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GENERAL INTRODUCTION

The secretory process in the stomach, which is able to generate a
proton-gradient of 10

or more across the gastric epithelium, appears to be

a clear example of an active transport mechanism. In analogy to other active
transport processes, it is reasonable to assume that the gastric acid
secretion is coupled to an ATP requiring mechanism. Thus it is necessary to
demonstrate the presence of a specialized ATP utilizing system in the apical
membrane of the acid secreting parietal cell, over which secretion takes
place.
In 1973 a К -stimulated ATPase activity was described, which appears
to be unique for the acid secreting fundic region of the gastric mucosa. In
1977, when the symposium on "Gastric Ion Transport" was held in Uppsala
(Sweden), there was already considerable circumstantial evidence that this
gastric К -stimulated ATPase system may be involved in the HCl secretion and
actually may be considered to be the gastric proton pump. Thus it has been
designated the (K +H )-ATPase system, in analogy to the (Na +K )-ATPase
system, which is responsible for the Na

and К

transport in most animal

cells. Since then the interest in this enzyme activity has been intensified.
Because of its remarkable resemblances to the other known transport ATPases,
+ +
2 + 2 +
(Na +K )-ATPase and (Ca

+Mg

)-ATPase, rapid progress has been made in

defining some of its key features.
The main purpose of our study was to investigate the mechanism of this
enzyme system, generally by comparing its structural and functional features
with those of the (Na +K )-ATPase system. First of all, the isolation of the
(К +H )-ATPase enzyme from gastric mucosa of rat, rabbit and pig and the
basic properties of its activity have been established (chapter 2). The
phospholipid requirement of the enzyme activity has been studied by means of
phospholipase С treatment (chapter 3 ) .
Group-specific reagentia such as the arginyl reagent butanedione (chapter
4) and the sulfhydryl reagent DTNB (chapter 5) appeared to be useful tools to
obtain more insight into the enzyme mechanism. Tentative conclusions from
these studies were tested by means of binding studies with the substrate

X

analogue AMPPNF (chapter 6 ) , leading to a model including a dimeriс
2+
.
.
.
conformation of the enzyme and a Mg -dependent subunit interaction. A
. .
2+
possible explanation for the model, i.e. dimerization upon addition of Mg ,
was tested by estimating the molecular size of the enzyme in the absence and
2+
presence of Mg
by means of radiation inactivation (chapter 7 ) . Finally,
kinetic studies were carried out to elucidate further the rather complicated
interactions of the enzyme with nucleotides and the cations essential for its
activity (chapter 8 ) .
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CHAPTER 1

GASTRIC ACID SECRETION AND ITS BIOCHEMICAL BASIS

1.1. INTRODUCTORY REMARKS

The stomach is a specialized part of the alimentary tract, located
between the esophagus and the small intestine. On the phylogenetic tree the
secretion of acid first appeared among the lowest vertebrates (Reite, 1972).
Gastric acid secretion appears to play a dual role: first, to assist the
digestion of food by pepsin, a proteolytic enzyme with very low optimal pH;
secondly, the sterilization of the upper gastrointestinal tract (Soil and
Grossman, 1978). Like most exocrine glands, the secretory function of the
stomach is carefully regulated by appropriate stimulants (acetylcholine,
histamine or gastrin). These stimulants do not only make the gastric mucosa
secrete pepsinogen and hydrochloric acid, but also mucus and bicarbonate
(Kauffman, 1980). The stomach is, therefore, an interesting organ from a
number of viewpoints, and indeed there are currently several concentrated
areas of research on secretion in the gastric mucosa.
Its most remarkable property, however, is the isotonic secretion of
large volumes of hydrochloric acid. This results in an enormous proton
gradient, since the acidity of the gastric juice can reach pH 0.8,
representing a proton gradient of 4.10

relative to the blood. Many

aspects of the gastric acid secretion have been and are still being
investigated: a) its neurohormonal control and stimulus-secretion coupling,
b) the morphological aspects of the secretion process, c) the energy source
for the secretion process and its metabolic aspects, d) the properties of
the secretory membrane and the transport characteristics of the intact
parietal cell, e) the subcellular transport involved in gastric acid
secretion. These areas of research on the gastric acid secretion have been
extensively reviewed in recent years (Rehm, 1972; Durbin, 1973a; Hersey,
1974; Sachs et al., 1977a, 1977b, 1977c, 1978; Sachs, 1977; Soil and

Grossman, 1978; Soll and Walsh, 1979; Machen and Forte, 1979; Forte et al.,
1980a).
This chapter is not intended to be a comprehensive review, but rather a
selection of observations which may help the reader to follow the gradually
increasing interest in the mechanism by which hydrochloric acid is secreted
into the gastric lumen. The choice of primary references is determined by
the topics, which are of particular interest to the author for the
discussion of his own observations.

1.2. HISTORICAL PERSPECTIVE

The contents of the stomach were already subject of investigation in
ancient times, but is was not until the sixteenth century when it was
recognized that gastric juice is acid. In those days, Paracelsus (1493-1541),
and Van Helmont (1557-1644) observed the acidity of gastric juice, but origin
and nature of the gastric acid long remained a subject of dispute (Baron,
1979). Van Helmont thought that the acid derived from the spleen, whilst
Sylvius, who was professor of medicine in Leiden from 1658 to 1672, thought
that pancreatic juice is mixed with bile in order to ferment and digest the
food. However, in the following century the existence of gastric acid was
forgotten and e.g. Boerhaave (professor in Leiden from 1701-1738) denied the
theories of both Van Helmont and Sylvius.
The rediscovery of gastric acid occurred in the nineteenth century, when
William Prout read his paper "On the nature of the acid and saline matters
usually existing in the stomachs of animals" to the Royal Society at London
(Prout, 1824). Independently, the German scientists Tiedemans and Gmelin
proved in 1824 that gastric acid is hydrochloric acid (Wälder, 1962; Baron,
1979). Nevertheless, throughout the nineteenth century there were many eminent
advocates of the assumption that it consists of lactic acid. Among them was
the famous physiologist Claude Bernard, who failed to detect hydrochloric
acid in gastric juice by the precipitation test with silver nitrate (Baron,
1973, 1979). This is probably due to the large excess of chlorides present
in gastric juice, leading to the formation of soluble chloro-complexes of

2

silver such as AgCl.

and AgCl"

(Sernka, 1979). It was not until 1930 that

Dodds and Robertson (1930) clearly showed that the lactic acid present in
gastric juice is produced by fermentation.
In an extensive review, Davies (1951) collected and arranged all
published suggestions regarding the means by which the stomach forms hydrochloric acid. He gave a clear survey of the position of the research on
gastric acid secretion in 1950. It had been known for a long time that the
mammalian stomach wall contains separate cells for the production of acid and
of digestive enzymes. Already in 1865, Heidenhain and Langlev assigned the
acid forming function to the parietal cell (Wälder, 1962). It was realized at
that time that the production of hydrochloric acid is a case of "ion
accumulation". In the period of 1920-1940 gastric acid research was in the
hands of physical chemists, but they failed to explain the enormous hydrogen
ion accumulation in the stomach. Thus the time became ripe for biochemists to
enter gastric research (Teorell, 1978). During and after World War II the
achievement of mounting an isolated mucosa between two plastic chambers and
still having it secrete acid marked a great step forward.
One clear trend during the last few decades was the move from whole body
and whole organ experiments to simpler systems, like isolated cells and
substructures of cells. This allowed to overcome the problem that the gastric
mucosa is composed of functionally different cells. As a result of relatively
recent developments in fundamental biomembrane research, leading to further
refinement of the techniques for purification of membranes, it is now
possible to overcome the three difficulties in the isolation of gastric
membranes: 1) separation of the plasma membranes of partietal cells from
those of other cells 2) separation of the plasma membranes from other
cellular membranes and 3) separation of the apical and basal plasma membranes.

In addition to this explanation, Sernka (1979) stated that Bernard's failure
can be understood by considering that he was a bachelor at the time he was a
Ph.D. student. His scientific productivity dates mainly from the period when
he was happily married.
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1.3. HISTOLOGY OF THE STOMACH AND ULTRASTRUCTURE OF THE PARIETAL CELL

The gastric epithelium can be roughly divided into two histologically
and functionally distinct regions: antrum and fundus-corpus. The tubelike,
muscular pyloric antrum does not secrete acid and pepsinogen, but appears to
be important for the hormonal control of gastric secretion, since histamine
releasing cells are located in this region. The fundus and corpus contain ca.
2
100 invaginations per mm of the single layered epithelium, which form the
gastric pits. Generally, four or five gastric glands open into a gastric pit,
where HCl and pepsinogen are secreted into the gastric lumen. Mucus-secreting,
surface epithelial cells cover the luminal aspect and project down into the
gastric gland. In the mammalian stomach the lower and middle part of the
gland are lined with enzyme secreting cells (chief cells) and acid secreting
cells (parietal cells). Mucus neck cells and a few argentaffin (silver
staining) cells are also present.
The parietal cell contains a well developed Golgi apparatus, numerous
large mitochondria as well as intracellular canaliculi with stubby microvilli
(Ito et al., 1977). The most striking morphological feature of the nonsecreting parietal cell is the abundance of tubulovesicular membranes, whereas
the microvilli at the luminal membrane are few and small. In the presence of
secretagogues, such as acetylcholine, gastrin and histamine, the cell undergoes a marked morphological transformation (Sedar and Wiebelhaus, 1972;
Helander and Hirschowitz, 1972, 1974; Ito and Schofield, 1974; Forte et al.,
1975a; Ito et al., 1977). The number of tubulovesicles decreases and the
apical surface is very much enlarged by means of long and extensive
membranes projections into the cell, known as secretory canaliculi, and an
abundance of long microvilli is formed (Fig. 1.1). The cytoplasmic
tubulovesicular system contributes to the increase of the cell surface by
direct fusion. When secretion stops, the parietal cell structure reverts to
the inactive configuration.
The observation that the total membrane surface area is hardly changed
(Helander and Hirschowitz, 1972) forms an important basis for the membrane
recycling hypothesis (Forte et al., 1977a). Recently, it has been suggested
that the tubulovesicular membrane movement after the onset of the acid
secretion may be regulated by cytoskeletal structures like microfilaments
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DIAGRAM OF A MAMMALIAN PARIETAL CELL
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and microtubules

(Forte et al., 1980b). On the other hand, Berglindh et al.

(1980a) proposed that the formation of the secretory canaliculi is osmotically
induced. They postulated that collapsed canaliculi of the resting cells expand
due to the influx of KCl into the canalicular lumen. In any case,
morphological changes accompanying the stimulation of acid secretion are now
well documented and widely accepted.

1.4. SOURCE OF ENERGY FOR GASTRIC ACID SECRETION

Initially, a redox-driven pump as a source of proton generation was
proposed to explain the relation between HCl secretion and energy metabolism.
There has been a lengthy dispute over ATPase versus redox models (Heinz and
öbrink, 1954; Hersey, 1974; Sachs et al., 1976a, 1977a). This is understandable in view of the large number of mitochondria in the parietal cell,
which suggests a primary role of energy metabolism in secretion by a link
between the mitochondrial respiratory chain and a plasma membrane redox pump
for the reoxidation of reduced substrate. Direct measurements of metabolites
indicate that the citric acid cycle activity is the major source of energy
for proton secretion and that glycolysis and probably fatty acid oxidation
are stimulated to provide substrate for this pathway (Sachs et al., 1978).
However, there is little evidence for a specific increase in any substrate
that may act as a redox donor to a plasma membrane dehydrogenase. On the
other hand, the many mitochondria may simply function as a source of ATP.
Measurement of the phosphorylation potential (ATP/ADP+Pi) in dog gastric
biopsies showed the expected decrease upon stimulation of secretion, but no
changes in the ATP: ADP ratio (Sarau et al., 1975), which is ascribed to a
sufficiently abundant adenylate kinase maintaining an equilibrium between
ATP, AMP and ADP (Sachs et al., 1978). Proof that ATP can act as a substrate
for proton secretion and that an additional energy source does not seem to
be required was recently obtained by Berglindh et al. (1980b) in experiments,
where a high voltage pulse was used to make pores in the cell membrane. The
electric shock procedure reduced the ability of the parietal cell to secrete
acid, but 5 mM ATP was able to restore the acid secretory parameters (e.g.
aminopyrine uptake) in shocked cells in the presence of 108 mM К .
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1.5. THE SEARCH FOR A GASTRIC ATPase

The search for a specific gastric ATPase is not surprising when an ATP
based mechanism for gastric acid secretion is assumed. A transport ATPase
system can be defined as a protein complex catalyzing the breakdown of ATP
which is coupled to the production of an electrochemical gradient of one or
more solutes.
A first possibility appeared to be the (Na +K )-ATPase, which has been
shown to represent the active Na

transport system in nearly all animal cells.

The localization of this enzyme in gastric mucosa of different species has
been demonstrated (Forte and Lee, 1977). Studies of Hansen et al. (1972, 1975)
indicated that the (Na +K )-ATPase system plays a crucial but indirect role in
gastric acid secretion by maintaining the cation gradients in gastric
epithelial cells, more particularly their high К

content. The (Na +K ) -

ATPase is most probably located in the basolateral plasma membrane (Machen
and Forte, 1979), which also excludes a direct role of this system in hydrogen
ion secretion.
A second candidate was a HCO_ -stimulated ATPase present in gastric
mucosa. Kasbekar and Durbin (1965), who first detected this activity in the
microsomal fraction of frog gastric mucosa, produced a hypothetical model for
2+
the role of this anion-sensitive Mg -ATPase in gastric acid secretion
(Durbin and Kasbekar, 1965). The inhibition of both the HCO, -ATPase activity
and gastric acid secretion by thiocyanate, as well as the inhibition of acid
secretion by the carbonic anhydrase inhibitor acetazolamide, appeared to
favour their model. A number of investigators pursued the characterization of
this ATPase (De Pont et al., 1972; Spenney et al., 1973). For the proposed
role of the HCO. -ATPase in gastric acid secretion the enzyme system would
have to be located in the secretory membrane, i.e. the apical or canalicular
plasma membrane. However, this location of the enzyme was disputed by
Soumarmon et al. (1974), who suggested a mitochondrial localization.
Thorough studies of Van Amelsvoort et al. (1977) have confirmed that the
presence of this enzyme activity in the microsomal fraction is due to
contamination with mitochondrial inner membranes, as suggested by the effects
of inhibitors of mitochondrial Mg-ATPase, the subunit composition of the
purified enzyme and the phospholipid composition of the isolated membranes.
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The earlier erroneous conclusions appeared to be due Co too drastic
homogenization procedures and centrifugation tunes too short to reach
equilibrium (Bonting et al., 1980).
Soon after the initial report on the HCO, -ATPase, Forte et al. (1967)
reported that a К -stimulated p-nitrophenylphosphatase (pNPPase) activity
is present in gastric mucosa. This enzyme activity is insensitive to ouabain,
thiocyanate and Na . The ouabain insensitivity distinguishes it from the
K-pNPPase activity, which is present in (Na +K )-ATPase preparations. In
tadpoles the appearance of this activity coincides with the development of
acid secretion (Limlomwongse and Forte, 1970), and there appears to be a
correlation between the enzyme activity and the rate of acid secretion as well
as the morphological changes in the acid secreting cells (Durbin and Kircher,
1973). Moreover, a role of К

in the process of gastric acid secretion had
+
from the

already been established through the observation that removal of К

serosal bathing medium inhibits acid secretion by isolated gastric mucosa of
the lizard (Sedar and Wiebelhaus, 1972; Hansen et al., 1975), while readdition
of К

to the bathing medium results in rapid restoration of acid secretion. In

spite of this strong circumstantial evidence, a direct relation between this
enzyme activity and gastric proton secretion remained unnoticed until the
group of Forte indicated that the K-pNPPase appears to be a partial reaction
of a gastric К -stimulated ATPase activity. This claim was based on the
observation that both enzyme activities increase in parallel during
purification (Ganser and Forte, 1973a; Forte et al., 1974, 1975b).

1.6. GASTRIC (K++H+)-ATPase

1.6.1 Introductory Remarks
The К -ATPase activity appeared to be purified in vesicular structures,
since its activity could be stimulated by К -ionophores (valinomycin,
nigericin, gramicidin) and this effect was abolished after gentle disruption
techniques (Ganser and Forte, 1973b; Forte et al., 1974). The relation between
the К -ATPase activity and gastric acid secretion became clear by the
observation of Lee et al. (1974) that addition of ATP to a gastric vesicle
suspension results in alkalinization of the medium, indicating proton uptake
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by the vesicles. More recent publications by the group of Sachs (Sachs et al.,
1976b; Chang et al., 1977) indicate that this proton uptake is accompanied by
a К -efflux in electroneutral fashion. Hence, we use the abbreviation (К +H ) ATPase for the enzyme system. At this moment there are many additional
indications that the enzyme is indeed involved in gastric acid secretion. The
(К +H )-ATPase occurs only in the acid secreting regions of the stomach
(Forte et al., 1974, 1975) and immunocytochemical studies show that it is
located on the apical side of the parietal eel (Saccomani et al., 1979a). The
organization of membrane particles in freeze-fracture electromicroscopical
pictures also indicate a tubulovesicular origin of the isolated fraction (Lee
et al., 1979). Several reviews on this interesting enzyme have been published
(Forte and Lee, 1977; Sachs, 1977; Schuurmans Stekhoven and Bonting, 1981;
De Pont and Bonting, 1981), whilst it is also extensively discussed in reviews
on gastric acid secretion (Sachs et al., 1977b, 1977c, 1978; Machen and Forte,
1979; Forte et al., 1980a). Fig. 1.2 shows a schematic model of the gastric
parietal cell with the known transport processes.
There are, however, a number of problems, which must be settled before
the data from isolated gastric vesicles can be satisfactorily fitted in the
HCl secretion process (Forte et al., 1980). Among these is the fact that the
maximum pH gradient observed in vesicles is much lower than the pH gradient
of 6 or more reached in vivo. Another problem is the nature of the proton
pump, which seems to be either electrogenic or electroneutral depending on
monomeric or dimeric configuration of the ATPase molecules, induced by
different techniques for artificial membrane reconstitution (Goodall and
Sachs, 1977a, 1977b; Sachs et al., 1978). A third problem is the activation
of the gastric acid secretion and the (K +H )-ATPase. The acid secretion
could be "fusion-activated", indicating that the net HCl secretion requires
fusion of the tubulovesicles to the apical plasma membrane, which implies a
fully activated pump in the tubulovesicular system of the resting parietal
cell (Forte et al., 1980). Another possibility is that a stimulus-secretioncoupling process regulates the proton pump activity. In this connection it
2+ .
. .
+ .
may be relevant that Ca
ions may have a similar effect as К -ìonophores on
2+
the enzyme activity (Proverbio and Michelangeli, 1978), and that a Ca
sensitive endogenous activator has been reported by (Ray, 1978). Another
+
.
2+
possibility would be that H pump activity is controlled by a cAMP or Ca
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apical

basal
Fig. 1•2 Diagram of gastric epithelial transport processes
(modified_from Forte et al., 1980). E: С1~/НС0з~ exchange;
+
+
+
+
+
+
S: Na /Cl and K /C1~ symport; ATP: (Na +K )- and (K +H )-ATPase.
dependent kinase activity (Sachs et al., 1980a), which phosphorylates e.g. a
membrane protein, regulating KCl permeability.
The neutral Κ /H

exchange model (Sachs et al., 1976b) and the ionophore

induced activation of the (K +H )-ATPase (Ganser and Forte, 1973b; Saccomani
et al., 1977) suggest that the availability of К

ions at the luminal aspect

of the apical membrane would be critical and rate limiting for H

secretion.

However, in intact gastric mucosa proton secretion is only dependent on
serosal К

and not on mucosal К

the model shown in Fig. 1.2 К
membrane face.
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(Forte et al., 1980a), which explains why in
has to be largely recycled in or near the

1.6.2 Occurrence and Purification
The (К +H )-ATPase occurs in a low density plasma membrane fraction,
which has so far been isolated from the gastric mucosa of six species:
bullfrog (Ganser and Forte, 1973a), chicken (Forte and Lee, 1977), rabbit
(Forte et al., 1974), dog (Lee et al., 1974), pig (Forte et al., 1975b;
Saccomani et al., 1977) and man (Saccomani et al., 1979d). The enzyme has thus
far not been observed in the gastric mucosa of the amphibian Necturus (Sachs
et al., 1977b, p. 147; 1978, p. 151) and the cod (Fellenius et al., 1981a).
Contradictory reports exist about the occurrence of the enzyme system in the
rat: it has not been found by Sachs et al. (1977b, p. 147), but Forte et al.
(1976) and Shaltz et al. (1981) claim they have demonstrated it. The (K + H + ) ATPase seems to be unique f or the gastric mucosa (Forte et al., 1974, 1975b),
although recently a similar enzyme activity has been reported in an apical
membrane fraction of rabbit colon (Gustin et al., 1980). The enzyme is not
found in pancreas and bakers yeast (Sachs et al., 1977b, p. 147), and in
rabbit liver, kidney and brain (Forte et al., 1976).
Several procedures have been applied for its purification. Generally,
scrapings of the fundic mucosa are homogenized in isotonic buffer solution.
After differential centrifugation, the post-mitochondrial or the microsomal
fraction is further purified by means of discontinuous or continuous density
gradient centrifugations (Ganser and Forte, 1973a; Forte et al., 1975;
Saccomani et al., 1977). The main activity is found in a membrane fraction
with a density of 1.10 - 1.15. Very recently, Wolosin and Forte (1981a) have
reported that the density of the active membrane fraction may be dependent
on the metabolic condition of the stomach. Stimulation of the parietal cells
results in a heavier type of membrane. There would also be functional
differences between (K +H )-ATPase containing membranes isolated from
resting and from stimulated rabbit fundic mucosa, for a high К -permeability
mechanism appears to be present in the stimulation associated membranes,
eliminating the need of an exogenous added ionophore to attain efficient H
uptake (Wolosin and Forte, 1981b).
Gradient isolated membranes can be further purified by means of free
flow electrophoresis in the presence of Mg-ATP (Saccomani et al., 1977), which
removes nearly completely mitochondrial markers (cytochrome с oxidase,
succinate dehydrogenase, monoaminoxidase) and ribosomal markers (RNA).
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The specific activity of the (K +H )-ATPase in free flow electrophoretically purified preparations from pig gastric mucosa ranges from 120 to
160 umol Pi mg

protein h

(Saccomani et al., 1979b). The latter fractions

show at least a 40-fold purification over the origninal homogenate. During
+
2+
purification the basal, К -insensitive Mg

"ATPase activity is lowered, but

even in the purest preparations a minor amount of this enzyme activity is
still present, leading to speculations whether this activity is due to
contamination (Saccomani et al., 1977) or represents an inherent property of
the (K +H )-ATPase system (Wallmark et al., 1980; Sen and Ray, 1980;
Saccomani et al., 1979c; Stewart et al., 1981). Evidence for a vesicular
nature of the isolated membrane fraction, discussed in the previous section,
was confirmed by electronmicroscopic observations of smooth surfaced
vesicles with a diameter of 0.1 - 0.4 pm (Forte et al., 1975b; Saccomani et
al., 1977; Lee et al., 1979).
SDS gelelectrophoresis indicates that the isolated vesicle fraction
contains a protein with an apparent MW»100,000, which comprises more than
75% of the total amount of membrane protein (Sachs et al., 1976b; Saccomani
et al., 1977). This is about the same molecular weight as found for the
catalytic subunit of the other transport ATPases. From the results obtained
after tryptic digestion, Saccomani et al. (1979b) concluded that the
100,000 MW band consists of three separate proteins: a catalytic subunit,
a glycoprotein and a third unknown protein. The many bands observed after
isoelectrofocussing (Sachs et al., 1979)may indicate that the glycoprotein is
heterogenious with regard to its oligosaccharide components, as has also been
reported for the ß-subunit of the (Na +K )-ATPase (Marshall and Hokin, 1979).
The cabohydrate content of the purified enzyme would amount to 28 mg
per 100 mg protein, and is characterized by a large amount of glucose and
the absence of neuraminic acid (Sachs et al., 1980a).
1.6.3 Enzymatic Properties
Gastric (K +H )-ATPase has a high substrate specificity for ATP, since
the activities for CTP and GTP are only 15% and 12%, respectively, of that
for ATP, while no activity is found with ADP, AMP, AMPPNP, AMPPCP and ITP
Sachs et al., 1976b). Values reported for the Km of ATP vary between 5 μΜ
(Ray and Forte, 1976) and 100 yM (Sachs et al., 1978, p. 155). More recently,
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however, high and low affinity sites for ATP are reported (Sachs et al.,
1980a; Wallmark et al., 1980).
ATP and pNPP are mutually competitive for their hydrolysis. However, the
effects of tryptic digestion suggest that there are different catalytic sites
for ATP and pNPP (Saccomani et al., 1979b). This was later confirmed by
modification studies with diethylpyrocarbonate (DEPC), which suggest the
presence of a histidine group in the ATP site, but not in the pNPP site
(Saccomani et al., 1980).
Besides К

ions, other monovalent cations are also able to stimulate

gastric ATPase activity. In 20 mM concentration of their chlorides they show
the following order of effectiveness (KC1=100): T l + > K + (100) > Rb + (76) > NH, +
(20) > Cs + (16) (Sachs et al., 1976b; Forte et al., 1980a). The same order is
found for the apparent affinity of these cations, but the maximal rate of
hydrolysis appears to be independent of the cation used (Forte et al., 1976).
The enzyme activity is only slightly or not affected by Na , Li

or ouabain

(Ganser and Forte, 1973a; Forte et al., 1976). The (К +H )-ATPase activity is
not changed at replacement of the CI

ions by acetate

or HCO, , indicating

that the cation is primarily responsible (Forte et al., 1975b). Evidence that
the К -pNPPase and (К +H )-ATPase are properties of one and the same enzyme
was obtained not only from their copurif ication and identical cation selectivity,
but also from a similar response to inhibitors (Sachs et al., 1978, p. 152).
The catalytic cycle of gastric (К +H )-ATPase involves several definable
steps. After binding of the substrate the γ-phosphate of ATP is transferred
2+
dependent reaction

and a phosphorylated intermediate is formed in a Mg

(Ray and Forte, 1976). The intermediate is quite stable at acidic pH, which
together with the sensitivity to hydroxylamine, suggests an acyl-phosphate
linkage. These findings are similar to those obtained for the other known
transport ATPases (Schuurmans Stekhoven and Bonting, 1981), and suggest that
the phosphate is linked to the carboxylgroup of an aspartyl or glutamylresidue
on the 100.000 MW catalytic subunit.
Hydrolysis of the phosphoprotein to free enzyme and Pi is catalyzed by
К

ions and it is assumed that the К -stimulated p-nitrophenylphosphatase

activity reflects this step. Other activating monovalent cations also promote
2+ .
this Mg -independent dephosphorylation, and the rate as well as the final
level appears to be dependent on the nature of the cation (Ray and Forte, 1976)
with the same order of effectiveness as for their activating effect on the
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enzyme activity (Tl

> К

> Rb ).

The (К +Н )-ATPase activity, and also the proton uptake by the gastric
vesicles, is twice as sensitive as the pNPPase activity to irradiation by
ultraviolet light (Sachs et al., 1977c; Chang et al., 1977). Combined with
the observation that the antibody against the ATPase can maximally inactivate
the К -pNPPase activity only to 40% (Saccomani et al., 1979a), this may
suggest that for the (K +H )-ATPase activity a dimer of two catalytic subunits
is required, whilst for pNPPase activity one catalytic subunit would be
sufficient.
The binding constant K. for К

increases with decreasing pH (Lee et

al., 1979) and with increasing ATP concentration (Sachs et al., 1980a). This
has led to a large variation in the reported values for K,. The previously
+
mentioned stimulation of the enzyme activity by К -ìonophores under isotonic
conditions in fresh membrane preparations indicates that the К

binding site

is located at the intravesicular side of the membrane. The pH optimum of
(К +H )-ATPase has previously been reported to be 7.5 (Forte et al., 1975b),
but more recent papers indicate that the pH optimum is influenced by the К
concentration (Lee et al., 1979). Summarizing, it can be said that ATP,
monovalent cations and protons affect the gastric (К +H )-ATPase in a complex
way, and that the data obtained by varying one of these substances are
dependent on the concentrations of the other two ligands.

Various inhibitors of the (К +H )-ATPase activity have been described. The
2+
, F (Ganser and Forte, 1973a; Ray and Forte, 1976),

mechanism of action of Zn

vanadate (O'Neil et al., 1979) and dipicrylamine (Sachs et al., 1976b) are
unknown. Reagents like p-chloromercuribenzene sulfonate (Sachs et al., 1976b)
and NEM (Ray and Forte, 1976) inhibit the enzyme by reacting with sulfhydryl
groups. The reagent 2,4,6-trinitrobenzene sulfonic acid (TNBS) and other
aminogroup specific reagents also inhibit the enzyme (Ray et al., 1980).
Sachs and coworkers used reagents modifying histidyl residues or carboxyl
groups, such as diethylpyrocarbonate (DEPC) and Ν,Ν'-ethoxy carboxyl2-ethoxy-l,2 dihydroquinoline (EEDQ), respectively (Saccomani et al., 1980).
Their studies lead to the conclusion that a carboxylgroup with a pKa value
above pH 6.5, as deduced from the pH dependence of inactivation, may be
involved in binding of К

ions. Modification by DEPC results in rapid

inactivation, which can be partially protected by ATP. From these studies
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the authors conclude that a histidine group is present in the catalytic site.
Inactivation of the gastric (K +H )-ATPase is also obtained after mild
treatment with the proteolytic enzyme trypsin (Saccomani et al., 1979b). The
rate of loss of activity as well as the resulting peptides appear to be
dependent on the presence of ligands such as ATP, ADP, Na

and Κ , suggesting

the occurrence of specific ion-induced conformations of the enzyme.
Attemps to obtain specific inhibition of the enzyme with antibodies,
evoked by injecting rabbits with electrophoretically purified pig (К +H ) ATPase, has so far failed. Only two out of five antibody preparations were
inhibitory, and then only for maximally 80% (Saccomani et al., 1979a).
Recently, a group of gastric acid secretion inhibitors, substituted
benzimidazoles, has been developed. Thorough studies indicate that the
inhibitory action of these substances on acid secretion by isolated gastric
mucosa of guinea pig (Sjöstrand et al., 1978) is due to their potent and
specific inhibition of the (K +H )-ATPase activity (Fellenius et al., 1980,
1981b).This group of inhibitors may mean a great step forward in the field of
(К +H )-ATPase research.

1.6.4 Phospholipid Dependence
The (К +H )-ATPase enriched vesicle membrane preparation contains, in
addition to protein, considerable amounts of cholesterol and phospholipids
(Sen and Ray, 1979a, 1979b; Saccomani et al., 1979c). Before it was realised
that (K +H )-ATPase and К -pNPPase represent the same enzyme, the latter
activity was shown to be sensitive to phospholipase С treatment and acetone
extraction (Forte et al., 1967; Limlomwongse et al., 1970). Thus it seems
reasonable to assume that the (К +H )-ATPase activity also exhibits
phospholipid dependence.
Temperature dependence of proton uptake (Chang et al., 1977) and
(К +H )-ATPase activity (Sachs et al., 1980a), plotted as Arrhenius plots,
shows transition points at 22 С and 28 C, respectively. A transition point of
14 С was reported by Lee et al. (1979) for the ionophore-stimulated part of
the ATPase activity in freshly prepared membranes under isotonic conditions.
The ionophore insensitive activity shows no such transition, which is also
the case for the fluorescence polarization signal of diphenylhexatriene, a
probe of bulk lipid viscosity (Sachs et al., 1980a). These results indicate
that care should be taken with the interpretation of discontinuities in
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Arrhenius plots. They are often considered to reflect lipid phase transitions
and thus to indicate a lipid dependence of membrane bound enzymes, but a
temperature dependent change in the protein moiety of the lipoprotein may
also be responsible (Frenkel et al., 1980).
Recent papers dealing with the phospholipid composition of vesicles from
pig gastric mucosa (Sen and Ray, 1979a, 1979b, 1980 vs. Saccomani et al.,
1979c) show considerable differences in total phospholipid content (184 vs.
625 mg per g protein) and the relative amounts of phosphatidylserine (1 vs.
11%) and phosphatidylethanolamine (40 vs. 22%). These two groups have used
different methods for the investigation of protein-lipid interactions.
Saccomani et al. (1979c) treat the vesicles with phospholipase A. and obtain
75% inactivation of the (K +H )-ATPase activity, when 50% of the phospho
lipids is hydrolyzed. Sen and Ray

(1979a, 1979b) extract the phospholipids

with 15% (v/v) ethanol for 60 sec. at 37 С and find complete inhibition of
the ATPase activity when only 6% of the phospholipids is removed.
Surprisingly, these authors claim that lipids from the immediate environment
of the enzyme molecules are preferentially extracted under these circumstances.
Upon adding exogenous phospholipids to partially delipidated vesicles, the
two groups also report different reactivation efficiencies for the various
phospholipids: P E > PC > PS (Saccomani et al., 1979c; Sachs et al., 1979)
against PC > PE and no effect of PS, PI and sphingomyelin (Sen and Ray, 1980).
The fatty acid chain composition of synthetic PC used for reactivation has
little effect: distearoyl (18:0), dioleoyl (18:1) and dilinoleoyl (18:2)
derivatives are almost equally effective, whilst dipalmitoyl (16:0)phoephatidylcholine is somewhat less effective (Sen and Ray, 1980).

