. Chem. 257:6296~
6299

Ray, T.K., Forte, J.G. 1976. Studies on the phosphorylated in-
termediates of a K*-stimulated ATPase from rat gastric mu-
cosa. Biochim. Biophys. Acta 443:451-467

Reenstra, W.W., Forte. J.G. 1981. Proton/ATP stoichiometry
for the gastric (H*+K*)-ATPase. J. Membrane Biol. 61:55—
60

Sachs, G., Chang, H.H., Rabon, E., Schackmann, R., Lewin,
M., Saccomani, G. 1976. A non electrogenic H* pump in
plasma membranes of hog stomach. J. Biol. Chem. 251:7690-
7698

Sachs, G., Faller, L.D., Rabon, E. 1982. Proton/hydroxyl trans-
port in gastric and intestinal epithelia. J. Membrane Biol.
64:123-125

Schrijen, J.J., Luyben, W.A.H.M., De Pont, J.J.H.H.M., Bont-
ing, S.L. 1980. Studies on (K*+H™*)-ATPase . Essential ar-
ginine residue in its substrate binding center. Biochim.
Biophys. Acta 597:331-344

Schrijen, J.J., Van Groningen-Luyben, W.A.H.M., De Pont,
J.J.H.H.M., Bonting, S.L. 1981. Studies on (K*+H*)-
ATPase II. Role of sulfhydryl groups in its reaction mecha-
nism. Biochim. Biophys. Acta 640:473-486

Shull, G.E., Greeb, J. 1988. Molecular cloning of two isoforms of
the plasma membrane Ca* transporting ATPase from rat
brain. Structural and functional domains exhibit similarity to
(Na*+K™*)ATPase and other transport ATPases. J. Biol.
Chem. 263:8646-8657

Shull, G.E., Lingrel, J.B. 1986. Molecular cioning of the rat
stomach (H*+K*)ATPase. J. Biol. Chem. 261:16788-16791

Shull, G.E., Schwartz, A., Lingrel. J.B. 1985. Amino-acid se-
quence of the catalytic subunit of the (Na*+K*)-ATPase de-
duced from complementary DNA. Nature (London) 316:691~
695

Skrabanja, A.T.P., De Pont, J.J.H.H.M., Bonting, S.L. 1984.
The H*/ATP transport ratio of the (H*+K*)-ATPase of pig
gastric membrane vesicles. Biochim. Biophys. Acta T74:91-
95

Skrabanja, A.T.P., Van der Hijden, H.T.W.M., De Pont,
JJ.H.HM. 1987. Transport ratios of reconstituted
(H*+K*)ATPase. Biochim. Biophvs. Acta 903:434-440

Smith, G.S., Scholes, P.B. 1982. Stoichiometry of the (H*+K*)-
ATPase of dog gastric microsomes. Biochim. Biophys. Acta
688:803-807

Stewart, H.B., Wallmark, B., Sachs, G. 1981. The interaction of
H* and K* with the partial reactions of gastric (H*+K*)-
ATPase. J. Biol. Chem. 256:2682-2690

Thomas, R.C. 1969. Membrane current and intracellular sodium
changes in a snail neurone during extension of injected so-
dium. J. Physiol. (London) 201:495-514

Wallmark, B., Brandstrom, A., Larsson, H. 1984, Evidence for
acid-induced transformation of omeprazole into an active in-



256 H.T.W.M. van der Hijden et al.: Electrogenicity of Proton Translocation

hibitor of (H*+ K*)-ATPase within the parietal cell. Biochim.
Biophys. Acta 778:549--558

Wallmark, B., Mardh, S. 1979. Phosphorylation and dephos-
phorylation kinetics of potassium stimulated ATP phospho-
hydrolase from hog gastric mucosa. J. Biol. Chem.
254: 118991902

Wallmark, B., Stewart, H.B., Rabon, E.. Saccomani, G., Sachs,

G. 1980. The catalytic cycle of gastric (H*+K~)-ATPase. J.
Biol. Chem. 255:5313-5319

Walters, J.A.L.1., Bont, W.S. 1979. An improved method for the
separation of proteins by zonal electrophoresis on density
gradients. Anal. Biochem. 93:41-45

Received 21 July 1989: revised 31 October 1989