1.6.5 Transport Capacity of Gastric Vesicles
In a suspension of microsomes from dog gastric mucosa Lee et al.
(1974) first observed that addition of ATP in the presence of К
2+
Mg
results in alkalimzation of the medium . Hence, these

and

authors suggested an ATP-utilizing proton transport into the vesicles by
means of a Η /К

exchange mechanism. This interpretation was further

confirmed by the effects observed upon addition of К -ionophores or
disruption of vesicular integrity.
Since then Sachs and coworkers and others have reported additional data
on vesicular transport. The cation dependence of proton uptake shows the
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same order of effectiveness as the ATPase activity (Sachs et al., 1976b),
except for ΤΙ , which strongly stimulates the ATPase but inhibits proton
transport (Sachs et al., 1980a, 1980c) due to the uncoupling of the ATPase
activity from cation and H

transport as a result of the lipid permeation of

Tl , which induces a Tl /H

antiport (Sachs and Rabon, 1980). Vesicles,

previously equilibrated with Rb , extrude the Rb

ions upon addition of ATP

with the same pH optimum as the ATPase activity (Schackmann et al., 1977).
In combination with data from the distribution of thiocyanate (a lipophilic
anion) and the fluorescent membrane potential probe anilinonaphtosulfonic
acid (Lewin et al., 1977), it was suggested that gastric vesicles possess a
neutral Κ /H

exchange mechanism. Electroneutrality of the Rb

extrusion in

exchange for proton uptake was concluded from the observations that
valinomycin does not enhance and lipid permeable anions do not reduce the
+
—
46 Rb

efflux, and that the coupled CI

flux in

CI

equilibrated vesicles is

not changed upon addition of ATP (Sachs et al., 1976b; Schackmann et al.,
1977; Chang et al., 1977).
Measurement of proton uptake with a pH electrode has the disadvantage
that it is strictly limited to a medium-pH of 6.1 at an ionic strength of
approx. 0.2, since otherwise ATP hydrolysis as such would cause a net pH
change of the medium (Lee and Forte, 1978).
A different approach to study proton transport in gastric microsomal
vesicles is by following the fluorescence quenching of weak bases as acridine
orange, 9-amino acridine and quinacrine (Lee and Forte, 1978; Rabon et al.,
1978). The degree of quenching is an index for the intravesicular pH, because
these dyes are permeable in the neutral form but impermeable in the charged
form, so that acidification of the vesicle interior will lead to base
accumulation. The method is based on the assumption that intravesicular
protonated dyes do not fluoresce. With this method Lee et al. (1979) found
that proton uptake depends on the permeability of the anion accompanying Κ ,
which decreases in the order N0_ > Br > CI > I pa acetate. From the many data
regarding the transporting properties of gastric vesicles (for reviews see:
Sachs et al., 1978; Machen and Forte, 1979; Forte et al., 1980; De Pont and
Bonting, 1981) a pump-leak model for the vesicular transport system with a
К /H

pump and passive conductances for К , Cl

and H

ions has been

postulated by Lee et al. (1979), shown in Fig. 1.3.
An unresolved problem concerns the stoichiometry of the number of

17

Fig. 1.3 A pump-leak model for the transport system of
gastric vesicles (from Lee et al.,1979).

protons transported per molecule of ATP hydrolyzed. The maximal electro
chemical gradient that can be produced by an ion-translocating ATPase is
related to the free energy of hydrolysis of ATP and this stoichiometry. The
pH of the luminal solution of intact mucosa at maximal secretion is less than
1. At this proton gradient the transport of 1 mol of H

would require about

9-10 kcal (Chang et al., 1977; Reenstra et al., 1980; Reenstra and Forte,
1981). Since AG ATP = ІЗксаІ/mole, this indicates a stoichiometric H /ATP
ratio of 1. A difficulty is the fact that ATP-dependent pH gradients formed
by gastric vesicles always have been found to be significantly less than 10
(Lee and Forte, 1978; Rabon et al., 1978; Lee et al., 1979), which could be
due to an increased passive efflux of protons.
Previous studies have

reported

stoichiometrics of 3.5 Rb

ions

(Schackmann et al., 1977) and 4.1 protons per ATP (Sachs et al., 1976b; Chang
et al., 1977), which are inconsistent with a role of (K +H )-ATPase as the
sole gastric H

pump. In a reexamination of the discrepancy, Reenstra and

Forte (1981) obtained results which are consistent with a H /ATP ratio of
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1.0, whilst Sachs et al. (1980b) reported a stoichiometry of 2.0 at pH 6.1
and a К

concentration of 150 mM at both sides of the vesicle membrane.

1.7 AIMS OF THIS STUDY

The purpose of this study is to isolate and purify (К +H )-ATFase
containing membranes from gastric tissue and to gain more information about
the structural and functional aspects of this enzyme.
Isolation of (К +H )-ATPase preparations from the gastric mucosa of rat,
rabbit and pig is described in chapter 2. This chapter also deals with a
number of basic properties and characteristics of the (К +H )-ATPase from pig
gastric mucosa, since this preparation is used in the studies of the
subsequent chapters. The phospholipid dependence of the enzyme is investigated
by means of phospholipase С treatment as described in chapter 3.
Chemical modification of the enzyme with group specific reagents is
applied in order to gain insight into the enzyme mechanism. The effects of
arginine modification with butanedione are reported in chapter 4. The role of
sulfhydryl groups in the react
reaction mechanism of the gastric (К +H )-ATPase is
studied with DTNB (chapter 5).
The remarkable effects of essential ions (Mg

2+

+
, К ) on the protective

effects of nucleotides on modification suggest that these ions induce
specific conformational states of the enzyme, which may be characterized by
different degrees of substrate binding. A direct study of substrate binding
under the influence of these ions is presented in chapter 6. In order to
avoid complicating effects of phosphorylation, the non-phosphorylating ATPanalogue AMPPNP is used. The findings are interpreted in terms of a dimeriс
2+
model of the gastric ATPase with a Mg -regulated subunit interaction.
A possible explanation for the model, i.e. dimerization upon addition
2+
of Mg , is tested by estimating the molecular size of the enzyme by means
2+
of radiation inactivation in the presence and absence of Mg
(chapter 7 ) .
Chapter 8 contains the data from kinetic studies, which are carried out to
elucidate further the rather complicated interactions of the gastric (К +H )ATPase with nucleotides and the cations essential for its activity.
Finally, chapter 9 is a general discussion of our findings and their
implications.
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CHAPTER 2
ISOLATION AND GENERAL CHARACTERISTICS OF GASTRIC (K++H+)-ATPase

2.1 INTRODUCTION

The isolation and purification of (K +H )-ATPase containing membranes
from gastric mucosa of pig and rabbit is carried out in an attempt to obtain
a membrane fraction with high enzyme activity and with similar properties as
the gastric vesicles described by other investigators. Special attention is
paid to the occurrence of (K +H )-ATPase in the rat, since contradictory
reports have appeared in the literature. In most previous studies the (K +H )ATPase activity is defined as the difference between ATP hydrolysis in media
with and without KCl. In order to establish optimal conditions for the
standard assay of gastric (K +H )-ATPase activity, we have not only
investigated the effects of'pH, ionic strength and KCl concentration, but
also those of other substances which may affect the enzyme activity. We
compare the observed characteristics with those reported by others for
gastric (K +H )-ATPase or other transport ATPases.
We also report analytical data characterizing the isolated vesicle
membrane and its proteins. Consequently this chapter describes materials,
procedures and determinations, which have been used throughout our study.
Methods which are restricted to detailed parts of the study are presented
in the relevant chapters.

2.2 MATERIALS

All nucleotides (usually Na-salts) are obtained from Boehringer
(Mannheim, FRG),

C-ADP,
32

(Amersham, England),

H-ATP and γ

P-ATP from the Radiochemical Center
3

Pi from NEN-chemicals (Frankfurt, FRG), (2,8- H)AMPPNP

from ICN Pharmaceuticals (Cleveland, OH, USA), Dowex 50W-X4 from Fluka (Buchs,
Switzerland), Trizma-base, bovine serum albumin (fraction V ) , gramicidin and
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valinomycin from Sigma (St. Louis, MO, USA), Coomassie Brilliant Blue R-250
from Serva (Heidelberg, FRG), Pico-Fluor from Packard (Brussels, Belgium),
Sephadex from Pharmacia (Uppsala, Sweden) and Ampholine from LKB, Sweden. All
other chemicals are from Merck (Darmstadt, FRG) and are of the highest
available purity.
If Na -free media are required, we convert the Na.ATP for at least 98%
to the Tris-salt by passage over a Dowex-50 column (H -form), equilibrated
with Tris-HCl (pH 6.0).

2.3 METHODS

2.3.1 Isolation and Purification of (Κ +H )-ATPase-containing Membranes
Pig gastric mucosa has generally been used for the isolation of the
gastric vesicle membranes. The procedure has been derived from methods
published by the groups of Forte (Forte et al., 1974; Ray and Forte, 1976;
Lee and Forte, 1978) and Sachs (Saccomani et al., 1977). The same procedure
has been applied for rabbit and rat stomach.
Stomachs of freshly slaughtered pigs are obtained from the local
slaughterhouse. The stomach content is removed with tap water, and the
rinsed stomach is transported to the laboratory in icecold 3 M NaClsolution (ca. 20 min.). All subsequent manipulations and fractionations are
carried out at 0-4 C. The tissue is vigorously wiped with paper towels to
remove mucus. The strongly folded mucosa of the fundic region is then
scraped from the underlying muscular layer with the aid of a spatula. The
scrapings are placed in 5 vols, buffer solution (113 mM mannitol, 37 mM
sucrose, 0.2 mM EDTA, 5 mM Tris-HCl, pH 7.4) and are homogenized with a
teflon-glass homogenizer (Braun) by 5 up-down strokes of the rotating pestle
(1000 rev./min.). After filtration over four layers of surgical gauze, the
homogenate is centrifuged for 20 min. at 20,000 g. From the supernatant
40 ml are layered over 8 ml 37% (W/v) sucrose in 25 mM Tris-HCl (pH 7.4) in
48 ml screw-cap tubes, which are centrifuged for 45 minutes at 100.000 g in
an IEC В 60 ultracentrifuge (rotor 410) or a MSE Prepsin 50 (8 χ 50 rotor).
The membrane fraction at the interface of the supernatant and the
sucrose layer is collected by suction and is diluted with 25 mM Tris-HCl
(pH 7.4) to less than 15% ( /v) sucrose. Subsequently the diluted membrane
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fraction is layered on a linear continuous sucrose gradient ranging from 18
W

W

to 43% ( /v) sucrose in 25 mM Tris-HCl (pH 7.4) on a 55% ( /v) sucrose
cushion, and it is centrifuged overnight (16 h.) in a zonal rotor (IEC В 30
rotor or MSE zonal rotor). The gradient fractions are collected by pumping
55% ( /v) sucrose into the zonal rotor, monitoring the effluent at 254 nm
and collecting 20 ml fractions in a fraction collector. The membrane
fractions appear in the protein peak with a density of 1.10-1.14. They are
collected by centrifuging for 1 h. at 100,000 g

(IEC rotor 410, MSE 8 χ 50

rotor) after dilution with sucrose-free buffer. The pellet is resupended in
unbuffered 0.25 M sucrose and the gradient purified membrane fraction is
either frozen at -20 С in portions of 0.5-1.0 ml, or it is dropwise added to
liquid nitrogen and the resulting beads are stored at -20 C.
Further purification of the gradient purified membrane fraction has been
achieved by means of zonal electrophoresis on density gradients in an
apparatus developed by Walters and Bont (1979). Fig. 2.1 is a schematic
drawing of the apparatus, showing the composition of the buffers. The sample,
overlay and upper electrode buffers are carefully applied by means of a sieve
to prevent disturbance of the gradient. Each electrophoretic run can
accommodate 30-40 mg protein.

α·
. 200 ML 100 Ж TRIS-ACETATE (PH 7.4>;0.1 HI NA^TP
ь:

80 ML 10 M4! TRIS-ACETATE (PH 7.4) ¡0.1 иЧ NA^TP

0.1 ffl EDTA;5.5 % SUCROSE
c :

50-75_

20 ML 10 MM TRIS-ACETATE (PH 7.'l>;0.1 rfl NA^TP

0,1 MM EDTA; 7 % SUCROSE

Volt

d : 1100 ML 10 Ж TRIS-ACETATE (PH 7.4);

0.1rtlEDTA;10-20 I SUCROSE
*>

550 ML 0.4 И BICINE <PH 8,0);30 I SUCROSE

Fig. 2.1 Cross section of zonal electrophoresis apparatus, with
upper and lower electrode buffers (a and e, respectively) linear
gradient (d), sample buffer (c) and overlay (b).
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The gradient purified membranes are twice washed with the sample buffer and
are thoroughly homogenized (teflon-glass homogenizer; 40 strokes 500 rev./
min.) before layering on top of the gradient. After the electrophoretic run
the gradient is fractionated in samples of 12 ml and the membranes are
collected by centrifugation. They are then resuspended in 0.25 M sucrose and
are stored as frozen beads as described above.
2.3.2 Enzyme Assays
/Issay of

(K +H )-ATPase

and К -pNPPase. After addition of 20-50 μΐ

enzyme samples to 400 pi medium at 0 C, the incubation mixture has the
following final composition: 30 mM imidazole-HCl (pH 7.0), 5 mM Na.ATP,
5 mM MgCl„, 0.1 mM ouabain and 20 mM KCl or choline-Cl. After incubation
for a suitable time at 37 C, the reaction is stopped by addition of 1 ml
ice-cold 8.6% trichloroacetic acid. Then

I ml of 9.2% (W/v) FeS0,.7H.0 in

0.66 M H.SO,, 1,15% ammonium-molybdate is added and after 20 min. at room
temperature, the tubes are centrifuged for 10 min. at 3.000 g. The extinction
at 700 nm is read and compared with that of a phosphate standard treated in
the same way. Blanks in the choline-Cl medium are run at 0 C. (K +H )-ATPase
activity is defined as the difference in activity between the К -containing
and choline-containing media, run at 37 C. The difference in activity in the
choline medium at 37 С and 0 С is called the Mg

-ATPase activity.

A radioactive (К +H )-ATPase assay is performed in reaction media of
32
exactly the same composition, except that γ P-ATP is used instead of
unlabeled ATP. After stopping the reaction with 8.6% TCA and staining for
phosphate, the reduced phosphomolybdate complex is extracted into 400 μΐ
isobutanol according to Neufeld and Levy (1969). After mixing a 150 μΐ aliquot
32
Ρ content is counted in a

of the isobutanol layer with 4 ml picofluor, the
liquid scintillation analyzer.

The related К -stimulated p-nitrophenylphosphatase activity (pNPPase)
is assayed in the same way as the non-radioactive (К +H )-ATPase activity,
except that ATP is replaced by 5 mM p-nitrophenylphosphate. The reaction is
stopped by the addition of 2 ml 0.5 M NaOH and the nitrophenol release is
determined by reading the 410 nm absorbance.
When the effects of ionophores on the (К +H )-ATPase activity in gastric
membranes are tested, 0.25 M sucrose is included in the incubation media to
provide isotonicity. Ionophores are added in 10 μΐ ethanol (gramicidin) or
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acetone (valinomycin), and possible effects of these solvents are investigated
in appropriate controls.

2.3.3 Determination of Partial Activities of the (K +H )- ATPase System
Binding

of AMPPNP. The AMPPNP binding assay has been developed by Mr. H.

G.P. Swarts from this laboratory, who instructed us in this technique.
3
Radioactive (2,8- H)-AMPPNP, mixed with non-radioactive AMPPNP to a specific
activity of 75 Ci/mol, is converted to the Tris-salt by passage over a Dowex
50W-X4 cation-exchange resin (200-400 mesh) in the Tris form.
Equal volumes of enzyme preparation (I mg protein per ml) in 50 mM
3
imidazole-HCl (pH 7.0) and of H-AMPPNP in the same buffer are mixed. Ligands
2+
+
(Mg , К , CDTA), when desired, are added to the AMPPNP buffer solution. After
10 min. incubation at room temperature (22 + 2 C ) , a 50 μΐ aliquot of the
mixture is layered over 50 μΐ of a mixture of corn oil/dibutyl phtalate
(1:3, v/v; d=1.01 g/ml at 22 C ) . The membranes are sedimented through the oil
layer by centrifugation at 160,000 g in an air-driven Beekman ultracentrifuge,
After removal of the supernatant by suction, the bottom of the tube containing
w
the pellet is cut off and is placed in a vial with 0.4 ml 10% ( /v) sodium
dodecyl sulfate solution. The vial is allowed to stand for 1 h. at room
temperature with frequent vigorous mixing to obtain complete solubilization.
3
After mixing with 4.0 ml picofluor the solubilized pellet is counted for H
radioactivity. Blanks are prepared by including an additional 5 mM non
radioactive AMPPNP in the incubation mixture.
ADP-ATP exchange.

The procedure is essentially the same as described by

Robinson (1976b). An appropriate amount of enzyme is incubated at 37 С in
20 μΐ medium containing 50 mM imidazole-HCl (pH 7.0), 0.125 M sucrose,
14
3
.
.
.
C-ADP,

H-ATP and MgCl. in the stated concentrations and either 5 mM KCl

or 5 mM choline-Cl.

After 4 minutes the reaction is stopped by placing the

tubes in a boiling waterbath for 2 minutes. After cooling, 5 μΐ containing
both 15 mM unlabelled ADP and 15 mM unlabelled ATP is added and the tubes
are centrifuged in a table centrifuge (MSE). Thereafter 4 μΐ supernatant
are spotted on polyethyleneimine cellulose coated plastic TLC film (Polygram
eel 300 PEI Macherey Nagel, Düren, FRG). The plate is eluted with 1.5 M TrisHC1 (pH 7.6) to separate ADP and ATP. The spots of the two nucleotides are
detected under ultraviolet light and cut from the film, followed by
extraction in 1 ml 1.5 M Tris-HCl (pH 7.6). After 30 min. 10 ml picofluor
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is added and the radioactivity is counted in a Liquid Scintillation Analyzer
(Philips type PW 4510-D721) by means of a dual labie program. Blanks are
prepared by placing the tubes immediately in the boiling waterbath after
14
addition of the enzyme. The percentage of
С in the ATP spot and the
3
percentage of H in the ADP spot correspond to the ADP-ATP exchange and ATP
hydrolysis, respectively. The amount of protein and the incubation time were
chosen so that less than 10% of the initial concentration of each nucleotide
14
is converted. Under the chosen conditions the production of
C-ATP was
linear with tune.
Phosphorylation

32
by γ P-ATP. Phosphorylation is carried out by adding

50 μΐ membrane suspension (25 - 50 Mg protein) to 50 Vl phosphorylation
medium, so that the final mixture contains 50 mM imidazole-HCl (pH 7.0), 1 mM
MgCl, and 20 μΜ γ

P-ATP. After a suitable time at 37°C or at room

temperature, the reaction is stopped by the addition of 2 ml 5% ( /v)
trichloroacetic acid containing 0.1 Μ Η,ΡΟ, . The precipitated membranes are
collected by filtration on a 1.2 рш pore width Selectron filter (Schleicher
and Schüll, Dassel, FRG), which is then washed three times with stopping
32
solution (total volume 18 ml). Membrane bound
Ρ is determined by liquid
scintillation counting after suspending the filters in 4 ml picofluor. Blanks
32
are prepared by mixing stopping medium with γ P-ATP.
32
Dephosphorylation
of
P-labelled
membranes. Dephosphorylation is
measured by adding 100 μΐ of a non-radioactive 2 mM ATP solution to gastric
membranes, immediately following 20 sec. phosphorylation according to the
above procedure. After the desired time at 37 С or room temperature,
dephosphorylation is stopped by addition of the stopping solution. Further
processing occurs as described in the previous paragraph. К -stimulated
dephosphorylation is studied by including 10 mM KCl in the ATP solution.
Phosphorylation

by Pi.

Phosphorylation by Pi is carried out as described

by Schuurmans Stekhoven et al. (1980). Briefly, gastric ATPase membrane
protein is incubated at 0°C with

Pi (1 mM) in 5 mM MgCl. and 50 mM

imidazole-HCl (pH 7.0). After a suitable period of incubation, the protein
is denaturated by adding 2 ml trichloroacetic acid in 0.1 Μ Η,ΡΟ, and the
phosphoprotein is filtered and treated as described above.
Proton

transport

by gastric

vesicles.

Proton transport by freshly

prepared gastric vesicles is determined as described by Chang et al. (1977).
Gastric vesicles are suspended in a standard medium consisting of 5 mM

26

glycylglycine, 150 шМ KCl and 2 mM MgCl_, adjusted to pH 6.11. To 5 ml of
this weakly buffering medium in a magnetically stirred vessel, I ml membrane
suspension (1 - 2 mg protein) in 0.25 M sucrose (adjusted to pH 6.11) is
added. Changes in extravesicular medium pH upon addition of ATP are measured
by a Radiometer PHM 64 meter, connected with a recorder and a sensitivity
module to set the zero point at pH 6.11. ATP is added in volumes of 10 μΐ
5 mM ATP solution, previously adjusted to pH 6.11. Effects of ionophores are
studied by adding 10 μΐ valinomycin (1 μΜ) in acetone. Appropriate control
experiments are carried out to exclude possible effects of the used solvent.

2.3.4 Subunit Separation
Separation of the proteins present in the purified gastric membrane
fraction is achieved by solubilization and subsequent gel filtration on a
Sephadex G 200 column as described by Peters et al. (1981a) for the subunit
separation of highly purified (Na +K )-ATPase from rabbit kidney outer
medulla. Briefly, gradient purified (K +H )-ATPase preparation is solubilized
in 6% SDS ( / v ) . After removal of the insoluble material by centrifugation,
the clear supernatant is subjected to gel filtration on a Sephadex G-200
superfine column, which is eluted with a buffer solution containing 25 mM
Tris-HCl (pH 7.4), 1 mM EDTA and 0.1% SDS. This procedure appeared to be
appropriate for the isolation of the 100,000 MW protein from the gastric
(Κ +H )-ATPase preparation.

2.3.5 Various Analytical Procedures
Assay

of marker

enzymes.

Cytochrome с oxidase, 5' nucleotidase (AMPase),

(Na +K )-ATPase and anion-sensitive ATPase are assayed as described by Van
Amelsvoort et al. (1977).
Magnesium

determination.

Samples containing approx. 5 nmol Mg

2+

are

dried by heating at 100°C and digested for 30 min. at 150°C with 200 μΐ
H.SO,/HCIO,/HNO, (1 : 3 : 12, v/v/v) in quartz tubes. After cooling to room
temperature, the residue is taken up in 1.5 ml 5% ( /v) LaCl, in 0.1 M HCl
and mixed. Magnesium is determined in an atomic absorption spectrometer (Pye
Unicam SP 1950), using suitable standards of MgSO,.
Protein

is determined according to Lowry et al. (1951) with bovine serum

albumin, dissolved in the same solution as the sample, serving as standard.
RNA is estimated by the Schmidt-Tannhauser method as described by Van Amels-
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Fig. 2.2 Light microscopy of
normal fundic mucosa of the pig
stomach (Magn. χ 110). The tissue
is directly fixed in neutral
buffered formaldehyde solution
(4%). After routine dehydration
in ethanol the tissues are
embedded in paraffin and cut at
5 ym, stained with Periodic Acid
Schiff (PAS).
M: mucus (strongly PAS positive)
P: parietal cell
(large, pale cells)

p%

%жш

S: surface mucous epithelial cell
(strongly PAS positive)
N: neck mucous cell
(moderately PAS positive)
strands of connective tissue

о

"intermediate" mucous cell
(strongly PAS positive)

Fig. 2.3 Micrographs of sections through the gastric mucosa after different
steps of the tissue treatment in order to harvest mainly parietal cell
membrane fractions. (Same fixation and staining procedures as in Fig. 2.2;
Magn. χ 18). Mucosal muscularis (~yf) is also visible.
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voort et al. (1977). Amino acid

analysis,

geleleatrophoresis

Sahiff

and periodic

sugar
staining

analysis,
for

SDS-polyaarylamide

glycoproteins

carried out as described by Peters et al. (1981a). Isoelectrо

are

focussing

is

performed as described by Righetti and Drysdale (1974).

2.4 RESULTS
2.4.1 Isolation of (К +H )-ATPase Containing Membranes from Pig Gastric
Mucosa
Tissue

preparation

and fractionation.

The micro-anatomy of the pig

gastric mucosa resembles that of man with regard to the distribution of the
parietal cells in the gastric glands as shown by Fig. 2.2. If gastric mucosa
is exposed to a hypertonic NaCl solution (3M), the surface mucous epithelial
cells are damaged, which allows removal of the mucus producing layer with
the adherent mucus by vigorous wiping with paper towels, as reported for the
oxyntic cell isolation from frog gastric mucosa (Forte et al., 1972).
Fig. 2.3 (light microscopy) shows the fundic mucosa at low magnification
during several stages in the isolation procedure. Compared with the untreated
mucosa (Fig. 2.3.a), exposure to icecold 3 M NaCl for 20 minutes leads to
partial disruption of the surface mucous epithelial cells, but the mucus
can be still recognized (Fig. 2.3.b). The tissue is swollen edematous,
which seems to be characteristic for gastric mucosa exposed to hyperosmotic
saline solutions (Sernka et al., 1979). Vigorous wiping then removes
surface mucous epithelial cells (Fig. 2.3.c), whilst subsequent scraping
with a stainless steel spatula removes mainly parietal cell tissue
(Fig. 2.3.d.).
After 20 min. 20,000 g centrifugation of the homogenized gastric
scrapings and centrifugation of the 20,000 g supernatant on 37Z ( /v) sucrose,
the activities of (K +H )-ATPase, К -pNPPase and various marker enzymes are
+

distributed as shown in Fig. 2.4. (K +H )-ATPase (Fig. 2.4.a) and К -pNPPase
(Fig. 2.4.b) are most pronounced in the interface fraction (fraction IV),
2+
.
2+
whilst most of the Mg

-ATPase activity is lost. The low Mg

-ATPase

activity in the interface fraction is accompanied by a very low cytochrome с
oxidase activity, while in fraction II both activities are high, suggesting
2+
that mitochondrial contamination accounts for most of the Mg -ATPase
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Fig. 2.4 Distribution of enzyme activities after the first two fractionation
steps. The homogenate is first centrifugea for 20 min. 20,000 g and the
supernatant is centrifugea on a 37% (w/v) sucrose cushion for 60 min. at
100,000 g. Fraction I is the pellet of the 20,000 g centrifugation and
fraction II-V are explained by the inset. The indicated enzyme activities
are shown in "De Duve" plots.
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Fig. 2.5 Enzyme distribution pattern after density gradient centrifugation of
the interface fraction (fraction IV in Fig. 2.4). The fraction is centrifuged
(16 h., 47.000 rev./min. IEC B30 rotor) on a linear continuous sucrose
gradient, ranging from 18 to 43% (w/v) sucrose on a 55% (w/v) sucrose cushion.
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activity. Consequently the interface fraction appears to have little
+ +
2+
mitochondrial contamination. The ratio of (K +H )-ATPase to Mg

-ATPase

activity is 5:1 in the interface fraction.
Gradient

Centrifugation.

Further purification of the (K +H )-ATPase is

achieved by subjecting the interface fraction to density gradient
centrifugation. The distribution patterns of various marker enzymes are shown
2+
in Fig. 2.5. Cytochrome с oxidase, Mg -ATPase and HCO- stimulated ATPase
activities are located in the heavier membrane fractions, which agrees with
the mitochondrial origin of these activities (Van Amelsvoort et al., 1977).
RNA, which is a marker for rough endoplasmic reticulum (Forte et al., 1975b;
Van Amelsvoort et al., 1977) mainly coincides with these heavier mitochondrial
membranes. Markers for plasma membranes such as (Na +K )-ATPase and 5'-AMPase
(Van Amelsvoort et al., 1977; Saccomani et al., 1977; Khramtsov and Ottesen,
1979) are mainly distributed in the protein peak with a buoyant density of
1.11 to 1.14, as do the (K +H )-ATPase and К -pNPPase activities.
We conclude that the peak fraction consists mainly of both basolateral
and apical plasma membranes, whilst some contamination with membranes from
+ +
2+
other origin may occur. The ratio of (K +H )-ATPase to Mg

-ATPase activity

is approximately 9:1 in the peak fractions. The specific (К +H )-ATPase
activity of the gradient purified enzyme preparations ranges from 80-110 ymol
Pi per mg protein per h.
Zonal

Electrophoresis.

Further fractionation of the gradient purified

fraction can be achieved by means of zonal electrophoresis, which yields a
major and a minor protein band. Fig. 2.6 shows the distribution of (К +H ) 2+
..
ATPase and Mg

-ATPase activities after zonal electrophoresis. The same

patterns are obtained by applying the much more complicated free flow
electrophoresis. The material in the major band is collected in three
fractions (E. - E,, in order of decreasing mobility), whilst the minor
+ +

2+

protein band is collected as fraction E,. The ratio of (K +H )-ATPase to Mg

-

ATPase activity in fractions E. and E_ is ca. 20 (Fig. 2.6), indicating some
further purification over that in the gradient purified step. The nearly
2+
complete absence of Mg -ATPase activity in fraction E, suggest that it may
be identical to the GII-FIII fraction of Saccomani et al. (1977).
The shoulder in the major protein peak suggests a second peak. However,
we have been unable to resolve the major peak into two clearly separated
membrane fractions, either by zonal electrophoresis or by free flow
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Fig. 2.6 Protein and enzyme activity distribution after zonal electrophoresis
of the gradient purified (К +H )-ATPase containing membrane preparation.
Ei - Ец indicate the pooled fractions and in the following table the specific
2
(К +H )-ATPase and M g -ATP ase activities and their ratio in the respective
fractions are given.
, + +.
Fract.
Ratio
Specific ATPase Activity
(K +H ) MgZ+(μιηοΐ Pi mg

h

)

(1)

i
32

E

l

E

4

98
103
69
71

(2)

5
5
10
3

(1):(2)

19
20
7
24

electrophoresis according to Saccomani et al. (1977). This is true even if
we include ATP, which appears to be essential for good separation. Never
theless, our results support the claim of Van Os et al. (1980) that the
relatively simple and inexpensive zonal electrophoresis method has the same
fractionating capabilities as the more complicated and expensive free flow
electrophoresis technique.
Gel electrophoresis

of various

fractions

from -pig gastric

mucosa.

Fig. 2.7 shows the protein composition of the main fractions, obtained at the
various steps of the purification procedure as analyzed by SDS-gelelectrophoresis. The 100,000 MW protein, which is characteristic for the highly
purified (K +H )-ATPase preparation of Saccomani et al. (1977), becomes
visible in the interface fraction (I) and represents approximately 70% of
total protein after gradient centrifugation (G). At first sight, further
fractionation by means of zonal electrophoresis (E) does not result in a
much purer 100.000 MW protein, whilst the differences in the protein
composition of the 4 electrophoretic fractions are not obvious. Scanning the
gels, however, reveals some differences in the relative amounts of the
various protein in respective fractions (not shown).

H

G
•••'••-

• • ·

Fig. 2.7 SDS-gelelectrophoretic pat
terns of various fractions obtained
during the purification of (K +H ) ATPase fraction from pig gastric
mucosa: crude homogenate (Η),
20,000 g supernatant (S),
interface fraction (I),
gradient purified fraction (G) and
zonal electrophoretic fraction E..
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+ +
2+
Fig. 2.8 (К +H )-ATPase and Mg -ATPase activities in gradient purified
gastric membranes as a function of pH. Activities are determined as described
in section 2.3.2. The desired pH values are obtained by using various
mixtures of 96 mM imidazole and 96 mM HCl.
Fig. 2.9 Effects of varying concentrations of activating monovalent cations
on (К +H )-ATPase. The enzyme activity is determined as described in section
2.3.2. Cations are added to the assay media in the stated concentrations
(0.25 - 20 mM). Results are presented as Lineweaver-Burk plot. A boiled
enzyme preparation is used as blank.

Table 2.1
+
+
Cation Activation of (К +H )-ATPase
cation
K++
Tl
Rb*
NH,
Cs*
Na +
Li
Choline
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relative activity
(20 mM)
(8.7 mM)
(20 mM)
(20 mM)
(20
(20
(20
(20

mM)
mM)
mM)
mM)

Ξ100%
89
83
44
9
2
0
0

К

(mM)

2.7
0.13
7.6
26
"

2.4.2 Properties of the (K +H )-ATPase Containing Gastric Membranes
Optimal
pH. Fig. 2.8 shows the pH dependence of the (K +H )-ATPase and
2+
+ +
Mg -ATPase activities in gradient purified gastric membranes. The (K +H ) 2+
ATPase activity has a well defined pH optimum of 7.0. The Mg -ATPase
activity gradually increases over the measured range from pH 6.0 to 8.0.
(K +H )-ATPase activity is stable upon incubation at pH values of 7.0 and
higher, but is rapidly lost in media at lower pH. We have, therefore,
32
repeated the experiment of Fig. 2.8 by using γ P-ATP as substrate, allowing
very short incubation times (30 sec.) thus minimizing inactivation at low pH.
This experiment reveals the same pH-activity plot as that in Fig. 2.8.
Substrate

specificity.

The (Κ +H )-ATPase activity is quite specific for

ATP. Apart from ATP, only desoxy-ATP and CTP are hydrolyzed, with 62% and 17%
of the activity with ATP, respectively. Nucleotides such as AMP, ADP, AMPPCP,
AMPPNP, GTP and ITP are not hydrolyzed.
Activation

by monovalent

cations.

By determining the enzyme activity at

pH 7.0 in the presence of 20 mM of various monovalent cations (except Tl :
8.7 mM) we observe the following order of effectiveness Κ (Ξ100%)>Τ1 (89%)>
Rb+(83%)>NH,+ (44%)>Cs+(9%)>Na+(2%)>choline+, Li + (0%). Additions of 10 mM
2+
2+
2+
2+
+
divalent cations (Ca , Zn , Mn
and Sr ) in the absence of К do not
2+
stimulate the basal Mg -ATPase activity.
When the concentrations of ΤΙ , К , Rb

and NH,

are varied, it appears

that each activating monovalent cation can induce the same maximal hydrolysis
(Fig. 2.9), in agreement with the observations of Forte et al. (1976). The К
values derived from these cation activation experiments are shown in Table
2.1. The affinity for К

decreases with decreasing pH: we find К

values of

1.3 mM at pH 7.5, 2.7 mM at pH 7.0 and 7.4 mM at pH 6.5. Thallium exhibits an
abnormally high affinity (0.13 mM) , which is also true for its effect on
(Na +K )-ATPase (Ray and Forte, 1976). High concentrations (> 20 mM) of the
activating monovalent cations decrease the stimulated ATPase activity,
probably due to ionic strength effects.
Inhibitors.

Fig. 2.5 shows that (Na + K + ) , НС0

and Mg

-activated

ATPase activities are also present in the gradient purified membranes. Hence,
+
2+
we have studied the effects of some ATPase inhibitors on the К and Mg
stimulated ATPase activities under normal assay conditions. The mitochondrial
ATPase inhibitor oligomycin (20 μΜ) decreases Mg-activated ATP hydrolysis by
2+
only 30%, which pleads for a non-mitochondrial origin for most of the Mg -
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ATPase activity in the gradient purified membranes. Ouabain (0.1 mM) has only
a minor effect (<10%). Nevertheless we include 0.1 mM ouabain in the
incubation media in order to exclude any effect of the (Na +K )-ATPase
contamination on ATP hydrolysis. Under the (K +H )-ATPase assay conditions
(without ouabain) the (Na +K )-ATPase from rabbit kidney outer medulla shows
ca. 50% of its optimal activity, which can be inhibited by ouabain. NaF,
which is an inhibitor of gastric acid secretion, inhibits the (K +H )-ATPase
activity for more than 90% at concentrations above 2 mM, which has also been
observed by Forte et al. (1975). This does not necessarily mean that
inhibition of the (K +H )-ATPase by NaF is responsible for its inhibitory
effect on acid secretion, since inhibition of other ractions in the parietal
cell by this rather unspecific inhibitor may also play a role.
Magnesium content

of gastric

(K +H )-ATPase preparation.

The gradient
2+
.
purified enzyme preparations usually contain 20-100 ymol Mg
per g protein.
2+
Attempts to remove this Mg
by multiple washings with CDTA, gel filtration
2+
and dialysis against a Dowex 50 WX4 suspension fail to reduce the Mg
content below 10 ymol per g protein, and cause nearly complete loss of enzyme
activity. The electrophoretically purified enzyme preparations contain ca.
2+
20 ymol Mg
per g protein.
2+
2+
The rather firmly bound Mg

corresponds to 2-10 mole Mg

per 100,000 g

enzyme protein. Concerning this high molar ratio and the fact that the
100,000 MW protein only represents 70% of the total protein, it may be
suggested that part of the Mg

is bound to phospholipids and to membrane

proteins other than (K +H )-ATPase.
Stimulation

of

(K +H )-ATPase

activity

by ionophores.

An enhanced

(K +H )-ATPase activity in the presence of ionophores such as valinomycin,
gramicidin and nigericin is only observed in freshly prepared membranes.
Freezing at -20 С or prolonged storage at 4 С also greatly increases the
enzyme activity of such preparations. These observations agree with those of
Ganser and Forte (1973b). The ionophoric stimulation is a parameter for the
degree to which the membranes are present as intact vesicles. Vesicle
integrity is influenced by the composition of the homogenization medium, by
the intensity of the homogenization procedure and by the composition of the
gradient for isopycnic centrifugation. Ficoll appears to be superior to
sucrose in producing vesicles of low permeability, indicated by 70%
stimulation in the presence of 1 μΜ valinomycin in fractions isolated with
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a Ficoll-sucrose gradient according to Saccomani et al. (1977) against 30%
stimulation with the normal sucrose gradient standard procedure. These
findings are in agreement with those of Chang et al. (1977) and Lewin et al.
(1977). The ion-tight vesicles seem to be lighter than open vesicles or
membrane sheets, indicated by their lower density after isopycnic
centrifugation.
Ionophores appear to increase only the Vmax of the ATP hydrolysis
without affecting the К

value for К ions, as has also been reported by
2+ .
Forte et al. (1975b). Ca
ions in the range of 0-10 pM do not mimic the
a

ionophore effect in our hands, in contrast to the report of Proverbio and
Michelangeli (1978), who use a membrane fraction comparable to our interface
2+
+
fraction. At Ca

concentrations above 50 pM the К

stimulated ATPase

activity is even inhibited. We find that after milder homogenization than
usually applied, the interface fraction largely consists of ion-tight
vesicles, as indicated by the relatively high ionophoric stimulations
(Table 2.2). This table also shows that resuspending the membranes in 0.25 M
sucrose greatly lowers the ionophoric stimulation and somewhat inactivates
the enzyme. The preparations used in our experiments are mostly homogenized
and purified without concern for vesicle integrity. As a consequence, the
(К +H )-ATPase activity in these preparations shows little stimulation by
ionophores, suggesting an open vesicle structure or at least a high
permeability for К .

Table 2.2 Stimulation of (К +H )-ATPase activity by 1 pM gramicidin in freshly
prepared gastric vesicle preparations. The interface fraction and gradient
purified membrane preparations are obtained with the standard procedures
described in section 2.3.1, except that milder homogenization was used
(250 vs. 1000 rev./min.). (K ++ H + )-ATPase activity is measured under standard
conditions with 0.3 M sucrose present for isotonicy.
(K +H )-ATPase activity
(pmol Pi/mg protein/h)
without gramicidin +1 μΜ gramicidin
Interface fraction
Gradient purified preparation
Ibid, resuspended in 0.25 M sucrose

7
60
58

22
143
92

stimulation(%)

200
140
60
37
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Fig. 2.10 Proton uptake by gastric vesicles. One ml of gastric membrane
fraction (4.4 mg protein/ml in 0.25 M sucrose, pH 6.11) is mixed with 5 ml
medium, containing 5 mM glycylglycine, 2 mM MgCl„, 150 mM KCl, pH 6.11. ATP
and valinomycin are added as indicated in section 2.3. Trace (a) represents
the pH change induced by addition of ATP, whilst trace (b) exhibits the
effect of valinomycin. Trace (c) shows the pH changes in a control experiment
without gastric vesicles.
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Fig. 2.11 Binding of AMPPNP to (K +H )-ATPase. Double reciprocal plot for a
typical experiment out of six Assay conditions are: 0.5 mg protein per ml,
50 mM imidazole-HCl (pH 7.0), AMPPNP concentrations are varied from 30 to
200 mM. Incubation for 10 min. at 22°C. No ligands added. Inset: Hill plot
derived from these data.
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Proton

uptake

by gastric

vesicles.

Since the interface fraction exhibits

the highest ionophoric stimulation, this preparation has been used for
measurement of the proton uptake by gastric vesicles. Fig. 2.10 shows that
addition of ATP (final concentration 8.5 μΜ) causes rapid alkalinization of
the extravesicular medium (trace a ) . Upon addition of ATP to a medium without
vesicles virtually no change in pH is observed (trace c ) . The gradual outward
leakage of protons after exhaustion of ATP is greatly accelerated by addition
of 1.6 μΜ valinomycin (trace b ) . These observations are similar to those of
Lee et al. (1974) and Chang et al. (1977).

2.4.3 Partial Reaction Steps of Gastric (К +H )-ATPase
Substrate

binding.

The first step in the overall ATPase reaction consists

of the binding of the substrate. In order to study this step by itself without
interference from the subsequent phosphorylation step, we have used the nonphosphorylating ATP analogue, AMPPNP. Determination of the amount of AMPPNP
bound to (К +H )-ATPase protein as a function of the AMPPNP concentration
(30-200 μΜ) reveals that the dissociation constant (K ) of the enzyme - AMPPNP
complex varies from 40 to 60 μΜ, as derived from double reciprocal plots shown
in Fig. 2.11. The maximal binding capacity (Ymax) varies from 1.7 to
3.5 umol/g protein for different preparations. For a single preparation the
results are reproducible within 10%.
Since high blank values are obtained at the higher AMPPNP concentrations,
it is impossible to determine whether any binding of AMPPNP to low affinity
sites occurs. Up to 500 μΜ AMPPNP no deviation from linearity of the
Lineweaver-Burk plots is observed. This suggests the absence of cooperativity,
which can also be concluded from the slope of the Hill-plot : η

=1.0

(Fig. 2.11, inset).
Phosphorylation

32
by γ P-ATP. The phosphorylation of the enzyme with ATP

has been studied by means of the procedure described in section 2.3.3. The
typical experiment shown in Fig. 2.12 indicates that the phosphorylation
reaction is influenced by several parameters. In the presence of added Mg

2+

ions (trace c) the reaction is faster than in its absence (trace a ) , but the
maximal phosphorylation level is the same in the two cases. Trace a indicates
2+ .
. .
.
.
that the endogenous Mg
is sufficient to obtain a maximal phosphorylation
level, which is reduced by 2 mM CDTA (trace b) and by 5 mM К (trace d ) . The
2+
latter effect is counteracted by adding exogenous Mg
(trace e ) . The
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Fig. 2.12 Time course of phosphorylation of gastric (K +H )-ATPase by γ P-ATP.
Gradient purified gastric membranes are incubated at 0°C with 50 mM imidazoleHC1 (pH 7.0) and 20 μΜ ATP for the indicated times. Stopping procedure and
further processing are described in section 2.3.4. The graphs represent:
phosphorylation in the.absence of any addition (a) or in the presence of
+
+
2+
2 mM CDTA (b), 1 mM Mg
(с), 5 mM K (d) and 5 mM K + 1 mM M g
(e).

phosphorylation capacity in the absence of К
32

ranges from 700 to 1500 pmol

P-phosphoenzyme per mg protein, depending on the preparation used.
ADP/ATP exchange.

Gastric (K +H )-ATPase catalyzes an ADP/ATP exchange,

which is activated by К

ions. The rate in the absence of any activating

monovalent cation amounts to 2.7 pmol/mg/h at low concentrations (ADP, ATP
2+
and Mg , 100 μΜ each) and to 6.6 μιηοΐ/mg/h at high concentrations (ADP, ATP
and Mg 1 mM each). Te rate of exchange reaction is increased in the presence
2+
of 5 mM KCl. Complex effects of Mg

and pH are observed, which will be

presented in chapter 8.
К -induced

dephosphorylation.

The phosphoenzyme is dephosphorylated upon

addition of К . Excess unlabelled ATP must be present to prevent further
formation of radioactive phosphoenzyme. The dephosphorylation occurs in two
steps, of which the initial fast step cannot be measured by the applied
procedure. The amount of phosphoenzyme dephosphorylated during the fast step
increases with increasing KCl concentration, which can be seen from the
intercepts of the slow phases in Fig. 2.13. Saturation of this effect appears
to occur with 10-20 mM К

present, in which case 40-60% of the phosphoprotein

is hydrolyzed within 3 seconds following the addition of К .
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12

TIME (SEC)

F I R . 2.13 К -induced dephosphorylation of the phosphoenzyme. The enzyme
preparation is phosphorylated for 20 seconds at 0°C in the presence of
1 mM Mg2 + as described in the legend of Fig 2.12. Dephosphorylation is
measured as described in section 2.3.4 by addition of (excess) 1 mM non
radioactive ATP in the presence of 0, 0.1, 0.5 or 1.0 mM KCl.

Phosphorylation
32
by

by Pi.

Gastric (К +H )-ATPase can also be phosphorylated
2+

Pi in the presence of Mg

with ATP. The presence of К

. The maximal level is 40-50% of that reached
decreases the phosphorylation level, which to a

lesser degree is also true for Na . Choline, up to a concentration of 20 mM,
.
.
.
.
32 .
exhibits only a minor effect. The formation of the phosphoenzyme from

Pi is

also sensitive to the presence of ADP, which decreases the phosphorylation
level. At higher Pi concentrations higher concentrations of ADP are needed to
obtain an equal relative reduction, indicating that ADP and Pi antagonize each
other.
2.4.4 Isolation of the 100,000 MW Protein from Pig Gastric Mucosa
(Κ++Η+)-ATPase

Gel filtration

on Sephadex

G 200 fine.

After solubilization of a gradient

purified membrane fraction in SDS and subsequent gel filtration according to
the method of Peters et al. (1981a), the elution profile shows a sharp major

We owe the data in this section to drs. W.H.M. Peters.
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F i e 2.14 P r o t e i n (χ - χ ) and phospholipid (· - · ) elution patterns after gel
filtration o n a Sephadex G 200 c o l u m n . L e t t e r s A to G indicate the pooled fractions.
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Fig. 2.15 A) SDS-gel electrophoretic patterns of poolfractions A to G,
obtained by gel filtration on Sephadex G 200 as shown in Fig. 2.14.E2 is the
electrophoretically purified (К +H )-ATPase preparation, layered on the column.
Fig. 2.15 B) Isoelectrofocussing patterns of electrophoretically purified
(K++H+)-ATPase (left) and the lOO.OOOMWprotein of fraction В in Fig.2.14 (right).
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and a broad minor protein peak (Fig. 2.14). The major part of the phosphate,
which may be a marker for the phospholipids, emerges as a large peak
completely separate from the protein, whilst a minor part elutes together with
the protein. The latter fraction may represent phospholipids firmly bound to
the protein, since during a second gel filtration of the major peak this
phosphate again elutes together with the protein. The same phenomenon has
been observed during the subunit separation of highly purified (Na +K )-ATPase
from rabbit renal outer medulla (Peters et al. 1981a). The pooled fractions,
as indicated in Fig. 2.14, have been subjected to SDS-gelelectrophoresis
(Fig. 2.15A). The sharp peak fraction consists mainly of a 100,000 MW protein,
whilst the broad minor peak contains smaller proteins.

Analysis

of neutral

sugars

in the 100,000 MW protein.

The isolated

100,000 MW substance contains per 100 mg protein: 1.2 mg mannose, 2.0 mg
galactose, 0.5 mg fucose, 2.2 mg glucosamine, 1.4 mg glucose and 0.8 mg
galactosamine. The total amount of neutral sugars of 8.1 mg per 100 mg protein
equals the 8.5 mg reported for the isolated a-subunit of the (Na +K )-ATPase
(Peters et al., 1981a), but is much lower than the 28 mg, found by Sachs et al.
(1980a) for their total (K +H )-ATPase preparation. In our case the protein
is determined by means of quantitative amino acid analysis. The ratio of the
protein amount obtained with the Lowry method and amino acid analysis is
1.43 (W.H.M. Peters, personal communication). Earlier Peters et al. (1980b)
found a ratio of 1.35 for the (Na +K )-ATPase. In addition to the above
mentioned carbohydrates Sachs et al. (1980a) also find minor amounts of
inositol and no sialic acid, which sugars have not been determined by us.
The 100,000 MW protein thus appears to be a glycoprotein, as is the
comparable a-subunit of the (Na +K )-ATPase (Churchill et al., 1979;
Peters et al., 1981a).

Isoeleotrofocussing

of the isolated

100,000 MW protein.

This technique

reveals the existence of microheterogenity in the sugar moieties of the
glycoprotein (Fig. 2.15B), which is also the case for the ß-subunit of the
(Na +K )-ATPase (Marshall and Hokin, 1979). There are two pH regions, around
which the proteinbands appear, viz. pH 7.4 and pH 6.3, which are slightly
different from the regions of pH 8.6 and 6.5 reported by Sachs et al. (1980b).
The physiological significance of these differences in carbohydrate
composition of the 100,000 MW protein is not yet known. A possible reason
could be a changing carbohydrate composition during ageing of the molecules.
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Table 2.3 Amino acid composition of the 100,000 MW protein isolated from pig
gastric mucosa by separation on a Sephadex G 200 column. The amino acid
compositions of a (K +H )-ATPase preparation reported by Sachs et al. (1980a)
and of the isolated a-subunit of (Na++K )-ATPase (Peters et al. 1981a) are
shown for comparison. Values are expressed as mol per 100 mol amino acids.
(K++H+)-ATPase
100,000 subunit

Amino acid
Aspartic acid
Threonine
Serine
Glutamic Acid
Proline
Glycine
Alanine
Cysteine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Tryptophan
Histidine
Lysine
Arginine

(Na++K+)-ATPase
α-subunit
Peters et al.

9.6
6.2
6.7

10.5

10.9

10.4

5.0
7.6
8.4
0.8
6.0
2.8
5.2

4.6
8.0
8.2
0.9
6.7
2.3
6.5
9.3
2.3
4.0
1.6
1.9
5.6
4.7

9.6
6.3

6.0
7.2

10.1

2.7
4.5
1.7
1.6
5.6
5.0

(K++H+)-ATPase
preparation
Sachs et al.

8.4*
10.8

6.4
7.5
8.3
1.6
5.4
1.9
4.5*

9.3
3.3
4.7
1.9
5.7
4.9

These values may differ somewhat, because Sachs et al. used 22 hrs. hydrolysis
only, while we used 4. 6, 24 and 48 hrs. hydrolysis and extrapolated serine to
0 h. hydrolysis and isoleucine to infinite hydrolysis time (Peters et al., 1981a).

Amino acrid analysis

of the isolated

100,000 MW protein.

Table 2.3

summarizes the results of the amino acid analysis of the 100,000 MW protein
from (K +H )-ATPase. The value obtained by Sachs et al. (1980a) for a (Κ +H ) ATPase preparation purified by free flow electrophoresis and those for the
α-subunit of (Na +K )-ATPase obtained by Peters et al. (1981a) are also shown.
There is a close resemblance in the amino acid composition of the two
(K +H )-ATPase derived preparations, and also with the (Na +K )-ATPase
α-subunit.

2.4.5 Occurrence of Gastric (K +H )-ATPase in Rabbit and Rat
Isolation
preparation

and properties
from rabbit

gastric

of a (K +H )-ATPase
mucosa.

containing

membrane

By means of an isolation procedure,

comparable to the gradient purification method used for pig gastric mucosa
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(section 2.3.1), we have isolated a membrane fraction containing a high
(K +H )-ATPase activity of ca. 100 Mmol Pi per mg protein per h, but also a
2+
..
high accompanying Mg

-ATPase activity (40 pmol Pi per mg protein per h ) .

Since no further purification procedures are carried out, it cannot be said
whether this relatively high Mg

-ATPase activity is characteristic for

gastric ATPase from rabbit origin or whether it is simply due to e.g. high
mitochondrial contamination. In general, most properties of the rabbit
enzyme are quite similar to those of the (K +H )-ATPase preparation from pig
gastric mucosa. The presence of 20 mM KCl induces optimal activity, while
higher KCl concentrations decrease the activity again probably due to ionic
strength effects. Ouabain does not inhibit the activity, which together with
the lack of a synergistic effect for К

and Na

ions indicates that this

enzyme activity is clearly different from the (Na +K )-ATPase system. These
observations agree with those of Forte et al. (1974).
The enzyme has a sharp pH optimum between pH 7.0 and pH 7.4. Varying
2+
.
.
the Mg
concentration in the presence of 2.5 or 5.0 mM Na.ATP yields maximal
enzyme activity at 2.5 and 5.0 mM MgCl_, respectively, indicating that the
2+
optimal Mg /ATP ratio is 1. The release of Pi from ATP is linear in time for
at least 90 minutes, whilst variation of the amount of membrane protein shows
the expected proportional relationship with ATP-hydrolysis.
The cation selectivity of rabbit (К +H )-ATPase has been investigated by
incubating the preparation with 20 mM KCl, RbCl, NH.C1, NaCl, CsCl, LiCl or
Choline CI for 30 minutes at 37 C. The various cations stimulate the ATP
hydrolysis relative to К

in the following order of effectiviness:

Κ (Ξ 100), Rb(100)>NH4 (61)>Cs (10)>Na (3)>Li (0)=choline-Cl (0).
Finally, the influence of various buffer systems on the (К +H )-ATPase
from rabbit gastric mucosa has been investigated (Table 2.4). The Tris-HCl
and Tris-actate buffers were used by Forte and co-workers. The sodium borate
buffers have been tested in relation to the butanedione inactivation studies
(chapter 4 ) , where borate ions appear to stabilize the butanedione-enzyme
complex. The imidazole-HCl buffer is routinely used in our laboratory for the
determination of (Na +K )-ATPase activity (Schoot, 1977). This buffer system
is preferred above Tris, because during storage it does not generate NH, ions,
which would stimulate the (Κ +H )-ATPase activity in the choline-Cl medium,
2+
used for determining basal Mg -ATPase activity. Moreover, the pK value of
6.8 of imidazole makes it a more effective buffer than Tris (pK 8.0) for an
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Table 2.4 Effect of buffer systems on specific activities
of (K + +H + )-ATPase and Mg 2 + -ATPase in a membrane fraction
isolated from rabbit gastric mucosa.
The pH was in all cases 7.5.
Mg
Tris-succinate, 50 mM
Tris-acetate, 50 mM
Tris-HCl, 50 mM
Na-borate, 50 mM
Na-borate, 125 mM
Imidazole-HCl, 30 mM

2+

-ATPase
(K++H+)-ATPase
"1 protein h ')
(ymol Pi mg'

38
40
37
35
42
35

86
97
97
103
99
104

ATPase reaction at pH 7.0, since ATP hydrolysis results in net H

production

at this pH.
Occurrence of (K +H )-ATPase in rat gastric
mucosa. Contradictory reports
+ +
exist regarding the presence of a gastric (K +H )-ATPase in the rat. Forte et
al. (1976) and more recently Shaltz et al. (1981) report that the enzyme is
present, but Sachs et al. (1977b, p. 147) mention that they are unable to
find (K +H )-ATPase in rat gastric mucosa. Since the rat stomach has been
used as a model system in many physiological investigations of gastric acid
secretion, it is obviously important to know whether the enzyme is absent or
present.
Following our standard procedure for the isolation and purification of
gastric membranes and our standard (K +H )-ATPase assay media, we cannot
detect a К -stimulated ATPase activity in the various fractions obtained.
Also treatments aimed at vesicle disruption (freeze drying, detergents) or
increasing К

permeability (ionophores) fail to exhibit any latent (К +H ) -

ATPase activity. Shaltz et al. (1981) isolated their К

stimulated activity

not from the 20.000 g supernatant, but rather from the 20.000 g pellet.
However, we are unable to observe the presence of (К +H )-ATPase activity in
this pellet, even when using the same assay conditions as Shaltz et al. (1981).
Since Forte et al. (1976) reported a potent inhibitory effect of high
KCl concentrations, we have varied the KCl concentration at constant ionic
strength by mixing various amounts of the 20 mM choline-Cl and 20 mM KCl
containing assay media. Fig. 2.16a shows that incubation of rat gastric
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Fig. 2.16 К -activation of the ATPase activity in a microsomal fraction from
rat gastric mucosa. The ATP-hydrolysis is carried out at constant ionic
strength, achieved by mixing assay media, containing either 20 mM (Figs, a
and b) or 100 mM (Fig. c) choline-Cl or KCl. In Figs, a and с 5 mM Na 2 ATP is
present, whilst in Fig. b 5 mM Tris-ATP is used.

microsomes at varying KCl concentration shows optimal ATP hydrolysis at 6 mM
KCl. This К -induced activation is completely abolished at 20 mM KCl, which
may explain our earlier inability to detect the К -stimulated ATPase activity.
It occurred to us that, due to the very low sensitivity of rat tissue (Na +K ) ATPase to ouabain (Periyashami et al., 1979), the observed ATP hydrolysis
might be due to uninhibited (Na +K )-ATPase. We have, therefore, replaced
Na ? ATP with 5 mM Tris-ATP. In this Na

free medium, the К -induced stimulation

of the ATP hydrolysis is abolished (Fig. 2.16b).
2+
. . . .
The Mg

-ATPase activity, which is abundantly present in these membranes,

is suppressed in the presence of 100 mM choline-Cl. Replacing choline-Cl by
increasing KCl concentrations enhances the measured ATP hydrolysis (Fig. 2.16c),
2+
but it never exceeds the level of the Mg -ATPase activity measured in the
20 mM choline-Cl (Fig. 2.16a). We cannot explain this К -induced reactivation
2+
of the Mg -ATPase activity suppressed by choline-Cl. Perhaps the high basal
2+
. . .
.
.
+
.
Mg -ATPase activity is an expression of the gastric H pump in the rat
2+
stomach. As mentioned bef ore, there is a dispute whether the basal Mg -ATPase
activity is an integral part of the gastric ATPase or not(section 1.6.2).
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If so, than there exists a complex regulation of the ratio between the basal
and the К -stimulated ATPase activities, which may explain the decomposition
of the phosphorylated intermediate in the absence of К -ions (Wallmark et al.,
2+
1980) and the relative increase of the Mg -ATPase activity after treatment
with phospholipase A ? (Saccomani et al., 1979c). The endogenous activator,
first described by Ray (1978), may play a role in this regulation process.
Sen and Ray (1980) have found that the endogenous activator suppressed the
basal ATPase activity in ethanol treated membranes, concomitantly leading to
an increase of the К -sensitive component.
Our attemps to isolate a viable activator according to the method of
Sen and Ray (1980) have failed. Simply mixing the supernatant after a 60 min.
100,000 g centrifugation with a microsomal membrane fraction from rat gas
tric mucosa (Ray,1978) does not result in an increased (К +H )-ATPase activity
either. Assuming that such an endogenous activator is firmly bound to the
(K +H )-ATPase under standard conditions, leading to high К -stimulated and
2+
low Mg -ATPase activity, we suggest that in the isolation procedure of Shaltz
et al. (1981) the activating protein is retained. In our isolation procedure
2+
the binding between activator and enzyme is loosening, leading to high Mg ATPase activity and negligible К -stimulation. The activator protein remains
attached to the ATPase molecule at high ionic strength only. Under these
circumstances К

ions can again stimulate the ATPase activity. Forte et al.
2+
(1976) also observed a decrease of basal Mg -ATPase activity upon raising

the Na

concentration from 0 to 50 mM. In their case, however, the К -

stimulated activity is also drastically reduced. Thus we must conclude that
the problem of the occurrence of the (К +H )-ATPase in rat gastric mucosa
and its regulation remains unsolved.

2.5 DISCUSSION
The results presented in this chapter clearly indicate that our (К +H ) ATPase preparation from pig gastric mucosa is very similar to that described
by several other investigators. The isolation procedure routinely yields
preparations with a high (K +H )-ATPase activity and a relatively low Mg

-

ATPase activity (<10% of total ATPase activity). The final specific activities
of 90-130 pmol Pi mg
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protein

in the electrophoretic fractions E

and E-

are nearly as high as the activities of 110-160 pmol Pi mg

protein h

obtained by Saccomani et al. (1977, 1979b) after free flow electrophoresis.
Our (K +H )-ATPase preparation from pig gastric mucosa has an optimal pH
of 7.0 and а К

value of 2.7 mM for К

ions at this pH, which is in fair

agreement with the findings of Lee et al. (1979). The К value for К is
+
increased upon lowering the pH, whilst reducing the К -concentration in the
assay media increases the pH optimum. These effects suggest an antagonism
between H

and К , an interaction Which has recently also been shown by

Stewart et al. (1981).
Substrate specificity, activation by monovalent cations and the effects
of various inhibitors closely resemble those earlier reported by other
investigators. The use of mild homogenization and isolation procedures yields
a preparation with high vesicle integrity, as shown by the ability to
transport protons and by the high degree of enzyme stimulation with ionophores.
The maximal binding of 3 nmol AMPPNP per mg protein would represent
0.3 mol AMPPNP per mol 100,000 subunit at 100% protein purity. In fact the
100,000 MW band represents only 70% of total protein. Since some of the
bound AMPPNP may dissociate from the enzyme during the centrifugation step
in the binding assay, the actual binding value may still be higher.
2+
The binding is influenced by Mg
ions and activating monovalent cations
in a rather complicated way, which will be discussed in detail in chapter 6.
2+
In view of the effects of Mg , we have determined the presence of endogenous
2+
Mg
in the enzyme preparation. Large amounts (20-100 ymol per g protein) are
2+
present in the isolated enzyme preparation. The endogenous Mg
appears to be
essential for maintainance of the enzyme activity, since reduction to 10 ymol
per g protein by e.g. treatment with CDTA, causes nearly complete inactivation.
2+
The amount of endogenous Mg
is sufficient to obtain the maximal
phosphorylation level, but the rate of formation of the phosphoprotein from
32
2+
γ

P-ATP is increased by additional Mg

level by К

. The lowering of the phosphorylation

ions can be explained by assuming that К

not only stimulates

dephosphorylation but also stabilizes the dephospho-form, thereby reducing
the steady state level of the phosphoenzyme. Consequently, Wallmark and Mardh
(1979) suggest that KCl may inhibit phosphorylation at a step preceding the
2+ .
formation of the E.ATP complex. Mg
ions seem to increase the phosphoenzyme
level in the presence of Κ , which indicates an antagonism between these two
2+
ions and suggests that Mg
ions stabilize another conformational state of
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the enzyme, presumable the one in which phosphorylation takes place. The
phosphoenzyme is a functional intermediate in the reaction mechanism of the
(K +H )-ATPase, since formation and breakdown of the phosphoprotein are rapid
enough to account for the overall reaction(Wallmark and Mârdh, 1979).
The level of phosphorylation by Pi obtained by us is twice as high as
that reported by Sachs et al. (1980a), who found only 20% of the level reached
32
P-ATP. Phosphorylation by inorganic phosphate represents reversal of

with γ

the К -stimulated dephosphorylation of the enzyme. The К -stimulated phosphatase
activity may represent the dephosphorylation step, as it does in (Na +K ) ATPase. The substrate pNPP, which is used in assaying this enzyme activity,
may lead to direct formation of a "low-energy phosphorylated intermediate",
which is then dephosphorylated (Schuurmans Stekhoven and Bonting, 1981, p.8).
The biphasic К -stimulated dephosphorylation is consistent with the occurrence
of two forms of the phosphoenzyme: a К -insensitive form which must first be
converted to а К -sensitive form in a rate-limiting step. Wallmark et al.
(1980) have discussed such a mechanism in relation to their data, obtained
with the rapid mixing technique for measuring the transient kinetics of the
enzyme.
The gastric (K +H )-ATPase resembles the (Na +K )-ATPase system in many
respects. Even the amino acid composition of the isolated 100,000 MW protein
from (K +H )-ATPse closely resembles that of the a-subunit of the (Na +K ) ATPase (Peters et al., 1981a). Hence, one may speculate about a common
ancestor protein for these transport-ATPases, which differentiated in two
separate enzyme systems during evolution as a consequence of the different
functional requirements of the pump system.
In conclusion, the various characteristics of our purified (К +H ) ATPase preparation seem to indicate its comparability to the preparations
obtained by other investigators. Thus, the (К +H )-ATPase preparation isolated
from pig gastric mucosa according to the procedure of secion 2.3.1 is suitable
for further experiments, which will be described in the next chapters.
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CHAPTER 3
, +

+ч

EFFECTS OF PHOSPHOLIPASE С TREATMENT ON GASTRIC (К +H )-ATPase

*

3.1 INTRODUCTION

Indications for the lipid dependence of gastric (К +H )-ATPase have been
described extensively in section 1.6.4. The discrepancies between the findings
of Saccomani et al. (1979c) versus those of Sen and Ray (1979a,b, 1980) led us
to reinvestigate the phospholipid composition of the (К +H )-ATPase containing
membranes. In addition, we have investigated the effects of phospholipase С
treatment on the phospholipid content and on the (K +H )-ATPase and К -pNPPase
activities in an attempt to explore lipid/protein interactions. Phospholipase
С is particularly suitable for this purpose, because the diglycerides produced
by its action do not seem to affect membrane-bound enzyme activities per se,
although they may affect the charge properties of the remaining phospholipids
or cause their rearrangement through coalescence into droplets (Gazotti and
Peterson, 1977).

3.2 MATERIALS

3.2.1 Phospholipase preparations
Phospholipase С from Bacillus cereus: The enzyme was isolated according
to a modified method of Otnaess et al. (1972) by Mr. P. Jansen of this
laboratory. The enzyme has a specific activity of 975 units per mg protein,
is free of proteolytic activity, and can be stored at -20 С in 50% (v/v)
glycerol for over a year without loss of activity. It is used in a solution
containing 400 units per ml.
Phospholipase С from

Clostridium welchii: The enzyme was obtained as

*
Adapted from Sehrij en et al. (1981b)
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type I from Sigma (St. Louis, MO, USA) with a specific activity of 19 units
per mg protein. This phospholipase С preparation also appears to be free of
proteolytic activity, as shown by SDS Polyacrylamide gel electrophoresis of
the gastric (К +H )-ATPase. The electrophoretic pattern remains exactly the
same after prolonged incubation with the phospholipase С preparation under
the experimental conditions specified below. It is used as a solution of
2 mg phospholipase preparation per ml Stahl medium (1973), which consists of
4 mM histidine, 0.6 mM CaCl., 0.5 mM Na_ATP, 0.4 mg/ml bovine serum albumin,
25% (v/v) dimethylsulfoxide and 0.1 mM ZnCl, (pH 7.4). One unit of
phospholipase activity corresponds in both cases to I pmol substrate
hydrolyzed per min. at 37 С and pH 7.0.

3.2.2 Other materials
Phosphatidylcholine is isolated from egg-yolk according to Pangborn
(1951). Phosphatidylserine, grade I from bovine spinal cord, monosodium salt
is obtained from Lipid Products (South Nutfield, England). All nucleotides
are purchased from Boehringer (Mannheim, FRG). All other chemicals are from
Merck (Darmstadt, FRG) and are of analytical grade.

3.3 METHODS

3.3.1 Enzyme parameters
A gradient purified (К +H )-ATPase preparation is obtained as described
in section 2.3.1. Determination of (K +H )-ATPase and К -pNPPase activities
is carried out as described in section 2.3.2, whilst the high affinity К for
ш
ATP has been determined by the radioactive (К +H )-ATPase assay (section
32

2.3.2) using 15, 20, 30, 50 and 100 μΜ γ Ρ-ΑΤΡ. Binding of AMPPNP and
phosphorylation by ATP are carried out as described in section 2.3.3.
Prior to determination of parameters such as AMPPNP binding, level of
phosphoenzyme and К for ATP, residual endogenous ATP is removed from the
о .
+
.
enzyme preparation by incubation for 30 min. at 37 С in К -containing assay
medium plus 0.25 M sucrose but without ATP. After centrifugation and washing
by pelleting (45 min., lOO.OOOg) the vesicles are resuspended in 0.25 M
sucrose to determine the phosphorylation level and the К

for ATP, or in

50 mM imidazole-HCl (pH 7.0) for the AMPPNP binding experiments.
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The dependence of enzyme activity on pH and К

concentration is

determined as in Figs. 2.θ and 2.9, respectively. The temperature dependence
of (Κ +H )-ATPase is obtained by incubations at temperatures between 10 and
40 С for suitable lenghts of time. The resulting activities are presented in
the form of Arrhenius plots.

3.3.2 Treatment of (К +H )-ATPase with phospholipase С
The procedure is essentially the same as described previously by
De Pont et al. (1978) for (Na +K )-ATPase. The (К +H )-ATPase preparation is
sedimented by centrifugation at 100,000 g to remove sucrose, resuspended in
Stahl medium at a final protein concentration of 1 .5 mg per ml and preincu
bated at 30 С. To 2 ml (К +H )-ATPase preparation is added 200 μΐ phospho
lipase С (Cl.welchii) solution at time 0. After mixing, the tubes are
incubated at 30 С and the reaction is stopped at suitable times by the
transfer of 300 μΐ aliquots to 1 ml ice-cold 0.1 M EGTA adjusted with Tris to
pH 7.4. The membranes are collected by centrifugation, are washed once and
are then resuspended in 0.25 M sucrose. (K +H )-ATPase and К -pNPPase
activities are determined immediately. Protein determinations and phospho
lipid analysis are carried out later. Treatment with phospholipase С
(В. cereus ) is carried out in the same way, except that 10 Ul phospholipase С
preparation is added to 2 ml (К +H )-ATPase suspension. For controls 200 μΐ
Stahl medium or 10 μΐ 50% (v/v) glycerol is used for the phospholipase С
preparation from Clwelchii and B.cereus, respectively.
When the (К +H )-ATPase preparation is incubated with both phospholipases
in succession, the enzyme is first incubated for 10 min. at 30 С with
phospholipase С (Cl.welchii). Then phospholipase С (В.cereus) is added and
the incubation is continued for another 10 min., followed by addition of
0.1 M EGTA-Tris (pH 7.4) and the treatment described above.
The phospholipase С treated membrane preparations can be stored in
0.25 M sucrose overnight at -20 С without loss of (К +H )-ATPase activity. In
the text "treated membranes" refers to preparations treated with both
phospholipases in succession, while "control membranes" refers to preparations
carried through the same incubation procedure in the absence of phospholipases.

3.3.3 Lipid analysis
Total lipids are extracted from ca. 400 μg protein in 120 μΐ 0.25 M
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sucrose with 3 ml chloroform/methanol (2:1, v/v) by vigorous shaking during
30 min. under nitrogen at room temperature (Folch et al., 1957). After
centrifugation for IO min. at 6000 g, the supernatant is collected and the
extraction of the sediment is repeated twice. Subsequently, the pooled
extracts (ca. 10 ml) are repeatedly washed with 2 ml of 0.1 M KCl according to
Palmer (1971). After centrifugation the lower layer is concentrated by
evaporation in vacuum. The concentrated extract is taken to dryness in a
stream of nitrogen and the residue is dissolved in chloroform/methanol (1:1).
Thin layer chromatography of lipids is conducted on glass plates (20 χ
20 cm) coated with silica gel (0.3 mm) and preactivated for 1 h. at 110 С
(Drenthe et al., 1980). Lipid extracts (0.4 ymol phospholipid) are applied
as single spots, and are evaporated in a stream of nitrogen. The chromatogram
is developed using CHClj/CH.OH/U M ammonia/H20 (90:54:5.5:5.5; v/v) in the
first and CHCl3/CH30H/acetic acid/H 2 0 (90:45:12:1; v/v) in the second
dimension. The spots are visualized by staining with iodine vapour, and are
then scraped off and transferred to test tubes for phosphate determinations.
Phosphate blanks are prepared from silica gel outside the spots. The phosphate
determination is carried out as described by Broekhuyse (1968). The relative
standard error for this determination varies from 5 to 10%, depending on the
amount of phospholipid, whilst the limit of detection is 1% of the amount of
total phospholipid applied to the plate.
The cholesterol content of a lipid extract is estimated with the
cholesterol esterase-cholesterol oxidase colorimetrie method ("CHOD-PAP",
Boehringer, Mannheim, FRG) from a calibration curve prepared with pure
cholesterol.

3.4 RESULTS

3.4.1 Phospholipid content and composition
The gradient purified (K +H )-ATPase preparation, isolated from pig
gastric mucosa, contains 105 (SE 3, n=26) mol phospholipid per 100,000 g
protein. At an average phospholipid molecular weight of 750, this corresponds
to 79 mg of phospholipid per 100 mg protein, which is close to the value of
62.4 reported by Saccomani et al. (1979c), but is more than 4 times the value
of 18.4 of Sen and Ray (1979a). The cholesterol content of the gastric
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Table 3.1 Phospholipid composition of a (К +H )-ATPase preparation from pig
gastric mucosa. The results are presented as means with standard errors. The
number of experiments is given in parentheses.

phospholipid
Total
Sphingomyelin
Phosphatidylcholine
Phosphatidylethanolamine
Phosphatidylserine
Phosphatidylinositol

phospholipid contents
in % of total
in umoles phospholipid
phospholipid content
per 100 mg protein
Ξ100%
29.3 + 1.9
28.9 + 0.8
27.6 + 0.9
10.5 + 1 . 1
4.3 + 0.4

(10)
(10)
(10)
(10)
(10)

105 + 3 (26)
30.8
30.3
29.0
11.0

4.5

*
.
.
.
derived from determination of the phosphate content of membranes, assuming
that all phosphate is lipid bound.

membranes is 19.5 (SE 0.8, n=5) mg per 100 mg protein, which is 1.5 times
greater than the value reported by the latter authors and corresponds to
50 mol cholesterol per 100,000 g protein, or a molar cholesterol/phospholipid
ratio of 0.48.
In our lipid extraction procedure more than 98% of the phospholipids is
extracted. Table 3.1 gives the phospholipid composition of the (K +H )-ATPase
preparation, which agrees with that reported by others for gastric membranes
(Van Amelsvoort et al., 1977; Saccomani et al., 1979c) and other plasma
membranes (Chap et al., 1977; De Pont et al., 1978). The relatively high
sphingomyelin and cholesterol contents are common to most plasma membrane
preparations.

3.4.2 Effects of phospholipase С treatment on phospholipid content and enzyme
activities
Incubation of gastric membranes with phospholipase С from either
Cl.welchii or B.cereus rapidly decreases the phospholipid content (Figs. 3.1c
and 3.2b). The (К +H )-ATPase and К -pNPPase activities are lowered in
parallel with the phospholipid content (Figs. 3.1 and 3.2). Table 3.2
summarizes the results of all experiments in which (К +H )-ATPase preparations
are incubated with these phospholipases. These findings indicate that phospho
lipids are required for optimal enzyme activity.
When the membranes are incubated sequentially with both phospholipases,
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Fig. 3.1 Effect of incubation with phospholipase С from Clostridium welchii
on (K^+H )-ATPase, K+-stimulated p-nitrophenylphosphatase and lipid phospho
rus content of gastric membranes as a function of incubation time. Membranes
are incubated at 30°C with (·) or without (o) phospholipase С as described
in section 3.3.2. A typical experiment out of three is shown.

Table 3.2 Effects of treatment of gastric membranes with phospholipase С
from two different sources, separately or sequentially, on lipid phosphorus
content and (K + +H + )-ATPase activity. The results are presented as means of
percent residual phospholipid content and enzyme activity after 10 min.
incubation at 30°C; η is the number of determinations. Experimental
procedures are described in Fig. 3.1.
phospholipase С
(B.cereus)

treatment with
phospholipase С
(CI.welchii)

both phospholipases
sequentially

percent of control value
Lipid phosphorus
(K++H+)-ATPase
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51 + 1.1

50 + 1.8

35 + 1.1

43 + 1.9

45 + 1.5

28 + 1.8

n=6

n=9

n=8
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Fig. 3.2 Effect of incubation with phospholipase С from В.
cereus on (K++H+)-ATPase and lipid phosphorus content of
gastric membranes as a function of incubation time.
Membranes are incubated at 30°C with (·) or without (o)
phospholipase С as indicated in section 3.2.2. A typical
experiment out of three is shown.
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Fig. 3.3 Effect of sequential treatment with two
phospholipases С on (K++H+)-ATPase and lipid phospho
rus content as a function of incubation time.
Membranes are first incubated at 30°C with phospho
lipase С (Cl.welchii) as described in section 3.3.2.
After 10 minutes, either phospholipase С (В.cereus)
(о) or a second addition of PLase С (Cl.welchii) (·)
is administered. A typical experiment out of two is
shown.
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Table 3.3 Effects of treatment with phospholipase С from two different sources on the phospholipid
composition of gastric (K++H+)-ATPase preparation. Incubation is for 10 min. at 30°C for each
phospholipase. Results are expressed as percent of total phospholipids in the untreated preparation
(Table 3.1), calculated by means of the lipid phosphorus percentage from Table 3.2; η is the number
of experiments.

untreated phospholipase С
(B.cereus)
membranes
(Table 3.1)
(n=3)
29.3

27.0 + 2.9

phosphatidylcholine

28.9

phosphatidylethanolamine

27.6

phosphatidylserine

sphingomyelin

phosphatidylinositol

treatment with
phospholipase С both phospholipase С
sequentially
(Cl.welchii)
(n=4)
(n=3)
17.2 + 0.9

14.5 + 0.5

8.6 + 3.8

6.0 + 0.7

3.5 + 0.4

5.9 + 0.2

10.0 + 1.2

3.7 + 0.8

10.5

4.5 + 0.9

11.3 + 1.2

5.6 + 0.6

4.3

5.1 + 0.2

5.4 + 1.0

7.8 + 0.9

51.1

49.9

35.1

i.e. adding phospholipase С (B.cereus) after IO min. incubation with
phospholipase С (Cl.welchii), the phospholipid content and the (К +H ) ATPase activity are decreased further than after exhaustive treatment with
one phospholipase (Fig. 3.3 and Table 3.2). The same pattern is obtained when
the phospholipases are added in reverse sequence. A second addition of the
same phospholipase С instead of the other phospholipase С does not result in
a further decrease (Fig. 3.3). Addition of both phospholipases С together
results in the same low final level as when they are added sequentially.
Neither the use of larger amounts of phospholipase, nor an additional
sequential treatment with the two enzymes further diminish the phospholipid
content or the ATPase activity. These observations suggest that the two
phospholipases have somewhat different specificity and that substrate
accessibility for one phospholipase С is not increased by the action of the
other.

3.4.3 Effect of phospholipase С treatment on phospholipid composition
Table 3.3 shows the effects of incubation with the two phospholipases С
on the phospholipid composition of the gastric membranes. Phospholipase С
(B.cereus) hydrolyzes phosphatidylcholine, phosphatidylethanolamine and
phosphatidylserine, but not phosphatidylinositol or sphingomyelin (col. 3 ) .
This substrate preference is qualitatively similar to that found with lipid
suspensions from photoreceptor membranes (Drenthe et al., 1980) and with
phospholipids from different sources in Triton-X-100/phospholipid mixed
micelles (Roberts et al., 1978), which are hydrolyzed at different rates.
Phospholipase С from Cl.welchii hydrolyzes phosphatidylcholine,
phosphatidylethanolamine and sphingomyelin, but not phosphatidylinositol or
phosphatidylserine under our experimental conditions (col. 4 ) . This
qualitatively resembles the findings of De Pont et al. (1978) for highly
purified (Na +K )-ATPase preparation from rabbit kidney outer medulla.
The effect of sequential treatment with the two phospholipases on the
phospholipid composition of the gastric membranes is shown in col. 5 of
Table 3.3. The effects of the two phospholipases are approximately additive,
when compared to the data obtained with each enzyme alone. The apparent
increase in phosphatidylinositol content is probably due to an analytical
error magnified by the large decrease in total phospholipid content.
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Fig. 3.4 Effect of phospholipase С treatment on the activation of
(K++H+)-ATPase by К . Gastric membranes, sequentially treated with
the two phospholipases С (·) and control membranes, treated in
the same way without phospholipase addition (A) are assayed at
varying К concentrations. Results are expressed as LineweaverBurk plots. A typical experiment out of three is shown.

3.4.4 Effects of sequential phospholipase С treatment on enzyme parameters
After treatment with both phospholipases C, the hydrolysis of ATP by
(К +H )-ATPase remains linear with the incubation time (not shown). The
optimal pH for the (К +H )-ATPase and4-nitrophenylphosphatase activities in the
treated membranes is 7.0 (Table 3.4), which is similar to the pH-optimum of
the (К +H )-ATPase activity in untreated gradient purified membranes (Fig. 2.8)
The apparent affinity for К

of (К +H )-ATPase in treated membranes is

somewhat increased (Fig. 3.4): the К

value in treated membranes is 1.51 mM

(SE = 0,15; n=3) vs. 2.53 mM (SE = 0.02; n=3) for untreated controls. The
latter value closely approximates the К

value of 2.7 mM in section 2.4.2,

which indicates that the incubation procedures as such do not affect this
parameter.
Sequential treatment with the two phospholipase С preparations has no
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Table 3.4 Effect of sequential treatment with phospholipase С preparations
+
from two different sources on enzyme parameters of (K +H )-ATPase. Enzyme
parameters are determined as described in section 3.3; the number of
determinations is given in parentheses. The standard error for 2 experiments
is calculated as 0.63 χ the range, according to the approximation method of
Davies and Pearson (1934).
control membranes
Кm for ATP (μΜ)
32
-1
-1
V
(цтоі
Ρ mg
protein h )
max
IL· for AMPPNP (μΜ)

73

+ 5

(2)

28

+ 6

(2)

51

+ 2

(6)

+ 0.1

(6)

Maximal AMPPNP binding
(nmol AMPPNP mg~' protein)

1.2

Optimal pH (K + +H + )-ATPase

7.0

+

Optimal pH К -pNPPase

26.7

74

+3

(3)

4.7 + 0.5 (3)
42

+4

(6)

0.47 + 0.05(6)
7.0
7.0

7.0

Transition temperature( C)
Activation energy (kcal mol

*

phospholipase С treated
membranes

+ 0.4

W

26.9

W
W

25.6

+ 0.7 (4)

16.3

+ 1.8 (4)

+ 1.9 (4)

)

below transition temp.

26.9

+ 0.3

above transition temp.

16.0

+ 1.8

These values are obtained from section 2.4.2 for native gastric membranes.

effect on the К for ATP (Table 3.4), but lowers V
. It will be noted that
m
max
the V
in these experiments is much lower than observed for untreated
max
membranes in the normal assay medium. This is due to the fact that the enzyme
has two ATP sites, a low affinity site with high V
and a high affinity
1
Б
°
max
'
site with low V
(Sachs et al., 1980a). At low ATP concentration used in
max
these experiments only the high affinity site with low V
is active. The
К

value of 73 μΜ for the high affinity ATP site is in agreement with the

value of 74 μΜ reported by Sachs et al. (1980a). Recently, the same group
(Wallmark et al., 1980) reported a high affinity К value of 3.5 μΜ without
m
explaining the large difference with the earlier value. In our opinion, the
difference may be due to the higher KCl concentration and temperature used by
Sachs et al. (1980a) and by us: К

is known to decrease the affinity of

(K++H+)-ATPase for ATP (Sachs et al., 1980a; sections 4.4.3; 5.5.1; 6.4.3),
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Fig. 3.5 Arrhenius plots of (К +Н )-ATPase activity in gastric membranes.
(K++HT)-ATPase preparations with (·) or without (o) sequential phospholipase С treatment are incubated at different temperatures. A typical
experiment out of four is shown.

Fig. 3.6 Phosphorylation level of gastric membranes with (·) or without (o)
sequential phospholipase С treatment. A typical experiment out of two is
shown.

while lowering the temperature decreases the low affinity К

value of

(Na +K )-ATPase (Robinson, 1976a).
The activation energies and transition temperatures for (К +H )-ATPase,
obtained from Arrhenius plots, do not differ significantly in treated and
control membranes (Fig. 3.5 and Table 3.4). Our results suggest that most
properties of the (К +H )-ATPase preparation are not greatly affected by
treatment with phospholipase C, except that the enzyme activity is greatly
reduced, maximally by 70%.
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We have also investigated the effect of phospholipase С treatment on
some partial reaction steps. Substrate binding has been studied with the
non-phosphorylating ATP analogue, adenylyl imidodiphosphate (AMPPNP). The K,
value for AMPPNP is not changed, but the maximal binding capacity of the
treated membranes is reduced (Table 3.4). In line with this observation, the
phosphorylation level for ATP is reduced by more than 70% after sequential
treatment. From these observations it may be concluded that the inactivation
of (К +H )-ATPase activity by phospholipase С is due to a decreased number of
available substrate binding sites.

3.5 DISCUSSION

3.5.1 Lipid content and composition of gastric (К +H )-ATPase preparation
The determination of the phospholipid contents does not seem to be
vitiated by preferential extraction of any given phospholipid, since 98% of
the total lipid phosphorus content of the membrane preparation is extracted
in our procedure. The phospholipid composition can be reliably calculated
without having recourse to the recovery (ranging from 60% to 90% in our
experiments), as pointed out by Roelofsen et al. (1974).
Our findings for the phospholipid content and composition of gastric
membranes (105 mol per 100,000 g protein, consisting of 29% phosphatidylcholine"PC", 29% sphingomyelin, 28% phosphatidylethanolamine"PE",
10% phosphatidylserine"PS" and 4% phosphatidylinositol"PI") resemble those
of Saccomani et al. (1979c) but they differ greatly from those of Sen and
Ray (1979a). Our molar cholesterol/phospholipid ratio of 0.48 is much lower
than the extremely high value of 1.95 reported by the latter authors, who
apparently used a phospholipid molecular weight of 1000. Even if their
molar ratio is recalculated on the basis of an average phospholipid molecular
weight of 753 (calculated by us from their data for phospholipid and fatty
acid composition), The still relatively high value of 1.4 is obtained. Their
aberrant value is mainly due to the low phospholipid content, which amounts
to only 23% of that found by us and 30% of the value reported by Saccomani
et al. (1979c).
The absence of cardiolipin indicates a very low mitochondrial contamination
in our (K +H )-ATPase preparation, which is in agreement with the low cytochrome
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с oxidase activity in the gradient purified peak fractions (Fig. 2.5). The
absence of lysophospholipids and phosphatidic acid indicates that the gastric
vesicles must posses a rather rigid structure.

3.5.2 Effects of phospholipase С on phospholipid content and composition
In our experiments incubation with phospholipase С results in a rapid
decrease of the lipid phosphorus content of the gastric membranes, but the
hydrolysis stops at a certain level. This residual phospholipid level shows
little dependence on the type of phospholipase С used (51% for B.cereus and
50% for Cl.welchii), but is lower after treatment by both enzymes (35%). In
our experiments the B.cereus enzyme hydrolyzes PC, PE and PS but little or
no sphingomyelin and PI, while the Cl.welchii enzyme hydrolyzes PC, PE and
sphingomyelin but little or no PS and PI. These differences in substrate
specificity partially explain the higher and approximately additive hydrolysis
after sequential treatment.
The abrupt cessation of hydrolysis at a certain level requires an
explanation. It is unlikely that it is due to accessibility of only the outer
leaflet phospholipids, since sequential treatment leads to the rather high
value of 65% hydrolysis and the membrane preparation does not seem to consist
of closed vesicles (no stimulation of the activity by ionophore). One
possibility is a different substrate preference for the fatty acid chains of
the phospholipid, indicated by the finding of Roberts et al. (1978) that the
phospholipase С (B.cereus) prefers short fatty acid chains. This may also
explain why the Cl.welchii enzyme causes less breakdown of PC and
sphingomyelin in the (К +H )-ATPase preparation than in a highly purified
(Na +K )-ATPase preparation from rabbit kidney outer medulla (De Pont et al.,
1978). Another possibility is that the limited hydrolysis is due to inter
actions of the lipids with membrane proteins, leading to their protection
against phospholipase С action. This appears to be the case in the myelin
sheath, where after treatment with trypsin there is an increased hydrolysis
of phospholipids by phospholipase С (Gwarsha et al., 1980). If this applies
to our membranes, it would imply that sphingomyelin and PS have a strong
interaction with the gastric (К +H )-ATPase.
Phospholipids from the immediate lipid environment of a lipoprotein are
probably extracted less readily than other phospholipids. Thus it seems
unlikely that the nearly complete inactivation of (К +H )-ATPase during the
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second step of a sequential treatment with 15% ethanol for 60 sec. at 23 С
and subsequently at 37 С can be due to the extraction of these very phospho
lipids (Sen and Ray, 1979b, 1980). More likely is an inactivation of the
enzyme by ethanol, as has been reported for (Na +K )-ATPase (Lin, 1980). The
sensitivity of the enzyme to ethanol would then be correlated with the
conformation of the enzyme, which may be influenced by the presence of
essential lipids and by temperature.

3.5.3 Effects of phospholipase С treatment on (К +H )-ATPase
There is a remarkable parallelism between the lowering of the phospho
lipid content and of the (К +H )-ATPase activity during treatment with
phospholipase C, both in time and in final level. A similar relationship is
found for the (Na +K )-ATPase activity during phospholipase С treatment of
crude preparations isolated from ox brain (Taniguchi and Tonomura, 1971) or
Electrophorus electroplax (Goldman and Albers, 1973). On the other hand,
De Pont et al. (1978) find only a 15% loss of enzyme activity upon 65%
phospholipid hydrolysis during phospholipase С treatment of a highly
purified (Na +K )-ATPase preparation from rabbit kidney.
The К -pNPPase activity is lowered in parallel with the (К +H )-ATPase
activity during phospholipase С treatment. This contrasts with the effects
of phospholipase A„, where no loss of К -pNPPase activity was observed in
the face of 75% loss of (К +H )-ATPase activity (Saccomani et al., 1979c).
Our observations also differ from the findings for crude (Na +K )-ATPase
preparations, where the phosphatase activity upon phospholipase С treatment
falls either less (Taniguchi and Tonomura, 1971) or more (Goldman and Albers,
1973) than the (Na +K )-ATPase activity.
The effects of phospholipase С treatment on various properties of the
gastric (К +H )-ATPase have been studied in an attempt to find out how
phospholipids affect the reaction mechanism of the enzyme. No changes are
found in the pH optimum and the high affinity К

value for ATP, which is also

the case for phospholipase С treated (Na +K )-ATPase (Sun et al., 1971). This
finding and the constancy of the Arrhenius plot suggest that the loss of
activity results from an allosteric change rather than from a direct
involvement of the active site. In contrast, phospholipase С treatment of
(Na +K )-ATPase changes the Arrhenius plot, which is ascribed to a disruption
of the contact between charged protein groups and lipids (Che Chung and
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Boldyrev, 1978). Discontinuities in Arrhenius plots are often considered to
reflect lipid phase transitions (Frenkel et al. 1980) and thus indicate a
lipid dependence of the enzyme, although a temperature dependent change in
the protein moiety of the lipoprotein may also be responsible.
The only change in enzyme parameters, apart from V
decrease in K. for К
A

, may be the slight

ions.

3.5.4 Effects of phospholipase С treatment on partial steps of (К +H )-ATPase
In order to determine whether the decreased enzyme activity is due to a
decreased turnover number of all enzyme molecules or a complete inactivation
of part of the enzyme molecules, we have studied the effects of phospholipase
С treatment on the partial reactions of the overall enzyme activity. The
binding capacity for the non-phosphorylating ATP-analogue, adenylylimidodiphosphate (AMPPNP) and the maximal phosphorylation level are decreased to a
similar extent. Rather than a general decrease in turnover number of all
ATPase molecules, this suggests that part of the ATPase molecules are
completely inactivated by losing their ability to bind substrate. This is in
agreement with the lack of effect of phospholipase С treatment on most of the
enzyme parameters.
The decreased substrate binding could be the result of a specific effect
on the substrate binding centre due to hydrolysis of particular phospholipids.
Alternatively, it could be due to aggregation of protein molecules upon
phospholipase С treatment. The striking parallelism between phospholipid
content and (К +H )-ATPase activity appears to favour the latter non
specific phenomenon. Protein aggregation could be due to a decreased membrane
surface, caused by the coalescence of diglycerides to droplets and extrusion
of these droplets, as previously observed for the photoreceptor membrane
(Olive et al., 1978). However, the immediate decrease in (К +H )-ATPase
activity upon phospholipase С treatment (Figs. 3.1 - 3.3) indicates that this
cannot be the full explanation, since diglyceride coalescence would most
probably require a considerable degree of phospholipid hydrolysis.
Summarizing, the effects of phospholipase С treatment indicate that there
is a general lipid dependence of (К +H )-ATPase but no specific requirement
for any particular phospholipid, and that the enzyme inactivation may occur
through protein aggregation hindering substrate binding and subsequent
phosphorylation.
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CHAPTER 4
*
CHEMICAL MODIFICATION OF ARGININE RESIDUES BY MEANS OF BUTANEDIONE

4.1 INTRODUCTION

An important means to gain insight into the mechanism of an enzyme is
through chemical modification of particular residues in the enzyme molecule
with group specific reagents. With a single exception for transketolase
(Kremer et al., 1980) arginine residues generally appear to exist in the
active site of enzymes reacting with anionic substrates or cofactors
(Riordan et al., 1977), indicating that the positively charged side chain of
arginine is involved in the binding of the negatively charged substrate. Such
a role for arginine residues has also been established in various ATPases:
chloroplast ATPase (Andreo and Vallejos, 1977), bacterial H

translocating

ATPase (Soné et al., 1979), mitochondrial ATPase (Marcus et al., 1976),
2+

(Ca + Mg

y*.

)-ATPase from sarcoplasmic reticulum (Murphy, 1976) and also in

(Na++K+)-ATPase (De Pont et al., 1977; Grisham, 1979).
Selective modification of arginine residues of polypeptides and proteins
is carried out with dione reagents such as phenylglyoxal, eyelohexanedione or
butanedione (Franks et al., 1980; Said El Kebbaj et al., 1980). The selectivity
for the guanidine group depends upon the reaction conditions (Glass and
Pelzig, 1978). The number of modified arginyl groups can be simply determined
by amino acid analysis before and after modification (Riordan, 1973).
Radioactive or chromophoric derivatives of the arginine modifying agents can
also be used (Philips et al., 1979; Borders et al., 1979).
In this chapter the effects of butanedione on the (K +H )-ATPase from
2+
and

pig gastric mucosa are described. In addition, the effects of Mg

various monovalent cations, which stimulate enzyme activity, on the
inactivation of (K +H )-ATPase by butanedione have been studied. The results

ï
Adapted from Schrijen et al. (1980)
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indicate that one arginyl residue appears to be essential for (K +H )-ATPase
activity, and that the ions which are important for the enzyme activity
induce specific conformational states of the enzyme molecule.

4.2 MATERIALS

Butanedione is obtained from Aldrich Europe (Beerse, Belgium): fresh
dilutions are prepared before each experiment. All nucleotides are purchased
from Boehringer (Mannheim, FRG) and all other chemicals from Merck (Darmstadt,
FRG) in highest available purity.

4.3 METHODS

4.3.1 Butanedione inactivation studies
The reaction with butanedione is performed in a medium containing 125 mM
sodium borate buffer (pH 7.0), 0.5 mg protein ml

and butanedione at the

stated concentration. When the effect of a ligand (cation or nucleotide) is
studied, the enzyme preparation is preincubated with the ligand for 5 minutes
at 37 С before addition of butanedione. After incubation with butanedione at
37 С for a suitable time, 200 μΐ samples are removed. Separation of the
enzyme preparation from the reaction mixture is performed by gel filtration
at room temperature over a column (0,5 χ 10 cm) of Sephadex G 25 coarse. The
column is previously equilibrated in 125 mM borate buffer (pH 7.0), unless
otherwise specified. The same buffer is used for elution. The first eluate
after addition of 200 Ul elution buffer is discarded, while the second
eluate, obtained after adding 800 Ul elution buffer, is used for enzyme
assays. Control experiments in 125 mM borate buffer (pH 7.0) without
butanedione are always included.

4.3.2 Enzyme assays and protein determination
(K +H )-ATPase and К -stimulated pNPPase activities are carried out as
described in section 2.3.2, except that the imidazole buffer is replaced by
125 mM sodium borate buffer (pH 7.0), which has no effect on the enzymatic
hydrolysis of ATP (Table 2.3). Protein is determined according to Lowry et al. (1951) .
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Fig. 4.1 Inactivation by butanedione as a function of pH. (K +H )-ATPase
preparation (0.5 mg/ml) is incubated for 20 min. at 37°C with 0.5 mM butane
dione in 125 mM borate buffer containing 5 mM MgCl2> previously brought to
the indicated pH values with 5 M NaOH. (K++H+)-ATPase activity is expressed
as percent of control activity (no butanedione).

Fig. 4. 2 Inactivation by butanedione as a function of time. (K +H )-ATPase
preparation (0.5 mg protein/ml) is incubated at 37°C for the indicated lengths
of time with various concentrations of butanedione in 125 mM sodium borate
(pH 7.0), 5 mM MgCl2· (K++H )-ATPase activity is expressed as percent of
control activity without butanedione.

4.4 RESULTS

4.4.1 Inactivation of (K +H )-ATPase by butanedione
Incubation of gradient purified (K +H )-ATPase from pig gastric mucosa
with butanedione in borate buffer leads to inactivation of the enzyme. The
degree of inactivation is dependent on a number of factors, such as butane
dione concentration, length of incubation time, pH and presence of ligands in

69

160
~ 16
с

5mMMqCI 2

7

г = 0 980
slope-094

F

С
О

120

\·

S 12
η

'Ξ
с
« 0 8
Ι
Ο

І

~04
σι
ο

Хч

О 80

-

Û

5 m M CDTA

л. ·
Ν.

ι

04

\

1

0 8
12
16
log [butanedione] 10" 4 Μ

05

10
1 5
m M butanedione

Fig. 4.3 Double logarithmic plot of half-inactivation time vs. butanedione
concentration. Treatment with butanedione is carried out in 125 mM sodium
borate buffer (pH 7.0) containing 5 mM MgCl2· Values from three separate
experiments are plotted.
Fig. 4.4 Effect of butanedione concentration on pseudo first order rate
constant. (K++H+)-ATPase preparation (0.5 mg/ml) is incubated at 37°C with
various concentrations of butanedione in 125 mM sodium borate buffer,
containing 5 mM MgCl ? or 5 mM CDTA.

Table 4.1 Reversibility of the inactivation of (К +H )-ATPase
by butanedione. Gastric (K +H )-ATPase (0.5 mg protein/ml) is
incubated for 20 min. at 37 С in 125 mM sodium borate buffer
(pH 7.0) containing 5 mM MgCl2 and 0.5 mM butanedione. Aliquots
are filtered over Sephadex G 25 columns, and are equilibrated
and eluted with the indicated buffers. Enzyme activity is
assayed immediately after gel filtration and 90 min later
after standing at 37°C. Results are expressed as percent of
(K++H+)-ATPase activity without butanedione treatment.
buffer
(125 mM, pH 7.0)

time a f t e r gel
0 min

( p e r c e n t of c o n t r o l )
filtration
90 min

Na-borate

10

15

Imidazole-HCl

12

43

Tris-HCl

13

41

9
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Hepes-NaOH
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(к +H )-ATPase a c t i v i t y

the medium. If incubation with butanedione is carried out in Tris-borate
buffer instead of Na-borate buffer, the inactivation is reduced (not shown),
presumably due to a reaction of Tris with butanedione preventing arginine
modification (Patthy and Smith, 1975). Treatment with butanedione also
inactivates К -pNPPase activity, but in this case deviation from pseudofirst-order kinetics occurs beyond 40% inactivation, indicating more complex
kinetics.
The pH of the incubation buffer has a marked influence on the inactiva
tion rate (Fig. 4.1). In the pH range 6.5 - 8.5 inactivation is most
pronounced at pH values above pH 8.0, which has also been observed for
butanedione inactivation of other enzymes (Riordan, 1973; Marcus et al., 1976;
De Pont et al., 1977). Despite the larger inactivation at pH 8.0, we have
chosen for our subsequent experiments pH 7.0, the optimal pH for the enzyme
activity (Fig. 2.8).
Inactivation is reversible on removal of excess butanedione and borate.
When (К +H )-ATPase is modified to 10% of initial activity and gel filtration
is performed with Hepes-NaOH buffer (pH 7.0) instead of borate buffer, the
enzyme reactivates within 90 minutes at 37 С to 69% of control activity
(Table 4.1). Using imidazole or Tris buffer instead of borate buffer also
leads to reactivation of enzyme activity. The stabilization of the enzymebutanedione complex by borate-ions indicates that the inactivation is due to
modification of essential arginyl residues (Riordan, 1973; Borders et al.,
1978a, b ) . This reactivation with other buffers than borate does not occur
when the eluted mixture is kept for 90 min at 0 C.
Fig. 4.2 shows that the reaction with butanedione exhibits pseudo first
order kinetics up to 80% inactivation in the presence of 125 mM Na-borate
buffer (pH 7.0) and 5 mM MgCl„. A double logarithmic plot of the halfinactivation time against the butanedione concentration gives the reaction
order (Levy et al., 1963). The slope of the line in Fig. 4.3 is 0.94,
indicating that the modification of a single essential arginine residue
causes inactivation.
The apparent first order reaction constant varies proportionally with
the butanedione concentration (Fig. 4.4) indicating that the reaction obeys
true second order kinetics. The value of the second order rate constant
-1-1
2+
derived from Fig. 4.4 is 145 min M
in the presence of 5 mM Mg
and
52 min M
in the presence of 5 mM CDTA. These different rates suggest
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Fig. Α.5 Protective effects of ATP and AMPPNP against butanedione inactivation·
(K++H+)-ATPase (0.5 mg protein/ml) is incubated at 37°C for 30 min. in 125 mM
sodium borate buffer (pH 7.0), containing either 5 mM MgCl2 or 5 mM CDTA and
ATP or AMPPNP in the stated concentrations. Inactivation is stopped by gel
filtration and the eluted enzyme is assayed for (K++H )-ATPase activity and
protein. Results are expressed as the ratio of the pseudo-first-order-inactivation rate constants in the absence (k ) or the presence (k. ) of nucleotide.

Table 4.2 Protective effect of nucleotides on inactivation by
butanedione. (K++H+)-ATPase is incubated for 20 min. at 37°C in
125 mM Na borate buffer (pH 7.0) containing 0.5 mM butanedione,
1 mM of the indicated compounds and either 5 mM MgCl2 or 5 mM
CDTA, after preincubation for 5 min. before butanedione is
added. Results are expressed as percent of inhibition obtained
without nucleotide and are averages for 2 experiments with SE
(Davies and Pearson, 1934).
Nucleotide
added (1 mM)
none

ATP
ADP
deoxy-ATP
AMPPNP
AMPPCP

AMP
CTP
GTP
ITP
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Percent inhibition in the presence of
5 mM CDTA
5 mM MgCl 2
Ξ100
59
61
75
67
92
92
85
83
86

+
+
+
+
+
+
+
+
Ϊ

2.5
5.0
2.5
3.8
2.5
2.5
3.8
3.8
2.5

Ξ100
24
42
43
57
87
100
91
89
89

+
+
+
+
+
+
+
+
+
—

5.0
3.8
2.5
1.3
2.5
5.0
3.8
2.5
1.3

that the essential arginine residue is more exposed in the presence of
2+
2+ .
.
5 mM Mg , and hence that Mg -ions induce a conformational change in the
2+
enzyme. This Mg
effect is concentration dependent with an apparent К of
0.3 mM (not shown).

4.4.2 Protective effects of nucleotides on butanedione inactivation
The effects of ATP and other nucleotides on the butanedione inactivation
of (К +H )-ATPase have been studied (Table 4.2). ATP has a protective effect,
2+
than in its presence (Fig. 4.5,

which is stronger in the absence of Mg

right). The non-phosphorylating ATP-analogue, AMPPNP, also has a protective
2+
effect, but here the presence or absence of Mg
makes little or no difference
(Fig. 4.5, left). Incubations with ADP and deoxy-ATP show a protection, which
2+
is decreased by addition of Mg . AMPPCP, CTP, GTP, ITP and AMP hardly
protect, even at rather high concentrations, which parallels the low activity
of the enzyme for these nucleotides as substrate (section 2.4.2; μ. 35).

4.4.3 Effects of activating monovalent cations on butanedione inactivation
The effects of monovalent cations on butanedione inactivation in the
absence of ATP are shown in Fig. 4.6. The activating cations ΤΙ , К , Rb

and

NH, ions all protect against butanedione inactivation, but in decreasing order
of effectiveness (Tl Ж
and choline

>Rb >NH,). Non-activating cations, like Cs , Li , Na

hardly show any effect. Both the rate of inactivation and the

final level of protection depend on the cation used.
The dissociation constant K, for the enzyme-cation complex has been
calculated by means of the following equation derived by Scrutton and Utter 0965).
k.

k.

к.

ι

2

ко

к
+

K

d

о

U)

where к. and к represent the pseudo first order inactivation rate constants
ι
о
in the presence (i) and absence (o) of the monovalent cation, K, is the
dissociation constant for the enzyme-cation complex, k. the rate constant
for the reaction between free enzyme and butanedione, k„ that between the
enzyme-cation complex and butanedione and L the concentration of the cation.
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Fig.4.6 Protective effects of activating monovalent cations on inactivation
by butanedione. (K++H+)-ATPase (0.5 mg protein/ml) is incubated at 37 С in
125 mM sodium borate (pH 7.0) containing 1 mM CDTA, butanedione and activating
monovalent cations in the stated concentrations in the absence (left) and in
the presence (right) of 1 mM ATP. (K++H+)-ATPase activity is determined as
described in section 4.3.2 . Results are expressed as percent of the
inactivation in the absence of cation (Ξ100%). In the absence of ATP we used
0.5 mM butanedione and 15 mia incubation and in the presence of ATP 2 mM
butanedione and 40 min. incubation in order to obtain inactivation percen
tages comparable to those without activating cation in the absence of ATP.

Table 4.3 Dissociation constants for activating monovalent cations
deduced from butanedione inactivation studies by means of the
Scrutton and Utter equation. Ktf and k2/k) values for various mono
valent cations are obtained by means of the Scrutton and Utter (1965)
equation from data as shown in Figs. 4.6 and 4.7.
Cation

Tl
K

+

0.06

0.31

0.14
+

0.50
0.94

+

Rb

4
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no ATP present
Kd
k 2 /k,

1 mM ATP present
k 2 /kj
K
d

0.6

2.41

0.50

3.2

1.64

0.51

8.4

1.67

0.74
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Fig. 4.7 Effect of К ions on the dissociation constant
of the enzyme-ATP complex. Data, averaged from 2-4
experiments similar to those shown in Fig. 4.5, are
plotted according to Scrutton and Utter (1965).

By plotting k./k

vs. (1 - k./k ) / ( L ) the value of K, can be deduced from

the slope for each cation (Table 4.3, 2

column). The protecting effect of

the monovalent cations is clearly shown by the low k./k. values (Table 4.3,
3

column).
When these experiments are repeated in the presence of ATP, there is a

striking reversal of the cation effects on butanedione inactivation, but
again in the same order of effectiveness: Tl >K >Rb >NH, (Fig. 4.6). Only
NH, behaves somewhat abnormally, in as much as it has less effect than
choline. The values of K, derived from these curves are shown in Table 4.3,
4

column. They are close to the K, values for the activating effect of the

various cations on the ATPase activity (Table 2.1). The rather high k./k.
Y Vi

values (Table 4.3, 5

column) indicate that in this case the inactivation by

butanedione increases upon addition of activating monovalent cations.
These experiments suggest that the activating monovalent cations induce
a conformational change, in which the essential arginyl residue is less
exposed, and which may lead to a decreased binding of ATP. As a consequence,
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the protection by ATP against butanedione inactivation is partially abolished
by the activating monovalent cations, which explains the increased
inactivation in the presence of ATP. In order to test the effect of the
monovalent cations on substrate binding, we have determined the dissociation
constant K, for ATP. This has been done by determining the butanedione
inactivation in the presence of 0 and 20 mM KCl at different concentrations
of ATP (Fig. 4.7) and by inserting the ATP concentration for L in the formula
of Scrutton and Utter (1965). The value of K, is 216 УМ in the presence and
d
+
+ .
74 μΜ in the absence of К , whxch confirms our conclusion, that the К induced
conformation would have a decreased affinity for ATP.

4.5 DISCUSSION

4.5.1 Inactivation of (К +H )-ATPase by butanedione
The inactivation of (К +H )-ATPase by butanedione is reversible, but can
be stabilized by borate anion. This indicates that modification of arginine
groups takes place (Riordan, 1973; Borders et al., 1978a, 1978b). The pH
dependence of the reaction further confirms this conclusion. The kinetic
behaviour of butanedione inhibition suggests that modification of only one
essential arginine residue is responsible for the inactivation of the
(К +H )-ATPase activity. This does not, of course, exclude that many more
arginine groups are modified, but these would then be non-essential for the
activity of the enzyme.
The study of the effects of various ligands on the butanedione reaction
has yielded further useful information on the role of the essential arginine
group and on the conformational states of the enzyme. The faster inactivation
2+
in the presence of Mg
indicates that this cation induces a conformational
change with increased exposure of the arginine group.
The activating monovalent cations also seem to induce a conformational
2+
change in the enzyme, but one that is opposite to that induced by Mg . In
the absence of ATP these cations protect against butanedione inactivation,
indicating a conformation with reduced exposure of the arginine group. The
final level of the cationic effect depends on the cation, with the same order
of effectiveness (Tl >K >Rb >NH,) as for the activation of the (К +H )-ATPase
activity. The dependence of the final level of the cationic effect on the

76

nature of the cation indicates that there is a direct relation between
activation and expression of the conformational change. This observation
agrees with the findings of Ray and Forte (1976), who showed that the
remaining phosphoenzyme level depends on the monovalent cation used to
stimulate dephosphorylation. These findings indicate that the cation induced
conformational change coincides with the dephosphorylation process,

4.5.2 Protective effect of nucleotides on butanedione inactivation
The ability of ATP to protect against butanedione inactivation may
indicate that the essential arginine group is located in the ATP binding
center. Such a role for the positively-charged arginine residue has been
proposed for many other enzyme systems, which react with negatively-charged
substrates or cofactors. The only known exception seems to be the phosphate
binding site of transketolase, where arginine does not appear to be involved
2+
(Kremer et al., 1980). In the absence of Mg
and presence of 5 mM CDTA, which
prevents phosphorylation (section 2.4.3), the ATP derivative deoxy-ATP also
protects against inactivation by butanedione. This indicates that the
essential arginine is involved in the binding step per se and that the sugar
moiety of the nucleotide is not critical for binding.
The protective effect decreases in the order ATP>AMPPNP>AMPPCP, which
suggests that the electronegativity of the atom between the β and γ phosphate
(0>N>C) is important for binding. The protection by ADP is in agreement with
this conclusion, since it also has an oxygen atom at this position. The better
protection by ATP than by ADP indicates that the γ-phosphate group may also
be involved in nucleotide binding. Obviously, the base part of the nucleotide
is also important as shown by the minor protective effects of CTP, GTP or ITP
and their low activities as substrates for the enzyme.
As mentioned in the preceding section, the essential arginine residue
2+
-induced enzyme conformation. Hence, one
2+
may expect increased substrate binding in the presence of Mg
and consequently
seems to be more exposed in the Mg

increased protection against butanedione inactivation, assuming that the
essential arginine residue is located in the ATP binding site. However, in the
2+
presence of Mg
ATP protects less than in its absence, which may be due to
the phosphorylation of the enzyme taking place in this condition (Ray and
Forte, 1976). The non-phosphorylating ATP-analogue AMPPNP also does not give
2+
better protection in the presence of Mg . It could be that the increased
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exposure of the arginine group would favour the binding of AMPPNP and of
butanedione about equally. It may also be that AMPPNP antagonizes the effect
of M g 2 + .
The fact that ADP protects less in the presence of Mg
than in its
2+ .
absence would fit a scheme in which Mg
induces a release of ADP from the
enzyme, thus vacating the ATP binding site for another substrate molecule.

4.5.3 Effect of activating monovalent cations on nucleotide protection
As indicated in section 4.5.1, the exposure of the essential arginine
group appears to be reduced in the presence of activating monovalent
cations. In the presence of ATP, however, these cations increase the
inactivation observed with ATP alone. This is understandable from the
decreased exposure of the arginine residue: binding of ATP is decreased and
hence its protecting effect is diminished. The more or less quantitative
agreement between the activation constant K. (Table 2.1) and the dissociation
constant K, for monovalent cations in the presence of ATP (Table 4.3)
indicates a close relationship between these parameters. Most probably they
are correlated with a cation-induced conformation, which exists during the
dephosphorylation reaction.
The dissociation constants for the effect of the activating monovalent
cations in the presence of ATP are higher than those obtained in its absence
(Table 4.3). Studies with N-ethylmaleimide on (Na +K )-ATPase suggest that
also in this enzyme ATP decreases the apparent affinity for К

ions (Skou,

1974). Conversely, other studies with sulfhydryl reagents on (Na +K )-ATPase
(Grosse et al., 1978) indicate that К
an antagonism between К

decreases the binding of ATP. Such

and ATP also appears to exist for the gastric (К +H ) -

ATPase. In agreement with this, we find that the dissociation constant, Κ,,
of the enzyme-ATP complex is about three times as high in the presence of
20 mM К

as in its absence.

So far we have interpreted the nucleotide protection against butanedione
inactivation by assuming that the essential arginine residue is located in
the ATP binding site of the gastric (К +H )-ATPase, a conclusion which has
also been drawn by Lee and Forte (1980). However, ATP protection alone is no
direct proof for this conclusion. The essential arginine residue could also
be located near but not in the ATP binding site, or it could be involved in
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another step in the catalysis of the enzyme reaction. In the latter case, ATP
protection would simply be the result of a conformational change coinciding
with nucleotide binding and leading to occlusion of an essential arginine
residue outside the substrate binding center.
If the essential arginine residue is located in the ATP binding site,
one would expect that ATP and butanedione compete for the same site. In that
case ATP would act as a competitive inhibitor of the butanedione inactivation.
A linear relationship would than be expected for the reciprocal inactivation
rate constant and the ATP concentration (Redkar and Kenkare, 1975; Saman et
al., 1978). However, we find a non-linear plot, which may indicate either
that there exists a two-site binding of ATP (Redkar and Kenkare, 1975), or
that the essential arginine is not directly involved in the binding reaction.
Application of the Scrutton and Utter analysis for determination of the K, of
the E.ATP complex actually implies that butanedione can still react with this
complex, which requires a free reactive arginine residue. Also the observation
that even at high ATP concentrations (10 mM) no complete protection is
achieved, seems to plead against direct involvement of the arginyl residue in
the substrate binding reaction. Caution in interpreting the nucleotide effects
is also suggested by our finding that ATP and AMPPNP do not give a better
2+
than in its absence, which would be

protection in the presence of Mg

expected if the essential arginine is directly involved in substrate binding
(see section 4.5.2). Nevertheless, we feel that an essential arginine residue
near the ATP binding may show the effects described in this chapter. Such an
arginine group may function in attracting or properly orienting the substrate
before it is actually bound.
In any case, the observed effects of various ligands on the butanedione
modification of the essential arginine group appear to suggest that the enzyme
can occur in at least two ion-induced conformational states:
2+
1) a Mg -induced state with increased exposure of the essential arginine
residue near the ATP binding site, which occurs during phosphorylation and
concomitant release of ADP.
2) a monovalent cation induced state with an occluded essential arginine
residue, which occurs most probably during dephosphorylation.
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CHAPTER 5
*
CHEMICAL MODIFICATION OF SULFHYDRYL GROUPS BY MEANS OF DTNB

5.1 INTRODUCTION

The butanedione inactivation studies in the preceding chapter indicate
that gastric (K +H )-ATPase has at least two conformational states: a Mg

-

induced and a К -induced state.
N-ethyl-maleimide and 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB)
inactivate (K +H )-ATPase by reacting with essential sulfhydryl groups. Ray
and Forte (1976) postulated that sulfhydryl groups may be involved in the
formation of the enzyme-substrate complex as well as in the dephosphorylation
reaction. More recently Lee et al. (1979) have reported that the valinomycin
stimulated part of the (К +H )-ATPase activity in vesicles is sensitive to
modification of sulfhydryl groups.
In this chapter the effects of DTNB on the overall ATPase activity and
on some partial reactions of the enzyme system are investigated. In order to
avoid complications due to differing vesicle integrity, we have used open
gastric membrane preparations (no enhancement of activity in the presence of
ionophores) under hypotonic conditions. The results are compared with data
obtained from similar studies on (Na +K )-ATPase (Schoot et al.,1977, 1978)
2+
2+
and (Ca +Mg )-ATPase (Andersen and Miller, 1977; Yamada and Ikemoto, 1978).

5.2 MATERIALS

DTNB is obtained from Sigma Chemical Co. (St. Louis, MO, USA) and γ

32

P-

ATP from the Radiochemical Center (Amersham, U.K.). All nucleotides are
purchased from Boehringer (Mannheim, FRG) and 1,4 dithioerythritol from

Adapted from Sehrijen et al. (1981a).
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Merck (Darmstadt, FRG). All other chemicals are of reagent grade.

5.3 METHODS

5.3.1 Treatment with DTNB
The reaction is performed in a medium containing 25 mM imidazole-HCl
(pH 7.3), 0.125 M sucrose and 0.5 mg protein per ml. The pH of 7.3 has been
chosen to allow simultaneous determination of sulfhydryl groups, since at
this pH both the hydroxy-promoted hydrolysis of 5,5'-dithiobis(2-nitrobenzoic
acid) is minimal and 99.8% of the product 5-thio-2-nitrobenzoic acid is in
the intensely colored conjugated base form (Riddles et al., 1979). When
additives are present (concentrations indicated in the text), the gastric
membranes are preincubated at 37 С for 10 min. before addition of the
modifying agent. A solution of DTNB in the same buffer (preincubated at 37 C)
is then added and the mixture is incubated at 37 C. Aliquots of 200 μΐ are
removed at certain times. Separation of the protein from the reaction mixture
is achieved by gel filtration at room temperature over a Sephadex G 25 coarse
column (0.5 χ 10 cm), which has previously been equilibrated in 25 mM
imidazole - HCl (pH 7.3). The same buffer is used for elution. The first
eluate after addition of 200 yl elution buffer is discarded, while the second
eluate obtained after adding 700 Ul elution buffer is used for enzyme assays
and protein determination. Control samples without DTNB, treated in the same
way, are always included.

5.3.2 Determination of sulfhydryl groups with DTNB
Sulfhydryl groups are determined by reading the 412 ran absorbance of
5-thio-2-nitrobenzoic acid, which is released during reaction of the enzyme
with the parent reagent. Incubation of gastric membranes with DTNB is
performed as described in the preceding section, except that the incubation
mixture is now continuously gassed with nitrogen. After suitable times the
protein is removed by pressing 500 μΐ samples through a Millipore filter
(Gs 0,22 V) in a Swinnex filter system (Millipore, Molsheim, France).
A 380- μΐ volume of filtrate is added to 20 PI 80 mM CDTA and is stored under
nitrogen until the absorbance at 412 ran can be read (within I h . ) . The results
are calculated using a molar absorption coefficient of 14,150 M
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cm

(Riddles et al., 1979). This procedure gives rather reproducible results,
probably due to the fact that in the presence of CDTA the metal ion catalyzed
oxidation of 5-thio-2-nitrobenzoic acid is prevented (Baccanari, 1978).
2+
When Mg
is present during incubation, the filters are occluded more
often than in its absence, suggesting vesicle aggregation or formation of
larger protein complexes. This may be due to extensive cross-linking of ATP
ase molecules by the modification reagent in this condition. Indications for
2+
2+
cross-linking are also described after treatment of (Ca +Mg )-ATPase with
DTNB (Andersen and Miller, 1977).

5.3.3 Phosphorylation and dephosphorylation of DTNB treated gastric membranes
32
32
Phosphorylation by γ

P-ATP and dephosphorylation of the

P-labelled

gastric membranes are carried out as described in section 2.3.3. When the
effect of incubation with 0.1 mM DTNB on the phosphorylation level is
investigated, 50 ЦІ aliquots of the incubation mixture (37 C) containing 25 ug
protein, are directly added to the phosphorylation medium (0 C ) . Consequently,
50 uM DTNB and 0.063 M sucrose are present during phosphorylation at 18 С
after mixing. If Mg

is present in the inactivation mixture, the composition

of the phosphorylation medium is changed in such a way that during phospho2+
rylation the Mg
concentration amounts to 1 mM.
5.3.4 Miscellaneous
A gradient purified (К +H )-ATPase containing membrane fraction is used,
which is isolated from pig gastric mucosa as described in section 2.3.1.
(K +H )-ATPase and К -stimulated 4-nitrophenyl phosphatase are assayed by
incubating enzyme preparations for suitable lengths of times in the presence
of 30 mM imidazole-HCl (pH 7.0), 5 mM Na ATP (or 5 mM p-nitrophenylphosphate),
5 mM MgCl-, 0.1 mM ouabain and 20 mM KCl or choline-chloride, as previously
described (section 2.3.2). Protein is determined according to Lowry et al.
(1951) with bovine serum albumin as a standard.

5.4 RESULTS

5.4.1 Modification by DTNB
The reaction of DTNB with gastric (К +H )-ATPase results in a rapid loss
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Fig. 5.1 Reversible inactivation of (К +H )-ATPase and DTNB. Enzyme preparation
(0.57 mg protein/ml) is incubated at 37 С for the indicated lengths of time
with 100 uM reagent, 25 mM imidazole-HCl (pH 7.3), 2 mM CDTA. Restoration of
enzyme activity is followed after addition of 1 mM 1,4-dithioerythritol
following 20 min. incubation with the modifying agent. Enzyme activity is
expressed as percent of control activity without DTNB treatment.
Fig. 5.2 Inactivation of (К +H )-ATPase and DTNB as a function of time. (К +H )•
ATPase preparation (0.62 mg protein/ml) is incubated at 37°C during the in
dicated times with 100 \M reagent in 25 mM imidazole-HCl (pH 7.3) containing
2 mM CDTA and in the absence (·) or presence (o) of 0.5 mM ATP. Enzyme acti
vity is expressed as percent of activity at time 0 minutes.

0 02 100
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Д00
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Fig. 5.3 Effect of DTNB concentration on pseudo-first-order
rate constant. Enzyme preparation (0.5 mg protein/ml) is
incubated at 37°C with various concentrations of the reagent
in 25 mM imidazole-HCl (pH 7.3) containing 2 mM CDTA. The
pseudo-first-order rate constant is plotted against the
DTNB concentration.
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of enzyme activity (Fig. 5.1). The presence of 1 mM

1,4-dithioerythritol

prevents inactivation, while its addition after 50% inactivation of the enzyme
leads to restoration of the (K +H )-ATPase activity.
In the absence of any ligand and in the presence of 2 mM CDTA, the in
activation by DTNB shows pseudo-first-order kinetics, while ATP protects
against inactivation (Fig. 5.2). In the presence of 2 mM CDTA and 0.1 mM
sulfhydryl reagent the pseudo-first-order reaction constant is - 0.044 min
(SE 0.003, n=19; range - 0.033 to - 0.072). The K + -pNPPase activity is
inhibited to the same extent as the ATPase activity.
A plot of the pseudo-first-order rate constant of inactivation versus
the concentration of DTNB is non-linear and exhibits saturation kinetics
(Fig. 5.3). This can be due to reversible complexation of the modifying agent
with the enzyme prior to the covalent modification reaction yielding the
inactive enzyme (Saman et al., 1978). This may also explain why we have found
a plateau for the residual activity, when gastric membranes are incubated
with different concentrations of DTNB during 60 minutes (Bonting et al., 1980).
Moreover, at high reagent concentrations (> 1 mM) deviation from pseudo-firstorder kinetics occurs, indicating more complex kinetics.
The activating monovalent cation К

increases the rate of enzyme inacti-

2+
vation by DTNB in the absence of Mg

(CDTA added), following pseudo-first-

order kinetics. The pseudo-first-order reaction constant in the presence of
1 mM K + , 2 mM CDTA and 0.1 mM reagent is - 0.055 min" 1

(SE = 0.002; n=4),

which is significantly different from the mean pseudo-first-order reaction
constant in the paired control experiments (- 0.044 min

; SE = 0.002). We

have calculated the dissociation constant for the enzyme-cation complex by
means of the Scrutton and Utter equation (1965) from experiments, in which
the effects of varying KCl concentration on the inactivation rate are studied.
In the presence of 2 mM CDTA а К

value of 0.044 + 0.002 mM (n=3) is found

for Κ , which is somewhat lower than calculated for the protecting effect of
К

against butanedione inactivation (K,= 0.14 mM) shown in Table 4.3.
In the pressnce of 100 μΜ ATP and 2 mM CDTA К

inactivation rate. By varying the К

ions also increase the

concentration a K, of 0.54 mM for К

is

found, which is 12x as high as in the absence of ATP.

85

1

г ·-

I

I

100

(min)

ΙΟΟ,ρΜ ATP
80

/°

60

у

/

40

sé
20

-io

30>jMATP

sf

¡ ¡ / ^

^^^
^^^
m-^

I

I

io

20

-^~*

о 2 mM Mg ¿ +
Δ 02 mM Mg 2
• 002mMMg2*

noATP

1

30

[DTNB]"1

J

40

20

mM"1

30
timet mm )

Fig. 5.4 Inactivation of (Κ +H )-ATPase by DTNB in the presence of ATP.
Enzyme preparation (0.5 mg protein/ml) is incubated at 37°C with different
concentrations of the reagent in 25 mM imidazole-HCl (pH 7.3), 2 mM CDTA
and 0, 30 or 100 μΜ ATP. At appropriate times the reaction is stopped by
gel filtration. Apparent first order rate constants of inactivation are
determined. The graph shows double-reciprocal plots of these constants vs.
reagent concentration. Typical experiment out of three.
2+
+ +
Fig. 5.5 Effect of Mg
on inactivation (Κ +H )-ATPase by DTNB. Enzyme
preparation (0.5 mg protein/ml) is incubated at 37°C for the indicated
lengths of time with 100 μΜ reagent in 25 mM imidazole-HCl (pH 7.3),
containing 0.02, 0.2 or 2 mM MgCl„. Typical experiment out of four.

Table 5. I Protective effects of nucleotides on inactivation of (Κ +H )-ATPase
by 5,5'-dithiobis(2-nitrobenzoic acid in the presence of CDTA. (Κ +H )-ATPase
(0.46 mg protein/ml) is preincubated for IO min. at 37°C in a medium contai
ning 25 mM imidazole-HCl (pH 7.3), 2 mM CDTA and 0.5 mM of the indicated com
pounds, after which it is incubated in the same medium, containing in addi
tion 100 μΜ DTNB. Ater suitable lengths of time the reaction is stopped by
gel filtration and the residual enzyme activity is determined. The slope (Vi)
of a semilogarithmic plot of the residual activity vs. time of reaction is
determined. Vo is the slope in the absence of nucleotides. The S.E. from 2
experiments is calculated as 0.63x the range, according to the approximation
method of Davies and Pearson (1934).
Nucleotide

Vi/Vo w i t h S . E . ( n = 2 )

Nucleotide

Vi/Vo w i t h S . E . (n=2)

ATP

0 . 2 2 + O.Ol

GTP

0.79 + 0.03

dATP

0 . 3 1 + O.Ol

CTP

0.82 + 0.07

ADP

0.28 + 0.02

ITP

0.86 + 0.02

AMPPNP

0.43 + 0.02

AMP

0.96 + 0.01

AMPPCP

0 . 5 9 + O.Ol

HP0?~
4

0.95 + 0.01
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5.4.2 Protection by nucleotides against DTNB inactivation in the presence of
CDTA.
The effects of various nucleotides (0.5 mM) on the inactivation of gastric
+

(K +H )-ATPase by DTNB in the absence of Mg

+

(CDTA added) are shown in

Table 5.1. ATP, dATP and ADP protect most efficiently. The non-phosphorylating
ATP-analogues AMPPNP and AMPPCP show moderate protection, while GTP, ITP, CTP,
AMP and inorganic phosphate have little effect.
We have examined whether DTNB mimics the substrate ATP at the substrate
binding site. The dissociation constant for the enzyme-reagent complex is
independent from the ATP concentration (Fig. 5.4), indicating that the
reagent and ATP do not compete for the same site. The linearity of these
double reciprocal plots is evidence that modification by a single molecule of
reagent causes loss of activity (Saman et al., 1978; Woodroofe and Butterworth, 1979).

5.4.3 Effect of Mg

2+

on the inactivation by DTNB
2+
a fast and a slow phase of inactivation become

In the presence of Mg

discernible (Fig. 5.5). This effect is also observed at a reagent concentration
of 30 UM instead of 100 μΜ. As mentioned in section 5.4.2, in the absence of
2+
added Mg
(with or without CDTA), linear
In
semilogarithmic plots are obtained
at reagent concentrations below I mM.
Fig. 5.5 shows that increasing Mg

2+

concentrations have two effects:

1. the extent of inhibition during the initial rapid phase increases.
Depending on the preparation, the maximal extent obtained by extra
polation of the slower phase, amounts to 22-30% inhibition at 0.5 mM
Mg

or above.

2. the inactivation rate in the slow phase is lowered. In this phase and in
2+
-1
the presence of 2 mM Mg
the rate is - 0.034 min
(SE 0.004, n=4).
Inactivation in the slow phase can be completely abolished by ATP
2+
(Fig. 5.6 A,B). It is obvious that in the presence of 0.5 mM Mg
less ATP is
2+
needed for complete protection than in the presence of 20 μΜ Mg . This would
be understandable, if the Mg-ATP complex is a better protector than free ATP.
Inactivation of the К -pNPPase by DTNB (Fig. 5.6 C,D) parallels that of the
(К +H )-ATPase activity.
Similar experiments with AMPPNP exhibit the same picture (Fig. 5.7). The
2+
protection by AMPPNP in the presence of Mg
equals that by ATP, while in the
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F i g . 5.6 Effect of ATP on i n a c t i v a t i o n of (K +H )-ATPaseandK -pNPPase by
DTNB i n the presence of Mg . Enzyme p r e p a r a t i o n (0.5 mg protein/ml) i s
incubated a t 37°C for t h e i n d i c a t e d l e n g t h s of time with 100 μΜ r e a g e n t i n
25 mM imidazole-HCl (pH 7 . 3 ) , c o n t a i n i n g 20 μΜ MgCl2 (A and C) or 0.5 mM
MgCl2 (B and D) and 0, 0 . 2 , 0.5 or 1.0 mM ATP. I n a c t i v a t i o n of (K + +H + )ATPase (A and B) and K+-pNPPase (C and D) a c t i v i t i e s a r e p l o t t e d .
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Fig. 5.7 Effect of AMPPNP on inactivation of (К +H )-ATPase and К -pNPPase by
DTNB in the presence of 0.5 mM Mg^ + . Enzyme preparation (0.5 mg protein/ml)
is incubated at 37 С for the indicated lengths of time with 100 μΜ reagent in
25 mM imidazole-HCl (pH 7.3), 0.5 mM MgCl 2 and 0, 0.2 or 0.5 mM AMPPNP.
+
+
+
(K +H )-ATPase (A) and K -pNPPase (B) activities are determined.
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Table 5.2 Determination of the number of reactive sulfhydryl groups in (к + +ц + )_
ATPase in the presence of CDTA or M g 2 + . (K++H+)-ATPase preparation (0.5 mg
protein/ml) is incubated at 37°C with 100 uM DTNB in 25 mM imidazole-HCl (pH7.3)
in the presence of 2 mM CDTA or 2 mM MgCl2» as described in section 5.3.2.
After 15 or 30 minutes incubation the number of modified sulfhydryl groups is
determined spectrophotometrically. The total number of sulfhydryl groups is
measured by adding 1% (w/v) sodium dodecylsulfate to the incubation mixture.
The values are expressed as ymol SH/g protein with S.E. and between parentheses
the number of experiments.

additives

incubation time
15 min.
30 min.

2 mM CDTA

18 + 1 (5)

30+3

(6)

2+

2 2 + 2 (6)

40+2

(4)

2 mM M g
1% SDS

7 1 + 2 (11)

presence of CDTA we find less protection by AMPPNP than by ATP (Table 5.1).

5.4.4 Titration of sulfhydryl groups of (К +H )-ATPase in the presence of
CDTA or M g 2 + .
2+
. . .
The effects of Mg
on enzyme inactivation by DTNB have led us to
investigate the number of sulfhydryl groups, which are modified in the
2+
presence of Mg . During the first 30 minutes there is a faster increase of
2+
the 412 nm absorbance by 5-thio-2-nitrobenzoic acid in the presence of Mg
than in the presence of 2 mM CDTA (Table 5.2). The total number of sulfhy
dryl groups of 71 + 2 pmol/g protein measured in the presence of 1% (w/v)
sodium dodecylsulfate is in fair agreement with the number of approximately
80 umol sulfhydryl groups per gram protein reported by Lee et al. (1979).

5.4.5 Effects of DTNB treatment on the levels of phosphorylation and К
dependent dephosphorylation
We have studied the effects of inactivation of (К +H )-ATPase with DTNB
2+
.
32
in the absence or presence of Mg
on the formation of
P-labeled phospho2+
enzyme (Fig. 5.8). Incubation with the reagent in the absence of Mg
does
not affect the phosphorylation level during the first few minutes of
2+
incubation. In the presence of Mg , however, an immediate decrease of the
phosphorylation level is observed. The pseudo-first-order rate constant of
this effect (- 0.033 min" ; SE 0.0007, n=2) equals the rate constant for
2+
-1
the slow phase of inactivation in the presence of 2 mM Mg
(- 0.034 min ;
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Fig. 5.8 Phosphorylation levels of (К +H )-ATPase after incubation with DTNB
in the presence or absence of Mg . Enzyme preparation (0.62 mg protein/ml)
is incubated at 37°C with 100 μΜ reagent in 25 mM imidazole-HCl (pH 7.3) with
or without 2 mM Mg + . At the indicated times samples of the incubation mix
tures are phosphorylated for 10 seconds in the presence of 50 mM imidazole-HCl
(pH 7.0), 1 mM MgCl 2 and 20 μΜ γ 3 2 Ρ-ΑΤΡ. Controls without the modifying
reagent are treated in the same way. Typical experiment out of four.
2+
Fig. 5.9 Effect of DTNB treatment in the presence of Mg
on dephosphorylation
+
+
+
+
of (K +H )-ATPase. (K +H )-ATPase preparation is incubated at 37°C for 0, 10
and 30 minutes with 100 μΜ imidazole-HCl (pH 7.3) in the presence of 2 mM
MgCl2· The treated membranes are then phosphorylated for 20 seconds in the
presence of 50 mM imidazole-HCl (pH 7.0), 1 mM MgCl2 and 20 μΜ γ32ρ-Αχρ.
Dephosphorylation is measured during the indicated lengths of time by adding
1 mM carrier free ATP and 5 mM K + (final concentrations).

SE 0.004, n=4). This suggests that the inactivation of the enzyme, observed
in the slow phase in Fig. 5.5, is due to modification of vital sulfhydryl
groups, which are involved in a step leading to phosphorylation of the
enzyme (ATP binding and/or phosphoryltransfer). This has also been concluded
2+
2+
for the inactivation of (Ca +Mg )-activated ATPase by DTNB (Andersen and
Miller, 1977).
Investigation of the dephosphorylation of the enzyme after incubation
2+ .
.
.
with DTNB in the absence or presence of Mg -ions reveals another interesting
. . .
2+
+
point. When the enzyme is modified in the presence of Mg , the К -dependent
32
dephosphorylation of the
P-labeled phosphoenzyme is not affected (Fig. 5.9).
This is so because in the presence of 1 mM ATP and 5 mM К nearly the same
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Fig. 5.10 Effect of DTNB treatment in the absence of Mg
on dephosphorylation
of(K + +H + )-ATPase. The procedure is exactly the same as described in the
legend of Fig. 5.9. (K++H+)-ATPase is incubated at 37°C for 30 minutes, with
100 μΜ DTNB in the absence of M g 2 + .

level of phosphorylation as in a control preparation (not treated with DTNB)
is reached, after 0, 10 and 30 minutes incubation of the gastric membranes
2+
with 100 μΜ DTNB in the presence of 2 mM Mg .
2+
On the other hand, incubation with the reagent in the absence of Mg
results in decreased sensitivity of dephosphorylation to К ions (Fig. 5.10).
2+
This indicates that in the absence of Mg
vital sulfhydryl groups are
modified, which are involved in К -sensitive dephosphorylation of the
32
P-phosphoenzyme.

5.5 DISCUSSION

5.5.1 Modification by DTNB
Modification of the sulfhydryl groups of many enzymes leads to their
inactivation. In most cases it is difficult to distinguish between sulfhydryl
groups present in an active site and peripheral sulfhydryl groups, which have
a function in the maintenance of enzyme conformation through ionic or
hydrogen bonding interactions.
The experiments reported here clearly indicate that the (К +H )-ATPase
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preparation from pig gastric mucosa is inhibited by treatment with DTNB.
The inhibition reaction is dependent on the presence in the reaction medium
+
2+
of ligands like К , Mg
or nucleotides. The inhibitions by the modifying
agent can be reversed by subsequent treatment with dithioerythritol.
In the presence of CDTA, inactivation by DTNB shows pseudo-first-order
kinetics and shows linear semilogarithmic plots. This suggests that all
sulfhydryl groups, whose modification leads to inactivation of the enzyme,
react at the same rate.
We cannot exclude the possibility that CDTA per se has an effect on the
gastric (К +H )-ATPase. Such an effect has not been observed in these studies,
since the semilogarithmic inactivation curve and the pseudo-first-order
inactivation constant appear to be independent of the presence or absence of
CDTA.
The effects of К

ions on the inactivation of (К +H )-ATPase by DTNB

most probably reflect ion-induced conformational changes. Both in the
absence and in the presence of ATP, К
But in the presence of ATP the К

ions increase the rate of inactivation.

concentration required for maximal effect

is greatly increased (K,= 0.044 mM in the absence and K,= 0.54 mM in the
presence of ATP). In agreement with the indications from the butanedione
inactivation in the preceding chapter, this suggests that ATP and К

have

antagonistic effects when they bind to the enzyme.

5.5.2 Protection by nucleotides against DTNB inactivation in the presence
of CDTA
The non-competitive nature of the protection by ATP against modification
by DTNB in the presence of CDTA indicates that the reagent is not bound at
the nucleotide binding site. This suggests that the protective effect is due
to a conformational change, which coincides with nucleotide binding and which
2+
2+
+Mg )-activated

leads to decreased exposure of the sulfhydryl groups. (Ca

ATPase from sarcoplasmic reticulum shows a similar protective effect of ATP
on the inactivation by this reagent. This effect is ascribed to a slowing
down of the modification reaction and not to the masking of a particular
sulfhydryl group (Andersen and Miller, 1977). In both enzymes, the modifica
tion rate may be influenced by a conformational change as well as by the
binding of ligands. The possibility that ATP binds at a site in the vicinity
of the reactive sulfhydryl group can, therefore, not be excluded.
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The relative protective effects of other nucleotides on sulfhydryl
modification resemble their effects on the inactivation by butanedione
(section 4.4.2), except that here the effect of ATP seems to be much less
specific.

5.5.3 Effects of Mg

on the inactivation by DTNB
2+
during incubation with DTNB are

The effects of the presence of Mg

remarkable. Fast and slow phases of enzyme inactivation appear and the extent
of inhibition of (K +H )-ATPase activity during the initial rapid phase
2+
increases with increasing Mg
concentration. It should be noted that there
2+
is a large amount of rather tightly bound endogenous Mg
present in the
isolated membrane preparation (section 2.4.2). Nevertheless, effects of added
Mg

are observed at concentrations as low as 20 μΜ.

Similar observations have been made for the effect of increasing Ca
2+
2+
concentration on the inactivation of (Ca +Mg )-stimulated ATPase from

2+

sarcoplasmic reticulum by N-ethylmaleimide. Yamada and Ikemoto (1978) as2+
2+
2+
cribed this to binding of Ca
at high affinity sites on the (Ca +Mg ) 2+
ATPase complex. At higher Ca
concentrations no effect on the slow phase
+ +
2+
was observed. For the (K +H )-ATPase complex no clearly distinguishable Mg
sites have been reported so far.
The presence of ATP and AMPPNP results in complete protection during
the slow inactivation phase. This may be due to total shielding of the
essential sulfhydryl groups involved in this process. The nucleotide concen2+
tration necessary for complete protection in the presence of Mg
is smaller
than for the protection by these nucleotides in the presence of CDTA. This
would suggest that the sulfhydryl groups, modified in the presence of Mg

,

are more directly related to ATP binding. On the other hand, the equal
2+
protective effects of ATP and AMPPNP in the presence of Mg
would indicate
that the sulfhydryl group is not located in the ATP binding site, since in
that case more specificity of the protective effect would be expected.

5.5.4 Effects of DTNB treatment on the levels of phosphorylation and К
dependent dephosphorylation
Modification of sulfhydryl groups without addition of Mg

2+

, or in the

presence of CDTA, does not affect the phosphorylation level. This is in
contrast to the observations for sulfhydryl group modification of (Na +K ) -
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ATPase (Schoot et al., 1977, 1978). However, the activation by К

ions of the

dephosphorylation is greatly decreased. This suggests that the modified
sulfhydryl group is involved in К -stimulated dephosphorylation, which has
also been concluded by Ray and Forte (1976) from their experiments with
N-ethylmaleimide. By studying the effects of various SH-reacting mercurials
such as thimerosal and p-chloromercuribenzene sulfonate, Forte et al. (1981)
very recently confirm our conclusion that there are multiple SH groups which
differentially influence the gastric (К +H )-ATPase activity.
Our studies show that there are at least three functionally important
sulfhydryl groups, whose modification causes inhibition of different steps
of the (K++H )-ATPase reaction:
1. a sulfhydryl group, modified in the presence of CDTA, which is involved
in К -activated dephosphorylation.
2+
2. a sulfhydryl group, slowly modified in the presence of Mg

, which is

involved in a step leading to phosphorylation.
3. a sulfhydryl group, which is rapidly modified, leading to a small decrease
2+
of activity, and which may be related to the high-afflnity effect of Mg
on AMPPNP binding.
2+
At this moment it is not known how specific the effects of Mg
are.
2+
It may well be that other divalent cations can mimic some or all of the Mg
effects.
In conclusion, our observations appear to reflect a conformational
2+
change of the enzyme, which is controlled by Mg
binding. One possible
2+
explanation would be that Mg -ions influence the interaction between subunits
of the ATPase complex, leading to different reactivity of sulfhydryl groups.
2+
A special Mg -induced conformation of the enzyme is also indicated by the
different numbers of sulfhydryl groups, which are modified under native
2+
2+
conditions in the presence of either Mg
or CDTA. Thus, Mg
seems to play
a crucial role in the (К +H )-ATPase enzyme complex of gastric mucosa.
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CHAPTER 6

BINDING OF AMPPNP

*

6.1 INTRODUCTION

Studies of arginine modification with butanedione (chapter 4) and of
sulfhydryl group modification with DTNB (chapter 5) have presented evidence
for specific conformations of the (K +H )-ATPase enzyme system, induced by
+
2+
.
and Mg
which are essential for enzyme activity. The

cations such as К

influence of these cations on the protective effect of nucleotides against
chemical modification suggest that the ion induced conformational states are
characterized by different degrees of substrate binding.
These indirect measurements have led us to study the substrate binding
under the influence of Mg

and monovalent cations. In order to study the

binding step per se, we have used a non-phosphorylating ATP analogue,
2+
adenylyl imidodiphosphate (AMPPNP). The effects of Mg , CDTA, various mono
valent cations and pH on the binding of AMPPNP have been investigated and the
findings are interpreted in the form of a dimeric model of the enzyme.

6.2 MATERIALS

Radioactive (2, 8- H) AMPPNP (Na -salt) was purchased from ICN
Pharmaceuticals (Cleveland, OH, USA); non-radioactive AMPPNP (Li-salt)
from Boehringer (Mannheim, FRG). The two forms of AMPPNP are mixed to yield
a specific activity of 75 Ci/mole. Passage over a Dowex 50 Wx4 cation
exchange resin (Fluka, Buchs, Switserland) in the Tris-form converts AMPPNP
to its Tris-salt. Pico-Fluor 15 is obtained from Packard (Brussels, Belgium)
and all other reagents, in highest available purity, fromMerck (Darmstadt, F R O .
*
Adapted from Van de Ven et al. (1981).
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6.3 METHODS
6.3.1 Binding of AMPPNP
The method for the determination of AMPPNP binding to (K +H )-ATPase
containing gastric membranes is described in section 2.3.3.
6.3.2 (K +H )-ATPase preparation
The gradient purified (K +H )-ATPase preparation, prepared as described
in section 2.3.1, is washed once with 10 mM CDTA adjusted with Tris to pH
7.4 and once with Tris-HCl buffer (25 mM, pH 7.4). The pellet is then
resuspended in 0.25 M sucrose to a protein concentration of 6 mg per ml and
stored at -20 C. These preparations, washed once with CDTA, contain routinely
2+
2+
20-100 Umol Mg

per g protein. Further attempts to reduce the Mg

content

lead to nearly complete loss of enzyme activity (section 2.4.2).
The (К +H )-ATPase preparations have a specific activity of 80-110 \mol
Pi liberated per h per mg protein, which is more than 90% of the total
ouabain-insensitive ATPase activity (section 2.4.1). The ouabain-sensitive
(Na +K )-ATPase activity of these preparations amounts to about 30% of the
value found for the (K +H )-ATPase activity (Fig. 2.5).

6.4 DERIVATIONS FOR SUBSTRATE BINDING EQUATIONS
6.4.1 Derivation of equation 1
The dissociation constants are defined as:
ν
Κ

ίΕ][Α]

[EC][A]
K

Ι " ~ Γ Ε Α Γ

where

E

of AMPPNP,
ECA

2

"

[ЕСА]

[E][Cl

V
К

І

=

is the concentration of the enzyme,
EA

n

,

( 1 )

~ Г Ё С Г

A

is the concentration

is the concentration of the enzyme-AMPPNP complex and

is the concentration of enzyme-CDTA-AMPPNP complex. The fraction

of sites, occupied by AMPPNP, is:
2- =
[EA] + [ECA]
у
[E] + [EC] + [EA] + [ECA]
m
We owe the derivations in this section to drs. F.J.M. Van de Ven.
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V

m
;

Substitution of (1) in (2) produces:
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1
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[С

Л

[C]

/
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KL ν , K K. ;
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2

K2 K. ;

(3)

а р р

comparing (3) with

V
к
*— = 1 + τττ—
y
m

it is seen that

(X №\
K.

K.K,(K. + [C])

'ІІГТТГШ "
U, к 2 к . ;

A general equation of type
a
K(o)\ = —
с

TW

оSo:

(4)

(κ,κ. ϊ κ.M)
K(x) =

¡g—

can be liniarized as follows (5)

.K(x)
. ' , . = yr с T V Л b .
+ a\
—
K(x) - K(o)
(be - ad) \
xj

,,.
(6)

And in our case are a» K L K . , b= K.K„ , c= K.K. , d= К
Substitution in (6) yields:

карр
к а р р - K(o)
equation (7) is equation

1 - Kj/K 2

0 4,)

(7)

1 in section 6.6.3

6.4.2 Derivation of equation 2
The dissociation constants are defined as:
K

[EX] [A]
[EXA]
'

l

K

„
2 "

[El [A3
_, _ [E][X]
[EA]
' V
[EX] '

_ _ [C][X]
с" [CX]

(8)

where [EX] is the concentration of the enzyme-ion complex
and [EXA] is the concentration of the enzyme-ion-AMPPNP complex. These
equations can be substituted in :
у

у

=

[EA] + [EXA]

/

....

[Ε] ϊ [Hi ; [EA] ϊ [ΕΧΑ] y "

l d i n

у

s

y- = '

. .
+

+

Γγ1\

0 Кх )

ч

У
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+

. 1

+

[Ц

[τ: г cv
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к

к,К,(К + [χ])

к2

{9)

к.к + О Я

" ΓΤΤΊΖΓ

х

к, Κ χ

The total concentration of X is : Χ = [χ] + [CX] + [EX] + [EXA]

(10)

We assume X to be present in excess compared to protein,
and thus we may neglect the last two terms of equation (10).
So : X « [X]( 1 + ì£ì) or [X] = -irli and substitution in (9) yields:
К.КЛК К t К X ) + K.K.K [С]
12 χ с
et
12χ
Κ (Κ,Κ + K-XJ + Κ,Κ [C]
с 1χ
2 t
lx

app

,....

This is an equation of the general type in (5),

where :

a = K,K„K (K + X ) , b = Κ,Κ К , с = Κ (Κ,Κ + K„Xj , d = Κ,Κ
1 2 с χ
t
1 2x
с 1χ
2 t
lx
Substitution in equation (6) gives :
K

app

K a p P - K(o
equation (12) is equation

2

-

=

Κ,Κ, + K,X„

,

κ +

кхх*(к2-к,) 1 χ

Κ (K, + X„)

[cl

j (,2)

in section 6.6.3

Since С inhibits binding of A and E (K„ > K.) and X is present in
excess (X

> К ) , we conclude: K_X

reduces to:

K

a p p

K

=

арр

к -к(о)

.

2

»

K.K , and equation (12)

—-r-

Sfa'si*

/
ΙК

V x

K
cXt \
+ —т-ргг )

™

J

к
By defining: —

Χ

« Κ. , we finally obtain:

с
арр

к
арр
к - κ(ο)

1
Ι
" > - κ,/κ2 (V

К

і \
i)

1 + TcT
γ=γ

which is similar to equation

6.4.3 Derivation of equation 6
SS'

• (К +H )-ATPase, composed of subunits S and S'.

A = AMFPKP

M = Mg

MA = Mg-AMPPNP

The interaction of the enzyme, composed of subunits S and S', with
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1

AMPPNP (A), M g
,
l

(M) and Mg-AMPPNP (MA) is shovm in Fig. 6.7, where:

[SS'][A]
[ASS']

v
K

„.,,·_
*Ί

2+

[SS'A][A]
[ASS'A]

,,,_
l

_,, _ [SS'][A]
П
LSS'A]
,

^2

[SS'][MA]
[ASMS']

v
K

[ASS'][A]
' [ASS'AJ

[SS'][MA]
[SMS'A]

^2 "

*І

(1)'
[SS'][M]
[SMS']

The binding equation is :
2_
y
m

[ASS'] + [SS'A] + 2[ASS'A] + [ASMS'] + [S'MSA]
2{[SS'] + [SMS'] + [ASS'] + [SS'A] + [ASS'A] + [ASMS'] + [S'MSA]}

B

(

,,. ,
'

When independent and identical sites are assumed, we have:
Kj = KJ' = K J " = K ¡ " ' = Kj

K¿ = K'2' = K 2

and

(3) '

Substitution of (1)' in (2)', with the use of (3)', yields:

2
y
_
у
'max

+

χ*Ί Щ)
_ у
" V_ 2
І | І Ш . * » (-чу • · ч*
i
1
Ч

! +

2

(4)'

+4

This can be arranged to:

+

Ϊ— =
у'max

[MA]

к

¿2
'. .,
'. .
, .
.1 1
^+ —^—
A \2
\2 +~ Ί-ГМ]
Μ ] χ" ," [MA]
= — + 2 '««'

F !?

к.

(equation 6 in section 6.6.5)

fsv

к2

[A], [M] and [MA] are calculated as follows:
[A] [M]
K

=

c

A
M

t

A + M » MA

TMAT—

M [A] + [MA]
« [M] + [MA]

,,,.,
(6)

К

с
(neglecting terms ASS' etc.)
(neglecting terms SMS' etc.)

From these equations it follows that
and that

A

= [A] (1 + — )
с
[

Иtot « [H] (1 + l^-)
x

(7)'
(8)'

С
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Elimination of

A

from (7)' and (8)' yields:

[M] = l(M t o t - A t o t - K c ) • i

(Mtot - A t o t - K c ) 2 • 4 K c M t o t

(9)'

equation (9)1 is equation 5 in section 6.6.4

6.5 RESULTS

6.5.1 Binding of AMPPNP in the absence of ligands
The binding of AMPPNP to (K +H )-ATPase containing gastric mucosal
vesicles has already been established in Fig. 2.11 of section 2.4.3. In view
of the experiments presented in this chapter, several control experiments
regarding the incubation conditions have been carried out.
Since considerable amounts of (Na +K )-ATPase activity are present in
the (K +H )-ATPase preparation, we have tested whether an appreciable fraction
of the total AMPPNP binding is due to binding to the (Na +K )-ATPase enzyme
2+
system. The binding of AMPPNP, found in the presence of 5 mM Mg
alone, 16
-4
.
. .
not detectably decreased upon addition of 10

M ouabain to the binding

assay medium, although this should greatly inhibit substrate binding to
(Na +K )-ATPase (Hansen et al., 1971). From this control experiment we
conclude that binding of AMPPNP to (Na +K )-ATPase can be neglected and that
the presence of ouabain is not required.
In another control experiment the incubation time has been varied from
5 min. to 2 hrs., and the imidazole-buffer concentration from 25 mM to 200 mM.
No deviations from the binding values obtained under standard conditions
(10 min. incubation, 50 mM imidazole) are observed, which suggests that true
equilibrium values are determined and that changes in ionic strength have
little effect on the binding properties of the enzyme. In view of the latter
finding we have not tried to maintain constant ionic strength in experiments
2+
+
where various amounts of ions (Mg , К ) are added to the assay medium.
In a third control experiment we have preincubated (1 hour at 22 C)
either the membrane suspension or the AMPPNP solution or both with ligands
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Fig. 6.l Effect of MgCl 2 and CDTA on binding of AMPPNP to (K +H )-ATPase.
Assay conditions are: 0.5 mg/ml enzyme protein, 100 UM AMPPNP, 50 mM
imidazole-HCl (pH 7.0), ligands added as indicated (endogenous Mg · 25 μΜ),
Incubation for 10 min. at 22°C. Typical experiment out of two.

(Mg

2+

+
, К ) added in concentrations so as to produce the same final ion

concentrations after mixing the enzyme and AMPPNP. Identical binding levels
are obtained in all three cases, which indicates that equilibrium is reached.
6.5.2 Effects of M g 2 + and CDTA
The membrane suspension is incubated in a medium containing 0.1 mM AMPPNP
to which either MgCl ? (0-4 mM) or CDTA (0-25 mM) is added, and AMPPNP binding
2+
is determined. Fig. 6.1 shows that addition of Mg
sharply reduces the
amount of AMPPNP bound to the membrane protein. Since addition of CDTA also
2+
reduces AMPPNP binding, it appears that either there exists an optimal Mg
2+
concentration which happens to be close to the amount of Mg
already present
2+
in the enzyme preparations, or else that Mg
and CDTA inhibit binding by
different mechanisms.
In order to discriminate between these two possibilities, binding curves
have been determined in the presence of various mixtures of MgCl- and CDTA.
It is obvious from the results shown in Fig. 6.2 that the concentration of
2+
free Mg
is not the only parameter determining the reduction of binding, and
that CDTA itself also acts as an inhibitor of AMPPNP binding to the enzyme.
Binding curves at various CDTA concentrations, shown as double reciprocal
plots in Fig. 6.3, indicate that CDTA only affects VL·, the apparent disso-
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Fie
Lg- 6.2 Effects of MgCl 2 and CDTA on binding of AMPPNP to
"(K^+H
^*+H1+")-ATPase.
)-ATPase. Assay conditions are: 0.5 mg/ml protein, 5C
50 mM
imidazole-HCl (pH 7.0), AMPPNP, MgCl 2 and CDTA as indicated in
the figures, у = pmoles AMPPNP bound/g protein; y m (o) = maximal
value for у (obtained from a double reciprocal plot) in the
absence of added ligands.

20
25
30
[AMPPNP] -1(mM-1)

Fig. 6.3 Inhibition by CDTA of AMPPNP binding to
T
(K +H )-ATPase. Assay as described in section 2.3.3
with CDTA (Tris-salt) added to the medium in final
concentrations: 0 mM (·); 2 mM (T); 10 mM (A) and
25 mM (• as Na + -salt). Typical experiment out of
two. Inset: dependence of apparent dissociation
constant on CDTA concentration, plotted as explained
in section 6.6.3.

Y max (°)

20

25

[AMPPNP]-1 (mM-1)

Fig. 6.4 Effect of Mg + on binding of AMPPNP to (K++H+)-ATPase. The assay
procedure is described in section 2.3.3. Total magnesium concentrations
(endogenous M g 2 + + added MgCl 2 ) are 25 μΜ (o), 35 μΜ (•); 0.53 mM (V);
1.3 mM (A); 4.0 mM (О). Typical experiment out of three (у (o)= у for
m
m
25 μΜ M g 2 + ) .

ciation constant of the enzyme AMPPNP complex, and not у

, which is

proportional to the apparent number of binding sites.
It is rather difficult to determine the effects of low concentrations
2+
. .
.
.
of Mg
on the binding process, because the enzyme preparations contain
2+
appreciable amounts of firmly bound Mg , while CDTA, to be used to buffer
2+
.
. .
the free Mg
concentration, inhibits the binding of AMPPNP independently.
2+
However, the effects of Mg
at concentrations above 25 μΜ can be determined,
as already indicated in Fig. 6.1 (left side). This has been studied more
2+
systematically by determining AMPPNP binding curves at Mg
concentrations
2+
.
2+
between 25 μΜ (endogenous Mg

only) and 4 mM (Fig. 6.4). At low Mg

concentrations (25-35 μΜ) the slopes of the double reciprocal plots appear
to be unaffected, whereas the apparent number of AMPPNP binding sites (y
)
m a X
2+
. 2 +
.
is decreased with increasing Mg
level. At high Mg
concentrations
(0.5-4.0 mM) у
is not further changed, but the 1С values are increased.
6.5.3 Effect of pH and monovalent cations
2+
Since the mutual binding of Mg , AMPPNP and enzyme would be expected to
be pH-dependent, the effect of pH on the binding of AMPPNP has been studied
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Fig. 6.5 Effect of pH on binding of AMPPNP to (K +H )-ATPase. Assay conditions
are: 0.5 mg/ml protein, 100 μΜ AMPPNP, 50 mM imidazole (adjusted with 4 M HCl
to produce the indicated pH-values), with (o) and without (o) 5 mM MgCl2.
Typical experiment out of two.
Fig. 6.6 Effects of monovalent cations on binding of AMPPNP to (Κ +H )-ATPase.
AMPPNP (·%) is mixed with the enzyme to produce final concentrations:
0.5 mg/ml protein, 100 μΜ AMPPNP, 50 mM imidazole-HCl (pH 7.0) and salts as
indicated in the figure. Salts are: Choline-Cl (o); LiCl (•); NaCl (Δ) ;
CsCl (A); RbCl (•); KCl (•) and T1C1 (·). Typical experiment out of two.

with and without added Mg

2+

. At a constant AMPPNP concentration of 100 μΜ,

binding has been assayed at pH values ranging from 6 to 9 (Fig. 6.5). In the
2+
.
. .
absence of added Mg
maximal binding occurs at pH 7.0-7.5, whereas in the
presence of 5 mM MgCl ? the pH optimum is shifted to pH 8 and the optimum
binding level is increased by 35% in the presence of 100 μΜ AMPPNP.
Butanedione experiments indicate indirectly that certain monovalent
cations may antagonize the binding of nucleotides particularly ATP (chapter 4).
Hence, we have determined AMPPNP binding in the presence of KCl, RbCl, CsCl,
NaCl, LiCl and choline CI (concentration range 0-20 mM) or T1C1 (concentration
range 0-2.5 mM) in the assay medium (Fig. 6.6). The ions inhibit binding in
the order of effectiveness: Tl

>> К

> Rb

> Cs

> Na , Li , choline. The

last three cations have no effect at concentrations up to 20 mM. This order
of effectiveness is the same as that found for their activation of the overall
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enzyme activity and for their protection against butanedione inactivation
in the absence of ATP (section 4.4.3).

6.6 DISCUSSION

6.6.1 Introductory remarks
Activating monovalent cations and Mg

2+

ions are not only essential for

the (K +H )-ATPase activity, but they also induce specific conformational
states of the enzyme as deduced from the chemical modification experiments
described in chapters 4 and 5. The purpose of the experiments described in
this chapter was to determine the effects of the various ligands on sub
strate binding to gastric (K +H )-ATPase. The non-phosphorylating ATP-analogue
2+
AMPPNP has been used, since ATP in the presence of Mg

would lead to phospho

rylation. Experiments with purified (Na +K )-ATPase from kidney outer medulla
have shown that at pH 7.0 AMPPNP reaches the same binding level as ATP,
although the K, value for the analogue (2 μΜ) is 6x as high as for ATP
(Schuurmans Stekhoven, Swarts, De Pont and Bonting, unpublished observations).
The gradient purified gastric membranes are not completely pure with regard to
(Κ +H )-ATPase, since other ATPase activities are also present (section 2.4.1).
Especially (Na +K )-ATPase activity is present in considerable amount, but a
-4
control experiment with 10 M ouabain and 5 mM MgCl 2 added to the binding assay
medium reveals that this enzyme can bind only a very minor part of the total
amount of AMPPNP bound by the membranes. This can be explained by considering
that the (Na +K )-ATPase has a much higher turnover number than the (K +H ) ATPase and consequently must be present in a much lower molar concentration
than the latter enzyme. Moreover, because of the much higher nucleotide
affinity of the (Na +K )-ATPase, its binding sites will be completely occupied
by AMPPNP at the concentrations used in our experiments. Hence the observed
effects at these relatively high AMPPNP concentrations cannot be significantly
influenced by the presence of this enzyme.
The maximal binding level of 3 ymol AMPPNP per mg protein would represent
0.3 mol AMPPNP per mol 100.000 D subunit at 100% protein purity. Actually the
protein is not pure and the 100,000 MW band represents only 70% of the protein
after SDS gel electrophoresis. An estimation of the molar binding ratio per
mol (К +H )-ATPase cannot be given, since the molecular weight and subunit
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composition of the enzyme are still unknown. Complicating factors may be that
some of the bound AMPPNP may dissociate from the enzyme during the centrifugation step in the binding assay and that the 100.000 MW band may be
composed of three different proteins as Saccomani et al. (1979a) have
concluded from tryptic inactivation studies.

6.6.2 Effects of pH and monovalent cations
The effects of pH on binding (Fig. 6.5) can readily be explained by
assuming electrostatic interaction between AMPPNP and basic amino acid
residues of (K +H )-ATPase. Optimal binding is expected to occur at a pH
value, which is high enough to ensure dissociation of protons of AMPPNP, but
low enough for association of protons to basic amino acid residues in the
AMPPNP binding centre of the enzyme. In the presence of 5 mM MgCl., when
Mg-AMPPNP is the substrate, these amino acid residues should be less protonated (less positive) for optimal binding to occur and, hence, the pH
optimum is shifted to the alkaline region.
Monovalent cations like ΤΙ , К , Rb

and Cs

stimulate the (К +H ) -

ATPase activity by enhancing its dephosphorylation. They also decrease the
binding of AMPPNP in the same order of effectiveness as is found for overall
enzyme activity (section 2.4.2) and dephosphorylation capacities (Ray and
Forte, 1976). This parallelism confirms our earlier conclusion from butanedione modification studies (chapter 4 ) , viz. that the binding of these
monovalent ions induces a conformational change in the enzyme, which
reduces substrate binding and increases dephosphorylation.

6.6.3 Effect of CDTA
2+
In an attempt to study the binding of AMPPNP in the absence of Mg
ions,
2+
we have added CDTA as a complexant for Mg . From the evidence shown in
Fig. 6.2 it is clear that CDTA has an inhibitory effect of its own, which
2+
..
cannot be explained by complexation of Mg . Similar direct effects of
chelating agents have been reported by Klodos and Skou (1975) for the
(Na++K+)-ATPase.
Fig. 6.3 shows that CDTA inhibits the binding of AMPPNP to (K +H ) ATPase in a competitive-like fashion. This can be interpreted in two different
ways: 1. CDTA reduces the affinity of the enzyme for AMPPNP, 2. CDTA complexes
a cation, which stabilizes the enzyme. The first alternative can be formulated
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as follows (E= enzyme, A= AMPPNP, C= CDTA):
-^EA

V
EC

-^ECA

From the definition of the dissociation constants for the complexes
shown in this scheme, the following equation can be derived (section 6.4.1):
,app

κ
KapP -

K. s

ι
1

K(o)

VK2

riè)

equation 1

where K(o) (=K ) is the dissociation constant for the enzyme-AMPPNP complex
in the absence of CDTA, К

is the apparent dissociation constant determined

at a CDTA concentration (C). A plot of K a p P / ( K 3 p P - K ( o ) ) vs. (C)~ is shown in
the inset in Fig. 6.3. It is a linear plot, as would be expected on the basis
of equation 1. This means that CDTA could inhibit the enzyme by reducing its
affinity for AMPPNP. From this plot values of K./K

- 11 and K. = 0.9 mM can

be derived.
The second alternative, CDTA inhibits by complexation of a stabilizing
cation X (with a total concentration X ) , can be formulated as follows:
-^. EXA

EX

1

CX

X
+

-^ EA

К,

E

In section 6.4.2 we have demonstrated that under certain conditions the
following equation can be derived:

Кapp

apP

K.K + Κ,Χ,.
lx
2 t

K -K(o) " W

W

LX

^

К (К + X I
e x
t

4cT

equation 2

107

By defining K.=(K /K ) X

and assuming initial saturation of the enzyme with

X (X =K ) , we find that equation 2 converts to equation 1. Hence, both pro
posed models appear to explain our observations. The main difference between
the two models is that for the second one we must expect that addition of
CDTA and a certain amount of ion X would produce the same binding curve as is
determined in the absence of CDTA.

6.6.4 Effect of Magnesium ions
2+
From Fig. 6.1 we have concluded that added Mg
ions (in addition to the
2+
20-100 pmol endogenous Mg
present per g protein) greatly inhibit the binding
of AMPPNP. From the results in Fig. 6.4 we conclude that addition of up to
0.5 mM Mg

lowers the apparent number of AMPPNP binding sites (y

half. Larger additions of Mg

) by about

(up to 4 mM) does not further reduce the number

of binding sites, but they increase the dissociation constant.
In interpreting these findings we must bear in mind the following points.
2+
First, AMPPNP binds Mg
with a dissociation constant (K ) for the Mg-AMPPNP
complex of approximately 0.1 mM at pH 7.0 (Yount et al., 1971; Yount, 1975) and
this dissociation constant is pH dependent. Secondly, the concentration of
2+
free Mg
and the ratio (Mg-AMPPNP)/(AMPPNP) are not constant in any of the
2+
curves of Fig. 6.4. Thirdly, the fractions of Mg
and AMPPNP bound to the
enzyme are negligibly small at the relative high concentrations used.
2+
The concentrations of free Mg and AMPPNP can be calculated by means of
the following equations

[AMPPNV]:

[A] =

A„
КA
to
Cс
2j,
К + [M]

[Mg-AMPPNP] : [MA] = A ^

2+

[Mg ] :

- [A] = Ь о ^
с

[M] = i(m. - A. - К ) + i
tot
tot
с

where A and A

equation 3

V

equation 4

2

(M
- A
- К ) + 4 KM
tot
tot
с
с tot
equation 5

,_ are the concentrations of free and total AMPPNP, respec2+

t o t

tively, and M and M

those of free and total Mg

, respectively (see

section 6.4.3).
The lowering of the apparent number of AMPPNP binding sites (y
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Fig. 6.7 Schematic presentation of the dimeric model of (K +H )-ATPase.
Symbols: O D is a dimeric (K++H+)-ATPase molecule, о is AMPPNP, · is M g 2 +
A is AMPPNP, M represents M g 2 + , S and S' stand for the two catalytic subunits of a (K++H+)-ATPase molecule. The same symbols are used in the
derivation of section 6.4.3.

at increasing Mg

2+

concentration cannot be explained by means of these

equations, when only one AMPPNP binding site per enzyme molecule is assumed.
The simplest model that can account for our observations involves a dimeric
model of the enzyme.

6.6.5 Dimeric model of (K +H )-ATPase
We assume that there are two independent, identical AMPPNP sites per
2+
both sites have a strong

enzyme molecule, and that after binding of Mg

anticooperative interaction, making them mutually exclusive with respect to
binding of AMPPNP. This is schematically represented in Fig. 6.7.
In section 6.4.3 we have derived an equation describing AMPPNP-binding
to (K +H )-ATPase according to this model:

Δι ( • Ш.\ + M I

[A]

2_
y
J

=

mav

TÂT\2
к

ν ТмГ
к.

κ„

"[Ж]

equation 6

1

where A, MA and M are the concentrations of AMPPNP, MgAMPPNP and Mg 2+
respectively, not bound to the enzyme. The values of these concentrations
can be calculated from the total concentrations by means of equations 3,
4 and 5.
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At very low concentrations of Mg

2+

[ Μ ] « Κ.,[ΜΑ]« К

and thus[A]^ A

)

equation 6 simplifies to:
У

К
I •
A

At high concentrations of Mg

'
tot

([А]« К

and thus [MA]=¿A

) equation 6

reduces to:

y

-x

2 + r, ¿m
('^

^L
A

tot

These equations do indeed describe the observed plots at low and high Mg

2+

concentrations (Fig. 6.4), including the shift in у
and the competitive
ly
шах
like behaviour of Mg . We have calculated Lineweaver-Burk plots for various
values of all parameters
(K , K., K,, K„, M t „ and A _ ) , two examples
of
r
r
c' ι
1
2
tot
tot
which are shown in Fig. 6.8. Comparing these curves with the experimental
curves in Fig. 6.4, we conclude that the dimeric model can qualitatively
explain our observations.
We have not attempted to "fit" the theoretical parameters to the
experimental results, because the parameters are strongly interdependent,
esp. К. and К» (as can be seen from Fig. 6.7), and because the experimental
values for different preparations vary too much to allow unambiguous deter
mination of the theoretical parameters. The variations in the experimental
values are correlated with differences in the amounts of endogenous magnesium,
although the same qualitative results are obtained.
Our theoretical curves (Fig. 6.8) show optimal agreement with the
experimental curves, when we choose K„ < K. (Fig. 6.7), which means that
MgAMPPNP binds stronger than AMPPNP at pH 7.0. This may seem contradictory
. .
2+
. .
to the observations that addition of Mg
leads to decreased binding, but
this is due to a reduction of the number of binding sites and to competitive
. .
2+
2+
inhibition by Mg

at higher Mg

concentrations.

In the proposed model we assume a dimeric form of the (К +H )-ATPase
enzyme system, which agrees with the conclusion of Goodall and Sachs (1977b)
based on electrophysiological phenomena of (K +H )-ATPase in artificial
membranes. The exact form of the model is in our opinion less important than
its characteristic properties: two sites for Mg-AMPPNP and inhibition of
2+
Mg-AMPPNP binding by Mg .
The reduction of the number of binding sites upon increasing the
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Fig. 6.8 Theoretical double reciprocal plots for the effect of Mg
on the
binding of AMPPNP to gastric (K++H )-ATPase. Plots are calculated from
equations 3, 4, 5 and 6, described in section 6.6.4. At values 1/A^ot« 5 mM
the curves deviate from linearity and intersect the ordinate at " m a X
= 1
У ·
.
(blank values are too high to obtain reliable experimental data in this region),

2+
exogenous Mg

2+ .
from 0 to 0.5 mM can be the result of a Mg

-induced confor

mational state of the (К +H )-ATPase enzyme system, which is in agreement
with the conclusions from chemical modification studies in chapters 4 and 5.
2+
A possible explanation for the results would be a Mg -regulated interaction
of subunits (e.g. tightening subunit interactions, dimerization) leading to
different reactive sulfhydryl groups and reduced ability for substrate binding.
Since the subunit composition of the enzyme is still uncertain and since it is
2+ .
not known whether Mg
ions influence the subunit composition, one can only
2+
guess about the structural phenomena underlying the observed Mg
effects.
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CHAPTER 7

INACTIVATION BY ULTRAVIOLET LIGHT AND GAMMA RAYS *

7. 1 INTRODUCTION

From the preceding chapters it will be clear that Mg

2+ .
ions induce a

conformation of the gastric (K +H )-ATPase, which can be distinguished from
2+
2+
that in the absence of Mg

. I n the Mg

-induced conformational state there

is 1)) increased inactivation by butanedione (chapter 4 ) , 2)) modification of
additional sulfhydryl groups by DTNB (chapter 5) and 3)) a decreased number of
AMPPNP binding sites. The latter phenomenon is interpreted in terms of a
+ +
2+
dimeric model of gastric (K +H )-ATPase, in which Mg

ions regulate subunit

interaction (chapter 6 ) .
A dimeric structure of this enzyme was also proposed by Chang et al.
(1977) on the basis of their observation that the (K +H )-ATPase activity is
twice as sensitive to inactivation by ultraviolet irradiation than the
К -pNPPase activity. However, it is not permissible to draw this conclusion
from such experiments, since the energy absorption and damage by ultraviolet
light depends upon the presence of specific ring structures, disulfide bridges
and ligands (Kempner and Schlegel, 1979).
2+
Apart from the apparent regulatory effect of Mg
on the dimeric form of
(K +H )-ATPase, we have also observed that removal of tightly bound Mg

ions

from the enzyme leads to a complete loss of activity (section 2.4.2). There
are many examples in the literature where divalent cations are tightly bound
2+
to polymeric enzymes and are essential for enzyme activity. Zn
in alkaline
phosphatase (Hiwada and Wachsmuth, 1974) and Mg

in mitochondrial ATPase

(Senior, 1979; Senior et al., 1980) and phosphofructokinase (Etiemble et al.,
1981) seem to be required as stabilizing elements, maintaining polymeric
2+
structures of these enzymes. On the other hand, Mg
ions in aldehyde
*

In collaboration with Dr. H. Nauta, dept. of Biophysics, State University of
Utrecht, The Netherlands.
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dehydrogenase appear to cause dissociation of an active tetrameric form to a
dimeric form of the enzyme (Takashashi and Weiner, 1980).
2+
In view of these reports and the effects of Mg
in our own experiments,
we decided to investigate whether Mg
+ +

ions influence the molecular weight of
2+

the gastric (K +H )-ATPase. The effects of Mg

on the binding of AMPPNP

(chapter 6) and the characteristics of the dimeric model could be explained
by dimerization of two identical subunits resulting in the occlusion of one
substrate binding site. In section 1.6.2 we have already discussed that gel
electrophoresis indicates a subunit molecular weight of about 100,000 daltons.
However, Sachs et al. (1980b) report that the functional unit of the enzyme
has a higher molecular weight of 270,000 - 300,000 as indicated by radiation
inactivation experiments. In connection with the observations of Saccomani
et al. (1979b) suggesting that the 100,000 dalton protein consists of three
different proteins, they propose a trimer configuration for the native
(K +H )-ATPase (Sachs et al., 1980b). Therefore, further study of the
molecular weight of the (K +H )-ATPase complex by radiation inactivation seems
to be desirable in order to gain insight into the polymeric assembly of the
enzyme.
Inactivation by ionizing radiation has been shown to be a simple but
powerful technique for obtaining information on the molecular size of enzymes
and for the determination of regulatory interactions, such as association
between discrete but functionally connected membrane components (Kepner and
Macey, 1968a; Ellory, 1979; Kempner and Schlegel, 1979; Kempner et al., 1980).
The radiation inactivation method involves measurement of enzymatic activity
surviving after exposure of the enzyme to various doses of radiation, e.g. of
gamma rays delivered by a

Co source or of high energy electrons from a

Van de Graaff generator (Beauregard et al., 1980; Kempner and Schlegel, 1979).
The larger the target molecule, the more likely its being hit. In addition,
it is assumed that the large energy dissipation of a single hit completely
destroys the enzymatic activity of the target molecule. Therefore, the
remaining enzyme activity will be due to molecules which have escaped a direct
hit and are fully active. From analysis by the target theory, which specifies
the chance of a molecule being inactivated as a function of the dose of
radiation delivered to the sample, the radiation-sensitive volume of the
target can be obtained. This volume represents the functional unit of the
enzyme, since the enzyme activity is the measured parameter.
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A plot of the logarithm of the fractional residual activity vs. radiation
dose is a straight line. The dose (D._) for 37% residual activity and the
molecular weight (M) are related by the following equation, which is emperically
determined by Kepner and Macey (1968a) from irradiation at room temperature of
enzymes with known molecular weight: M (daltons) =

-^—-,—jr

This equation is now commonly used for determining the molecular weights of
membrane bound enzymes by radiation inactivation.
The method is particularly attractive for studies of membrane bound
enzymes, since it allows measurements to be made on unpurified samples and it
requires only minor amounts of enzyme. A prerequisite is that inactivation
occurs by direct action of the radiation. Secondary inactivation phenomena,
such as occur in the presence of water and oxygen, should be avoided by
using freeze-dried samples under nitrogen (Kepner and Macey, 1968b;
Kempner and Schlegel, 1979). Therefore, the only requirement seems to be that
the enzyme activity survives freeze-drying and subsequent resuspension in
aqueous media.
In this chapter we describe the effects of irradiation with ultraviolet
light and with

Co gamma rays on gastric (K +H )-ATPase.

7.2 MATERIALS AND METHODS

7.2.1 Irradiation with ultraviolet light
An electrophoretically purified (K +H )-ATPase preparation (I mg protein
per ml 0.2 M sucrose) with and without MgCl« (50 pM or 2 mM) is placed in a
quartz cuvet, which is wrapped in aluminum foil. A Blak-Ray B-100A ultraviolet
lamp (Ultra Violet Products, Inc., San Gabriel, Cal., USA) is used as the
ultraviolet light source. It is placed

5 cm above the sample suspension,

which is kept in an ice bath. At the indicated times aliquots are removed for
(K +H )-ATPase and К -pNPPase assays. The data are analyzed as indicated by
Chang et al. (1977) and plotted as log percentage residual activity against
time of irradiation, the latter being proportional to the radiation dose.

7.2.2 Irradiation with gamma rays
A gradient purified (К +H )-ATPase preparation (ca. 5 mg protein) and a
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highly purified (Na +K )-ATPase preparation from rabbit kidney outer medulla
(ca. 0.8 mg protein) are mixed and sedimented by centrifugation. The resulting
pellet is resuspended in 15 шМ Tris-HCl (pH 7.4), 0.1 M sucrose, 0.2 mM ATP
with or without 2 mM MgCl. to a total protein concentration of 1.8 mg per ml.
ATP and sucrose are present to stabilize the enzymes. The (Na +K )-ATPase
serves as an internal standard.
Aliquots of 0.1 ml are lyophilyzed for at least 15 hrs. in 1.5 ml
Eppendorf plastic capped tubes. The tubes are kept for a week or longer in a
Ρ O-containing vacuum dessiccator, when the samples are assumed to be
completely dry.
One day before the start of the irradiation procedure, the contents of
the tubes are gently flushed with nitrogen, capped quickly and sealed with
parafilm. During subsequent days the tubes are irradiated for suitable lengths
of time in a Gamma-cell-200

Co source (Atomic Energy of Canada, Ottawa,

Canada), kindly made available to us by Dr. H. Nauta, Dept. of Biophysics,
State University of Utrecht, The Netherlands. Control tubes are processed in
exactly the same way, but are placed outside the

Co source for the duration

of the irradiation experiments. After each of 5 radiation periods two sample
tubes are removed. The contents of the irradiated and control tubes are taken
up in 0.5 ml of water and (Na++K )-ATPase, (К +H )-ATPase and К -pNPPase
activities as well as protein contents are determined. The experiments have
been carried out with four different (К +H )-ATPase preparations.
In order to ensure that each sample will receive the same dose of
radiation, we have constructed, a cylindrical Perspex holder, which fits into
the radiation chamber and which contains 12 holes for sample tubes. The tubes
are located at the same height and equidistant from the center of the radiation
chamber, so they receive all the same radiation intensity. The radiation dose
at the sample location can be easily read from the isodose curves of the Gammacell-200 irradiation chamber, provided by the manufacturer. The dose rate has
2+
3+
been checked by Fricke dosimetry (Fe -»Fe ; G= 15.5, defined as the number of
Fe

molecules formed by 100 eV absorbed radiation energy) and is then

normalized by using a monthly decay factor of 0.98908. The dose rate decreased
from ca. 100 to 85 krad per h. during the time-span of the experiments.
The molecular weight can be calculated in two ways: directly from the D, 7 dose
by means of the equation in section 7.1, and indirectly by using (Na +K )-ATPase
as an internal standard. The latter enzyme is particular suitable for this
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purpose , because

it bears a strong resemblance

to the (Κ +H )-ATPase, both

with regard to its functional and to its chemical composition (sections 2.4.4
and 3.4.1; Peters et al., 1981a). The molecular weight of 330,000 for
(Na +K )-ATPase from human erythrocyte obtained by radiation inactivation
(Ellory et al., 1980) corresponds very well with the 327,000 value obtained
by Peters et al. (1981a) from studies of the chemical composition, molecular
weights and molar ratio of the isolated subunits of the enzyme. Thus we can
use the percentual inhibition of the (Na +K )-ATPase as an internal dosimeter
by inserting a 327,000 value for M in the equation of Kepner and Macey
(1968a). Corrections for the temperature (Kempner and Schlegel, 1979) are not
required, since all radiations are carried out at room temperature and the heat
production at these relatively low dose rates is so small that the rise in
temperature of the sample during irradiation is negligible.

7.2.3 Enzyme assays
The (Na +K )-ATPase preparation, kindly supplied by Mrs. A. FleurenJakobs and Drs. W.H.M. Peters of this laboratory, is isolated in highly
purified form from rabbit kidney outer medulla according to Jtfrgensen (1974).
The (Na +K )-ATPase activity is determined as described in section 2.3.5. The
ouabain-sensitive К -pNPPase activity is determined as the difference in
4-nitrophenol production at 37 С in a medium containing: 5 mM MgCl-,
10 mM KCl, 5 mM 4-nitrophenylphosphate (imidazole salt), 0.1 mM EDTA and
30 mM imidazole-HCl (pH 7.4) and in a medium of the same composition without
KCl and with 0.1 mM ouabain added (Schoot et al., 1977). The (К +H )-ATPase
and the ouabain-insensitive К -pNPPase activities are determined as described
in section 2.3.2.

7.3 RESULTS

7.3.1 Inactivation by ultraviolet light
Irradiation with ultraviolet light reduces the gastric (К +H )-ATPase
and К -stimulated pNPPase activities in a time dependent manner (Fig. 7.1).
The ATPase activity is more sensitive than the phosphatase activity and is
decreased at 1.7 χ the rate for the К -pNPPase activity, which ratio is also
reported by Chang et al. (1977).
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Fig. 7.1 Semilogarithmic plot of the effect of ultraviolet radiation on the
(K*+H+)-ATPase (о,·) and its K + -pNPPase activity (π,β) in the absence (o,o)
or presence (·,•) of 2 шМ MgCl,,.

25 TIME(H)
Fig. 7.2 Inactivation of (К +H )-ATPase and ouabain-insensitive К -pNPPase by
gamma rays in the presence and absence of 2 mM MgCl2· Irradiation in a ° u Co
Gamma-cell-200 is carried out at room temperature as described in section 7.2.2.
Semilogarithmic plot of residual activity as a function of irradiation time,
which is proportional to the radiation dose. Typical experiment out of four is shown.
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Fig. 7.3 Inactivation of (Na +K )-ATPase and ouabain-sensitive К -pNPPase by
gamma rays. Experimental conditions and presentation of the results as in Fig. 7.2.

In the presence of 2 mM MgCl., the inactivation rates of both enzyme
activities are increased. This Mg

effect is also visible at much lower

concentrations of added MgCl„ (20 and 50 μ Μ ) , and is then only slightly lower
than that in the presence of 2 mM MgCl„.

7.3.2 Inactivation by gamma rays
Freeze-drying with subsequent further drying o^er Ρ,Ο,- reduces the
enzyme activities of (Κ +H )-ATPase and (Na +K )-ATPase only to a minor degree
(6-10%) and thus the prerequisite for the application of the radiation
inactivation technique is satisfied. Figs. 7.2 and 7.3 show the residual
enzyme activity as a function of the irradiation time. The two pNPPase
activities (ouabain-sensitive and ouabain-insensitive) are less sensitive to
the ionizing radiation than the two ATPase activities, indicating that the
latter activities involve a larger functional unit.
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Table 7.1 Molecular weights of gastric (K +H )-ATPase and renal (Na +K ) ATPase and their K+-pNPPase activities obtained from radiation inactivation
experiments. Enzyme samples are lyophilized in the absence or presence of
2 mM MgCl. as described in section 7.2.2. Target analysis is performed using
1 1
the equation: M = — ^ — - — - γ - (Kepner and Macey, 1968a), in which D_ 7 repre
sents the dose leaving 37% residual activity as deduced from semiLogarithmic
plots as shown in Figs. 7.2 and 7.3. Data presented with standard error of
the mean and in parentheses the number of determinations
Molecular weight in kdaltons
+ 2 mM MgCl

Activity

0 mM MgCl 2

(K++H+)-ATPase

444 + 10 (4)

371 + 39 (3)

К -pNPPase (ouabain-insensitive)

295 + 16 (4)

250 + 12 (3)

(Na++K+)-ATPase

336 + 14 (3)

328 + 23 (3)

К -pNPPase (ouabain-sensitive)

283 +

242 + 27 (2)

6 (2)

Table 7.2 Molecular weights of (К +H )-ATPase obtained from radiation
inactivation experiments, using (Na++K+)-ATPase (M.W. Ξ 327,000) as internal
standard. Analysis occurs as indicated in section 7.2.2 from plots as shown
in Fig. 7.4. Data presented with standard error of the mean (n=4).
Molecular weight in kdaltons
Activity

0 mM MgCl 2

+ 2 mM MgCl,

(K++H+)-ATPase

413 +

7 (4)

369 + 18 (4)

К -pNPPase (ouabain insensitive)

291 + 24 (3)

256 + 12 (3)

К -pNPPase (ouabain sensitive)

235 + 30 (2)

228 + 28 (3)

From the time needed to obtain 37% residual activity the D- 7 dose is
calculated. From this value the radiation-sensitive mass can be calculated by
means of the equation of Kepner and Macey (1968a). The values obtained for
the various enzyme activities are summarized in Table 7.1. Direct target
analysis of the (K +H )-ATPase and ouabain-insensitive К -pNPPase activities
reveals molecular weights of 444,000 and 295,000, respectively. When the
inactivation percentage of the (Na +K )-ATPase activity is used as an internal
dosimetric standard (Fig. 7.4, Table 7.2), a somewhat lower radiation-sensitive
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theoretical curve (Na +K )-ATPase
- , (MW - 326.800 dalton)

(К +H )-ATPase

10

Б

20

25

TIME (Η)
Fig. 7.4 Inactivation of gastric (К +H )-ATPase by gamma rays
using (Na +K )-ATPase as internal standard. The theoretical
inactivation curve for a target size of 327,000 daltons is
drawn (dashed line) and the percent residual (Na++K )-ATPase
activity in a particular tube is used as a measure for the
radiation dose received by (K++H+)-ATPase. The data from
Figs. 7.2 and 7.3 are plotted.

mass is obtained for (К +H )-ATPase (413,000). The latter approach has the
advantage that it compensates possible errors in the protein determination
and errors due to non-identical location and orientation of the tubes in the
radiation chamber of the Gamma-cell-200 apparatus.
Suspending gastric (K +H )-ATPase and renal (Na +K )-ATPase preparations
before lyophilization in a medium containing 2 mM MgCl., the radiation
sensitive mass of the gastric activities appears to be decreased (370,000 and
250,000), whilst (Na +K )-ATPase is not significantly affected. This again
2+
. . .
.
.
+ +
suggests that Mg

ions have a specific interaction with the gastric (К +H ) -

ATPase enzyme. Finally, the radiation-sensitive mass of around 230,000 280,000 for the ouabain-sensitive К -pNPPase activity is far greater than the
value of 170,000 found by Ellory et al. (1980) for the enzyme activity
present in human erythrocyte membranes.

121

7.4 DISCUSSION

7.4.1 Inactivation by ultraviolet light
The effect of Mg

on the inactivation by ultraviolet light can be

interpreted as being due to the formation of a Mg

-induced conformation,

which is more vulnerable to the damaging effect of ultraviolet radiation.
2+
+ +
Our observation that in the presence of Mg
ions, (K +H )-ATPase and
+
2+
К -pNPPase are both more sensitive, indicates that the Mg

-induced

structural change is related to the catalytic subunits involved in the
reactions of both enzyme activities.
As indicated in section 7.3.1, the Mg

effect is already visible at

Mg
concentrations as low as 20 - 50 μΜ. This suggests that the effect of
2+
Mg
on the damage caused by ultraviolet light is related to effects of low
2+
concentrations of Mg , viz. the inactivation by DTNB (section 5.4.3), where
the extent of inhibition during the initial rapid phase of the biphasic
2+
inactivation curve increases with increasing Mg
concentrations up to
0.5 mM and the decrease in the number of AMPPNP binding sites at low
concentrations of exogenous Mg

(section 6.5.2).

As already mentioned in section 7.1, damage of enzyme activity by
ultraviolet light depends upon the presence of specific ring structures,
disulfide bridges and ligands (Kempner and Schlegel, 1979). Consequently,
we cannot conclude from the ultraviolet irradiation experiments that the
2+ .
molecular weight of the enzyme is increased in the presence of Mg
ions.

7.4.2 Inactivation by gamma rays
The gamma ray inactivation experiments indicate that the target size
for the phosphatase activities in the (K +H )-ATPase and (Na +K )-ATPase
preparations is smaller than that for their ATPase activities. The molecular
weight of the (Na +K )-ATPase preparation obtained by radiation inactivation
(336,000) is in good agreement with the value of 330,000 obtained by Ellory
et al. (1981) for the erythrocyte enzyme with radiation inactivation,and the
molecular weight of 327,000 for the protein part of the highly purified
(Na +K )-ATPase preparation from rabbit kidney outer medulla as calculated
by Peters et al. (1981a).
In contrast to (Na +K )-ATPase, the apparent molecular weight of the
+ +
2+
(K +H )-ATPase seems to be 45 - 75 kdaltons lower in the presence of Mg
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than in its absence. The functional unit of the ouabain-insensitive К -pNPPase
2+
seems to be lowered by 35 - 45 kdaltons upon addition of Mg . These
2+
differences in target sizes could be explained by assuming that Mg
tightens
the interaction of the subunits, leading to a decreased radiation-sensitive
. .
2+
volume of the protein. Another explanation would be that the addition of Mg
releases a protein unit with a definite molecular weight from the enzyme
complex.
A third explanation for the Mg

-induced differences in target sizes

could be that the targets in the presence or absence of Mg

represent

functionally distinct parts of a large peptide. This possibility cannot be
ruled out. Most data for target analysis by radiation inactivation are
obtained from soluble enzymes, and the situation may be different for
membrane bound proteins, since the associated lipids might restrict to some
degree the energy dissipation following primary ionization. Anyhow, the
target analysis method is successfully applied to an extensive list of
enzymes with good agreement between molecular weight values from target
analysis and from other molecular weight determinations (Kempner and Schlegel,
1979). It is the first time that ion-induced changes in the target size of an
enzyme can be reported. Thusfar, only detergent-induced structural changes
were observed with the radiation-inactivation technique (Steer et al., 1981).
The target size of (K +H )-ATPase in the absence of added Mg

is

415,000 - 445,000 daltons, which suggests that the enzyme would consist of 4
subunits of 100,000 daltons. This is a very tentative conclusion, since the
subunit M.W. value of 100,000 is derived from SDS-gelelectrophoresis. Studies
of (Na +K )-ATPase in our laboratory have shown that the 100,000 M.W. value
for its a-subunit, derived from SDS-gelelectrophoresis, is actually 121,000
when determined by the more accurate equilibrium sedimentation analysis of
detergent-free isolated subunit (Peters et al., 1981a). If such a deviation
would also occur for (K +H )-ATPase, we cannot rule out the possibility of
3 subunits of ca. 145,000 molecular weight.
In section 7.1 we have already discussed that Sachs et al. (1980b)
obtained a molecular weight of only 270,000 - 300,000 after radiation
inactivation with high energy electrons from a Van de Graaff generator. These
experiments were caried out on frozen membrane suspensions at a temperature
of -45 С to -60 C. At such low temperatures a temperature correction is
necessary (Kempner and Schlegel, 1979) and the results of Fluke (1972) appear
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to indicate a correction factor of 1.6 in the temperature range from 20 С to
-50 C. Application of such a correction factor to the data of Sachs et al.
(1980b) would yield molecular weights of 432,000 - 480,000, which values would
approximate the target size values of 413,000 - 444,000 obtained by us.
However, repeating their experiments at 20 C, Sachs et al. find only a 20%
increase of the target size corresponding to a protein of 320,000 daltons
(personal communication from Dr. G. Sachs). The difference between this value
and that obtained by us is not yet well understood. One may speculate that the
(К +H )-ATPase preparation of the group of Sachs contains a higher endogenous
Mg

content leading to an apparently smaller target size, which is comparable

to the molecular weight obtained by us in the presence of Mg

. In this case

the difference between our result (370,000) and that of the group of Sachs
(320,000) is only 15%. However, a more detailed comparision between the two
(К +H )-ATPase preparations must await further experimental data, regarding
2+
2+
possible differences in Mg

-content and the Mg

-concentration dependence of

the changes in the target size observed by us.
So far we have not discussed the observation that for both (K +H )-ATPase
and (Na +K )-ATPase the apparent target sizes of the phosphatase activities
are much lower than those of the ATPase activities. A possible explanation may
be that a particular subunit, which is essential for the ATPase activity, is
not required for the pNPPase activity. The difference of 60 - 100 kdaltons
observed for the (Na +K )-ATPase, may suggest that the non-essential part of
the enzyme complex refers to the two 0-subunits. The difference of 120 -150
kdaltons for the gastric activity suggests that it represents one of the
three or four 100,000 subunits present in the ATPase complex. Saccomani et al.
(1979b) believe that one 100,000 subunit of the three of gastric

(K +H ) -

ATPase complex, may be a glycoprotein, which - if true - could mean that this
would be the subunit non-essential for phosphatase activity. However,
preliminary experiments of drs. W.H.M. Peters in our laboratory seem to
contradict the presence of different proteins in the isolated 100,000 protein
fraction.
Again it cannot be ruled out, that the differences in target size between
phosphatase and ATPase activity of both (K +H )-ATPase and (Na +K )-ATPase
preparation are due to the fact that these activities represent functionally
distinct parts of the oligomeric enzyme molecules. In conclusion, although
the single target theory is not yet universally accepted and consequently the
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radiation inactivation method for determination of protein molecular weights
is still subject to dispute, we feel that this method can at least indicate
an approximate size of the functional unit of an enzyme activity. For gastric
(K +H )-ATPase we find a target size corresponding to a molecular weight of
415 - 445 kdaltons, which seems to be reduced to 370 kdaltons in the presence
2+
2+
of Mg

. It is not clear whether this Mg

effect is due to the release of a

protein unit with a definite molecular weight or that simply tightening of
the subunit interaction occurs. Our results would agree with a trimeric or
tetrameric assembly of the (K +H )-ATPase protein, but they do not support
2+
dimerization upon addition of Mg , thus rejecting one of the explanations for
the model presented in section 6.6.5.
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CHAPTER 8

+

+

THE ADP/ATP EXCHANGE REACTION OF GASTRIC (K +H )-ATPase

8.1 INTRODUCTION

Chemical modification studies of the gastric (K +H )-ATPase preparation
(chapters 4 and 5) indicate that the enzyme can exist in at least two
+
2+
conformational states: а К -induced and a Mg -induced conformation, which
may be related to different functional steps in the reaction mechanism. The
2+
substrate binding studies with AMPPNP (chapter 6) suggest a Mg -regulated
subunit interaction, which appears to be confirmed by data obtained from
the radiation inactivation experiments (chapter 7 ) .
Mg

ions are required for the (K +H )-ATPase activity and more

particularly for the phosphorylation reaction (Ray and Forte, 1976; Wallmark
and Mârdh, 1979), which agrees with our own observations (section 2.4.3).
2+
These distinct effects of Mg , viz. regulation of subunit interaction,
involvement in the phosphorylation reaction and at high concentration, the
competitive-like inhibition of AMPPNP binding, may represent binding of Mg

2+

to different sites.
Detailed studies of the transient kinetics of the enzyme have led
Wallmark et al. (1980) to propose a catalytic cycle in which the enzyme· ATP
2+
t s Vwith
i
complex rapidly reacts
Mg , leading to phosphorylation and subsequent
2
2+
release of ADP and Mg
E + ATP τ-*· E.ATP + Mg

2+
2+
^—^E.P.MgADP ^-^E.P + ADP + Mg

К -ions are involved in the dephosphorylation of the phosphoenzyme:
E.P + Кчг-^Е.К + Pi
This chapter reports our experiments aimed at obtaining more insight into the
enzyme-substrate interactions.
Like (Na +K )-ATPase (Robinson, 1976, 1977), gastric (К +H )-ATPase
catalyzes an ADP/ATP exchange reaction (Sachs et al., 1980a), which may be
interpreted as a reversal of the initial steps of the overall reaction
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V/S M )
Fig. 8.1 Activation of (К +H )-ATPase as a function of the ATP concentration.
(K*+H+)-ATPase preparation is incubated for 30 sec. at 37°C with 30 шМ
imidazole-HCl (pH 7.0), 2 mM MgCl 2 and 6.25 - 2000 μΜ γ 3 2 Ρ-ΑΤΡ and 20 шМ KCl
or choline-Cl. The results are plotted as V against V/S (Woolf-Augustinsson
plot). Both activation phases are corrected for each other according to
Spears et al. (1971).

sequence. The effects of pH, К

+

and Mg

2+

on the ADP/ATP exchange rate are

shown. Together with other observations on the several partial reaction steps
of (К +H )-ATPase mentioned in section 2.4.3, the results have extended our
+
+
2+
understanding of the interactions of Η , К , Mg , ADP and ATP in the reaction
sequence of (К +H )-ATPase.

8.2 MATERIALS AND METHODS

All nucleotides are obtained from Boehringer (Mannheim, FRG). Radioactive
nucleotides such as γ

P-ATP,

H-ATP and

C-ADP are purchased from the

Radiochemical Center (Amersham, England). All other chemicals are obtained
from Merck (Darmstadt, FRG) and are of the highest available purity.
Radioactive and non-radioactive (К +H )-ATPase assays are performed as
described in section 2.3.2. The concentrations of the various additives may
differ from the standard conditions, but each change is indicated in the
relevant paragraph or legend.
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Fig. 8.2 (K+H)-ATPase activity as a function of the ATP concentration.
(K++H+)-ATPase preparation (20 μΐ; 0.73 mg protein m l - 1 ) is incubated with
the standard assay media with 20 mM KCl or choline CI, except that3mMMgCl 9
is present and the ATP concentration is varied from 0.3 to 9 mM.

ADP/ATP exchange is measured as described in section 2.3.3. There is
14
no measurable formation of
C-AMP, indicating that an endogenous adenylate
kinase activity cannot be responsible for the observed effects.

8.3 RESULTS

8.3.1 Interactions of Mg

and ATP with (Κ +H )-ATPase

During the course of the studies described in this thesis Sachs and
coworkers (1980a) reported a high and low affinity ATP site with К

values of

74 μΜ and 1.1 mM, respectively. We have repeated their experiments by
incubating gastric (К +H )-ATPase at 37 С with various concentrations of
32
P-ATP in the presence of 2 mM MgCl. (Fig. 8.1). After correction of the

γ

two phases for each other according to Spears et al. (1971) we obtain
affinities of 0.47 mM and 17 UM for the low and high affinity ATP site,
respectively (uncorrected values 0.31 mM and 24 μ Μ ) .
ATPase activity can also be determined as liberation of P. with the
'
ι
spectrophotometry method described in section 2.4.2. In this case relatively
high ATP concentrations are required in order to provide excess substrate
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9
mM MgCl2

ig• 8.3 (К +H )-ATPase activity as a function of the MgCl2 concentration.
Fig
C+H*)-ATPase preparation (20 μΐ; 0.73 mg protein m l - 1 ) is incubated with
"(K*+rT)-ATPase
with
the standard assay media with 20 mM KCl or choline CI, except that 3 mMATP
is present and the MgCl» concentration is varied from 0.3 to 9 mM.
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Fig. 8.4 Determination of IL, for pNPP and K¿ for ATP in the К -pNPPase activity.
An appropriate amount (K++H*)-ATPase (20 μΐ; 0.31 mg protein ml"') is incubated
with 400 μΐ incubation medium containing 30 mM imidazole-HCl pH 7.0, 0.1 mM
ouabain, 20 mM KCl or choline CI and 0.3, 0.4, 0.7, 1, 2 and 3 mM pNPP with
0.06, 0.09, 0.12 and 0.15 mM ATP. The K^ for pNPP is determined from a
Lineweaver-Burk plot (a), whilst the mode of inhibition by ATP is determined
by means of a Dixon plot (b).
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conditions in combination with accurately measurable and reproducible
extinctions at 700 nm. The effects observed with these high substrate
concentrations are related to effects on the low affinity substrate site,
whilst the measured К and V
cannot be corrected for the high affinity
J
m
max
"
activity of the enzyme. Nevertheless, we have used this simple assay method
for the following experiments.
2+
We have investigated the effects of varying either the Mg
or the ATP
concentration keeping the other ligand at a fixed concentration, as
Robinson (1974) has done for (Na +K )-ATPase. Increasing the ATP concentration
from 0.7 to 9.0 mM at 3 mM MgCl-, a dual effect is observed (Fig. 8.2). Up to
3.0 mM ATP the rate of ATP hydrolysis increases, whilst above 3.0 mM (excess
free ATP) the activity decreases to ca. 50% of its optimal value. Further
investigations indicate that the stimulating effect of ATP has а К

of 0.25 mM

(S.E.= 0.04, n= 3 ) , which does not significantly differ from the uncorrected
value for the К of ATP (0.31 mM) obtained with the radioactive assay
m
(Fig. 8.1). Free ATP behaves like a non-competitive inhibitor with a K. of
4.2 mM (S.E.= 0.2, n= 4 ) .
Fig. 8.3 shows the effect of increasing the MgCl. concentration from 0.3
to 9.0 mM, while keeping ATP at 3 mM. Again we observe a stimulating effect
2+
+ +
in the lower concentration range. Excess free Mg

also reduces the (К +H ) -

ATPase activity and appears to be a very weak non-competitive inhibitor with
a K. of 26.2. The results in Figs. 8.2 and 8.3 show that optimal activity is
found at a MgCl„:ATP ratio of 1:1, indicating that MgATP is the true
substrate for the (K +H )-ATPase enzyme. From experiments with various ADP
and ATP concentrations, while [MgCl.] = [ATP] + 2[ADP], a Dixon plot has been
derived, which suggest that MgADP competitively inhibits the (K +H )-ATPase
activity with a K. of 0.55 mM.
'
ι
In other experiments the effect of pNPP has been studied. The experiments
indicate that pNPP acts as a competitive inhibitor with a K. of 4.5 mM. The
inhibition of ATP and ADP on the К -pNPPase activity has also been
investigated. Increasing the pNPP concentration from 0.3 to 3.0 mM at a
constant MgCl- concentration of 3.0 mM, the К -pNPPase activity follows
Michael i s-Menten kinetics (Fig. 8.4a) with а К

of 0.9 mM (S.E.= O.lmM, n= 3).

The Dixon plot in Fig. 8.4b shows that ATP acts as a competitive inhibitor
with a K. of 0.15 mM. From the same type of experiments we conclude that AMPPNP and
ADP are competitive inhibitors with K. values of 0.25 and 0.48 mM, respectively.
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Fig. 8.5 ADP/ATP exchange by (К +H )-ATPase as a function of the ADP
concentration. ADP, ATP, MgCl2 are incubated with (К +H )-ATPase as
described in section 2.3.3 in a final volume of 20 μΐ, containing 50 μΜ
imidazole-HCl (pH 7.0), 0.79 pg protein, 0.10, 0.15, 0.20, 0.30, 0.50 and
1.0 mM ADP, ATP and MgCl 2 in a ratio of 1:1:1 and either 5 mM choline-Cl
or 5 mM KCl.

+
+
2+
8.3.2 Effects of Κ , Η and Mg
on the ADP/ATP exchange reaction
Determination

of ADP/ATP exchange.

The (К +H )-ATPase enzyme catalyzes

an ADP/ATP exchange. The basal exchange rate in the presence of 1 mM ADP,
1 mM ATP, 1 mM MgCl„ and 5 mM choline-Cl at pH 7.0 and 37°C amounts to
7.0 ymol ADP mg~' protein h

(S.E.= 0.6, n= 28). Addition of 5 mM KCl

activates the exchange rate to 26 ymol ADP converted mg

protein h

(S.E.= 2.2, n= 31). Incubation time and enzyme concentrations are chosen in
such a way that changes in ATP and ADP are limited to less than 10% of their
initial concentration. At these conditions the rate of conversion of ADP in
ATP increases linearly with time.
The relatively high standard errors indicate that the measured exchange
rates vary greatly. Indeed we observe variations in exchange rate not only
with different (K +H )-ATPase preparations, but also with the same enzyme
preparations under identical conditions in different experiments. This is
probably due to inaccuracies in dispensing a particulate membrane suspension
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in amounts of less than 1 \ig protein. Therefore, we compare in each part of
the tables only data from parallel experiments. The ADP/ATP exchange rate in
the presence of 1 mM ADP, I mM ATP and 1 mM Mg

is mostly determined

concurrently and may serve as a control value in the tables.
The role of ATP in the exchange reaction is to phosphorylate the enzyme,
which is required to prime the ADP/ATP conversion. In Fig. 2.12 we have
2+ .
.
observed that endogenous Mg
is sufficient to obtain the maximal phosphory
lation level, which appears to be reduced in the presence of К ions. This
+
2+
К -induced reduction is counteracted to some extent by Mg
increase the rate of phosphorylation. Thus the presence of Mg

ions, which also
in the

ADP/ATP exchange incubation medium may be required to yield maximal level and
rate of phosphorylation, which in turn may give an optimal rate of the
backward reaction.
Fig. 8.5 shows that the ADP/ATP exchange rate seems to follow saturation
kinetics when ADP, ATP and MgCl„ at a molar ratio of 1:1:1 are varied over a
concentration range from 50 μΜ to 2 mM. К
rate without affecting the К

ions greatly stimulate the exchange

for ADP (Fig. 8.5b). In this Lineweaver-Burk

plot the inversed exchange rate seems to be linearly related to the inverse
2+
of the total ADP concentrations. However, in the incubation mixture with Mg ,
ADP and ATP, actually Mg-ADP, Mg-ATP, free ATP, free ADP and free Mg are
present and it is not known which of them take part in the exchange reaction.
From studies on the ADP/ATP exchange, catalyzed by other transport ATPases
2+
2+
such as (Ca +Mg )-ATPase from sarcoplasmic reticulum (Makinose and Boll,
1979) and (Na +K )-ATPase (Robinson, 1976b, 1977; Beaugé and Glynn, 1979a) it
appears that ADP and Mg-ATP are the true reactants. Further kinetic
experiments are required to settle this point for (K +H )-ATPase.
If free ADP is involved most likely this would occur via the ADP
releasing site. Inserting in Fig. 8.5b in stead of total ADP the free ADP
concentration reveal К values of 0.55 and 0.58 mM in the absence or presence
r
m
of 5 mM KCl, respectively. These values are more or less in agreement with
the K.-values for ADP on the К -pNPPase and (К +H )-ATPase activities.
1
2+
Effects

of ATP and Mg

on the ADP/ATP exchange.

Excess free ATP

appears to decrease the basal ADP/ATP exchange rate (Table 8.1). Increasing
the ATP concentration from 1 to 5 mM in the presence of 1 mM MgCl. decreases
-1
-1
the exchange rate from 8.4 to 3.4 pmol mg
protein h
ADP converted. When
at the same time, the MgCl. concentration is decreased to 0.2 mM a hardly
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Table 8.1 Effects of variations in ATP and MgCl.2 concentrations on the ADP/ATP exchange activity of
+
+
(K +H )-ATPa s e. ADP/ATP exchange activity is determined at pH 7.0 and 37 С as described in section 2.3.3
with 1 mM ADP and the listed concentrations of ATP and MgCl_. No KCl refers to an incubation medium, in
which 5 mM choline-Cl is present. The mean values of the exchange rate are tabulated with the standard
+
error of the mean; between parentheses the number of determinations. Free [ATP] and free [Mg' ] are
calculated with means of the cubic equations derived from the equilibrium equations, using association
constants for Mg and ADP or ATP of 0,25 mM and 0,056 mM respectively, calculated from the data of
Adolfsen and Moudrianakis (1978).

Total cone.
(mM)
ATP

MgCl 2

Concentration "free"
(mM)
2+
ATP
ADP
Mg

Exchange rate
(Umol mg ' h~' ADP converted)
no KCl

5 mM KCl

1

1

0.37

0.73

0.10

7.8 + 1.5 (8)

12.3 + 1.8 (4)

0.5

1

0.11

0.56

0.20

7.8 + 1.3 (13)

14.9 + 1.8 (11)

3

1

2.1

0.91

0.025

6.4 + 1.0 (9)

15.9 + 1.0 (11)

1

1

0.37

0.73

0.10

8.4 + 0.6 (6)

34.6 + 2.6 (4)

5

4.8

0.99

0.002

0.2 + 0.4 (5)

8.1 + 0.8 (7)

5

1

0.2

4.1

0.95

0.013

3.4 + 0.2 (3)

19.8 + 0.5 (2)

5

3

2.3

0.79

0.065

10.0 + 1.5 (3)

23.6 + 0.8 (6)

1

1

0.37

0.73

0.10

7.0 + 1.1 (11)

16.1 + 1.5 (11)

1

4

0.025 0.10

2.2

6.3 + 1.0 (16)

10.4 + 1.5 (16)

I

4

0.025 0.10

2.2

13.8 + 0.2 (2)

10 mM KCl

18.8 + 1.3 (6)

20 mM KCl

23.0 + 1.6 (6)

Table 8.2 Effect of pH on the ADP/ATP exchange activity of (K +H )-ATPase.
Exchange activity is determined, as described in section 2.3.3, in the
presence of 1 mM ADP, 1 mM ATP and 1 mM MgCl ? at different pH. No KCl refers
to an incubation medium, in which 5 mM choline-Cl is present. The mean values
of the exchange rate with the standard error of the mean are tabulated;
between parentheses the number of determinations.

pH

no KCl

20 mM KCl

10 mM KCl

5 mM KCl

6.2

5.3 + 0.7 (12)

8.6 + 1.0 (9)

10.6 + 1.4 (3)

11.7 + 0.5 (3)

7.0

8.7 + 0.2 (4)

24.5 + 1.8 (4)

27.5 + 0.4 (4)

32.6 + 0.9 (4)

7.8

7.9 + 0.4 (9)

31.6 + 3.1 (6)

measurable exchange activity remains. Most probably, free ATP is the main
inhibitory factor since raising the MgCl. concentration (and thus the Mg-ATP
concentration) increases the exchange rate again, which agrees with the
assumption that Mg-ATP may be involved in the exchange reaction. In the
presence of 5 mM ATP and 0.2 mM MgCl- the К -stimulated exchange rate is also
decreased and again we observe a restoration of activity upon increasing the
MgCl. concentration to 3 mM (Table 8.1).

2+

Table 8.I also shows that excess Mg

does not affect the basal exchange

activity, but it appears to antagonize the activation of the exchange reaction
by К . When the К

concentration is increased from 5 to 20 mM, the activity

is restored again to some extent. This observation may indicate that К and
2+
ions antagonize each other in their effect on the conversion of ADP in

Mg

ATP catalyzed by (K++H+)-ATPase.
Effect

of pH on the ADP/ATP exchange.

Table 8.2 summarizes the effects

of varying the pH on the ADP/ATP exchange, catalyzed by gastric (К +H )-ATPase.
The basal exchange rate appears to be slightly activated, when the pH is
increased from 6.2 to 7.8. It is even more obvious that the exchange rate at
pH 6.2 is much less activated by 5 mM К
at pH 6.2 high К

than at higher pH values. Moreover,

concentrations are hardly able to increase the velocity of

the ADP-ATP conversion, contrary to what happens at pH 7.0.
These pH effects suggest that at low H

concentrations the К -activation

of the exchange reaction velocity is not hindered, but that high H
concentrations greatly reduce the capability of К

to stimulate the exchange

reaction. These findings suggest an antagonism between К

and Η , which would
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not be surprising in view of the transport function of the gastric (K +H ) ATPase.
In summary, the studies on the ADP/ATP exchange reaction catalyzed by
gastric (K +H )-ATPase indicate that free ATP is inhibitory, whilst К
+
2+
seem to antagonize the effects of both H and Mg

ions

8.4 DISCUSSION

8.4.1 Enzyme-substrate interactions
ATP, ADP and AMPPNP competitively inhibit the К -pNPPase activity, which
could mean that these nucleotides compete for the same site. For (Na +K ) ATPase Robinson (1976a) has proposed that pNPP and ATP interact via the low
affinity substrate site, since the K. for ATP as a competitive inhibitor of
the К -pNPPase activity is comparable to its К

at the low affinity substrate

sites. The same could be true for (К +H )-ATPase, since the K. for ATP on the
К -pNPPase (0.15 mM) is close to the К for ATP (0.28 mM).
m
On the other hand, the К for pNPP (0.9 mM) and the K. for pNPP on the
m
ι
(К +H )-ATPase activity (4.5 mM) differ considerably. Moreover, Saccomani
et al. (1979b) suggest that the ATP and pNPP sites are not identical, since
ATP protects and pNPP does not protect against tryptic inactivation. Finally,
chemical modification with diethylpyrocarbonate (Saccomani et al., 1980)
indicates the presence of an essential histidine residue at the ATP site but
not at the pNPP site. Thus we feel that a definite placing of the К -pNPPase
activity in the overal scheme, viz. assuming that the К -pNPPase reaction
seems to reflect the terminal hydrolytic step, must await further experimental
data.
The presence of separate high and low affinity substrate activation sites
on gastric (К +H )-ATPase has been clearly shown by Sachs et al. (1980a) and
Wallmark et al. (1980) during the course of our study. As already discussed
in section 3.4.4, large differences between the К values for both affinities
m
exist in these two reports. Our corrected values of 0.47 mM and 17 μΜ for the
low and high affinity sites are closest to the values (1.1 mM and 74 μΜ) of
Sachs et al. (1980a), who used the same KCl concentration (20 mM) and
incubation temperature (37 C) as we did. Especially the temperature seems to
be relevant, since experiments at room temperature instead of 37 С give much
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lower К

values for ATP at the high affinity site, viz. 3.5 μΜ (Wallmark

et al., 1980) and 5 μΜ (Ray and Forte, 1976). Recently, E. Rabon (personal
communication) has observed that further decreasing the ATP concentration
leads to still lower high affinity К values for ATP and that the obtained
m
Woolf-Augustinsson plots remains non-linear, indicating a complicated ATP
activation mechanism. The existence of the two ATP activation affinities and
their possible function in the mechanism of action of gastric (К +H )-ATPase
will be extensively discussed in the following chapter. In any case, our
preliminary results indicate that caution is required in the interpretation
of data obtained from experiments at either high or low substrate concentra
tions. Most useful results can be expected from experiments in which a broad
ATP concentration range is used.
Excess free ATP behaves like a non-competitive inhibitor. A possible
explanation for this inhibitory character of ATP would be the occupation of
the ADP-releasing-site by ATP, thereby mimicking the phenomenon of product
inhibition. Such a model would imply that ATP binding sites and ADP releasing
sites coexist in the same enzyme-molecule. The non-competitive inhibition by
2+
2+
excess Mg

may be related to the competitive inhibition of higher Mg

concentrations (>0.5 mM) on the AMPPNP binding (Fig. 6.4).
In addition to these experiments further investigations of the inter2+
actions of ADP, ATP and Mg
and the enzyme are required. We chose to study
the ADP/ATP exchange reaction of the (К +H )-ATPase enzyme system in more
detail.
8.4.2 ADP/ATP exchange reaction
The gastric (К +H )-ATPase is able to convert ADP to ATP, which process
can be interpreted as the reversal of the two initial steps of the overall
ATPase reaction mechanism. In section 8.3.2 we have indicated several problems
inherent in the study of the ADP/ATP exchange reaction, e.g. which of the
2+
species Mg-ATP, Mg-ADP, free ATP, free ADP and free Mg
are actually involved
in the exchange process. Another problem is the fact that ATP hydrolysis
takes place when the ADP/ATP exchange rate is measured. This may cause
underestimation of the exchange rate, since some of the ATP that is converted
3
14
from ADP, is formed back to ADP. The use of H--ATP and
C-ADP at the same
3
time enables us to determine both the ATP hydrolysis ( H label) and the
14
ADP •* ATP conversion ( С label). When both conversions are kept below 10%
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of Che initial concentrations by using appropriate amounts of enzyme and
incubation times, no correction is required.
Similarly to (Na +K )-ATPase (Beaugé and Glynn, 1979a) and (Ca

+Mg

)-

ATPase (Makinose and Boll, 1979), we may assume that free ADP and Mg-ATP are
the nucleotide species involved in the exchange reaction of (K +H )-ATPase.
This suggests that an ADP site is involved, which would most likely be the
ADP releasing site in the overall (K +H )-ATPase reaction sequence. The
observed inhibition of the exchange by free ATP may be due to the occupation
of this site by free ATP. The same explanation may be true for the noncompetitive inhibition of the overall (K +H )-ATPase activity by excess free
ATP (section 8.4.1). Apart from an ADP site, the high affinity ATP site may
also be involved in the exchange reaction, since this would be the site at
which ATP, resulting from the ADP conversion, would be released.
The К -induced activation of the exchange reaction raises a special
problem. At first sight one would expect that К

ions would inhibit the ADP/ATP

conversion by activating the К -dependent dephosphorylation, thus pulling the
reaction process away from the exchange step. A similar trend of thought was
followed by Robinson (1977) for (Na +K )-ATPase: he ascribed the К -induced
activation of the exchange reaction to the reduction by К

ions of the binding

of inhibitory Mg-ATP. In an earlier report he claimed that occupation of the
2+
low-affïnity site by Mg-ATP or free Mg
results in inhibition of the exchange
reaction (Robinson, 1976b). Abolition of the Mg-ATP-induced inhibition by
+ .
2+
К ions agrees with the observation that at very low Mg
and ATP
concentrations, when the low affinity substrate sites cannot be filled, К

+

no

longer appears to activate (Robinson, 1977). The proposed reaction scheme for
(Na +K )-ATPase includes two phospho-intermediates, one being ADP-sensitive
and the other ADP-insensitive (Schuurmans Stekhoven and Bonting, 1981 p. 21-24).
Initially, Wallmark and Mardh (1979) could not find an ADP-sensitive
phosphoenzyme for (К +H )-ATPase, which is unexpected in view of the exchange
reaction. Recently, however, the group of Sachs has observed that upon
2+
the phosphorylated intermediate

modification with DTNB in the absence of Mg

becomes sensitive to ADP (G. Sachs and E. Rabon, personal communication),
indicating that the (K +H )-ATPase enzyme as the (Na +K )-ATPase, has two
phospho-intermediates. Nevertheless, there appears to be differences in the
exchange reaction of the two enzymes, regarding the activation by К

and the

inhibition by ATP of the ADP/ATP exchange reaction. In the case of (К +H )-ATPase
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the exchange reaction is inhibited by excess free ATP and К
...
2+
antagonize the inhibition of the exchange by excess Mg

ions may

(our observation),

whereas in the case of (Na +K )-ATPase the exchange is inhibited by Mg-ATP
and К

ions cannot counteract free Mg
(Robinson 1976b, 1977).
+ +
2+
For gastric (K +H )-ATPase the Mg

-induced inhibition of the exchange

reaction might be due to complexation of free ADP to Mg-ADP, which cannot
serve as substrate for the exchange reaction. However, this explanation is
2+
2+
not
satisfactory,
since the basal
exchange
rate appears
to be ions
hardly
by high
Mg
concentrations.
Therefore,
we believe
that Mg
haveaffected
another,
2+
by high Mg
coneer
more direct effect.
This effect of Mg

may be related to the competitive-like inhibition of

AMPPNP binding (section 6.5.2) and the decreased reactivity of the slowly
2+
reacting SH-group (section 5.4.3) at high Mg
concentrations. Antagonism
2+
+
.
.
.
between Mg
and К has already been noticed in their effects on the
phosphorylation level (Fig. 2.12) and on the butanedione-inactivation
2+
(sections 4.4.1 and 4.4.3). Most probably, Mg
forces the enzyme into a
conformational state, which hinders the ADP/ATP exchange reaction, e.g. by
displacing an equilibrium H..E.Mg.P.ADP^—kH..E.Mg.P + ADP (section 9.5) to
the right. In the preceding chapter we already mentioned that a possible
К ^—*H

antagonism would not be surprising in view of the transport function

of the (К +H )-ATPase enzyme. In the next chapter we attempt to fit the
results, presented in this chapter, into a general reaction scheme for
gastric (К +H )-ATPase, which allows us to review all main findings reported
in this thesis.
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CHAPTER 9

GENERAL DISCUSSION

9.1 INTRODUCTION

Since the gastric epithelium is able to generate and maintain an
enormous proton gradient between blood and gastric lumen, the mammalian
parietal cell would be expected to contain a specialized machinery for this
active transport process. The gastric (K +H )-ATPase enzyme, first described
by Ganser and Forte (1973a), appears to play a key role in the acid secretion.
At the beginning of our study in 1977 there was already some evidence that
the (K +H )-ATPase may bear remarkable resemblances to the two other known
transport-ATPases: (Na +K )-ATPase, which is ubiquitous in the plasma
2+
2+
membranes of mammalian cells, and (Ca +Mg )-ATPase, which functions as the
2+
Ca
pump in the sarcoplasmic reticulum of muscle cells. The studies described
in this thesis have been carried out in order to extend our insight into the
mechanism of action of gastric (K +H )-ATPase and to establish to which
degree the various transport-ATPases act by a common mechanism.
Generally, the experiments reported in this thesis are concerned with
the effects of the several ligands required for enzyme activity. They mainly
suggest the existence of two conformational states of the enzyme: a К -induced
2+ .
state and a Mg -induced state.

9.2 EFFECTS OF ACTIVATING MONOVALENT CATIONS

9.2.1 К -activation by stimulation of the dephosphorylation
К

ions are needed for the (K++H+)-ATPase activity. The К

for К

in the

overall enzyme activity appears to be pH-dependent and amounts to 2.7 mM at
pH 7.0. The К

activation site is located at an intravesicular site as

indicated by the stimulation of the (K +H )-ATPase activity by К -ionophores
(section 2.4.2).
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As in the case of (Na +K )-ATPase, К

ions appear to exert their

activation by stimulating the dephosphorylation of a phosphorylated inter
mediate (Ray and Forte, 1976). Wallmark and Mardh (1979) have shown that the
phosphoenzyme represents a functional intermediate in the reaction mechanism,
since transient kinetic studies reveal that formation and breakdown of the
phosphoenzyme are sufficiently rapid for the overall reaction.
The К -induced breakdown of the phosphointermediate is biphasic (section
2.4.3; Wallmark et al., 1980). The amount of the rapidly decaying form and
the rate constant of its dephosphorylation increase with increasing К
concentration, whilst the rate of dephosphorylation of the slowly decomposing
component is much less К

sensitive. At К

concentrations over 0.5 mM, the

rate achieved during the slower decomposition phase corresponds to the overall
ATP hydrolysis rate in the presence of 2 mM ATP (Wallmark et al., 1980). This
finding is consistent with the occurrence of two forms of phosphoenzyme:
а К -insensitive form, which must first be converted to a К -sensitive form
in a rate-limiting step. The amount of rapidly decaying phosphoenzyme and the
initial rate constant appear to be dependent on the cation used in the same
order of effectiveness (Tl >K >Rb ) as reported by Ray and Forte (1976).

9.2.2 Antagonism between К

and ATP

Indications for an antagonism between К

and ATP have been obtained from

chemical modification studies (sections 4.4.3 and 5.4.1), which show that the
apparent K, for the К -enzyme complex, analysed according to Scrutton and
Utter (1965), is 12 to 25 times as high in the presence of ATP as in its
absence. On the other hand, the addition of К

lowers the affinity for ATP

(section 4.4.3), and the binding of AMPPNP (section 6.5.3). In agreement with
this, Wallmarketal. (1980) observed that high extravesicular К concentrations
inhibit not only proton transport and (К +H )-ATPase activity of freshly
isolated gastric vesicles, but also the phosphorylation. The interaction of
ATP and К
higher К

at this extravesicular inhibitory site follows from the fact that
concentrations are required for inhibition when ATP levels are

increased.

9.2.3 Antagonism between К

and H

Since the (K +H )-ATPase system maintains а К -H

countertransport, an

antagonism between H and К is to be expected. We find an indication for such
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an antagonism in the pH effect on the ADP/ATP exchange reaction, where the
К

activation of the exchange reaction is increased when the H -concentration

is lowered. Antagonistic effects of К

and H

also appear from the recent

observations by Stewart et al. (1981) that high proton and low К

concen

tration on the extravesicular side favors phosphorylation, whereas low proton
and high К

concentration in the vesicle interior favor dephosphorylation.

These opposite effects at the two different sides of the vesicle membrane fit
a model, in which К

ions activate on the intravesicular side by stimulating

dephosphorylation. Upon dephosphorylation the К

ion is transported to the

extravesicular side, where an affinity change occurs and the К

ion is

released. Although this interpretation appears likely, it is more complicated
since Ljungström et al. (1979) discovered that the inhibition of phosphorylation by extravesicular К
pH К

only occurs at pH 7.0 and not at pH 6.0. At this

strongly increases the rate and extent of phosphorylation.

9.2.4 The К -stabilized dephosphoenzyme
The data obtained with (К +H )-ATPase preparations without ionophore
stimulation indicate that the steady state level of the phosphointermediate
is reduced to the same height, irrespective of whether KCl is added before
or after phosphorylation (section 2.4.3; Wallmark and Mârdh, 1979). Thus
К

ions seem to stabilize the dephosphoform of the enzyme, suggesting the

existence of an occluded conformation of the active site for translocation of
potassium ions across the membrane. Such an occluded form has also been
proposed for (Na +K )-ATPase (Post et al., 1972) and is recently convincingly
demonstrated by Beaugé and Glynn (1979b). The К -stabilized dephosphoenzyme of
gastric (К +H )-ATPase may be characterized by a number of features observed
in our studies:
- the essential arginine residue is less exposed (section 4.4.3)
- the DTNB inactivation rate is increased (section 5.4.1)
- AMPPNP binding is decreased (section 6.5.3)
The decrease of the К

for К

ions upon treatment with phospholipase С

(section 3.4.4) would imply that partial hydrolysis of the phospholipids
facilitates the К -induced conformation.
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9.3 INTERACTIONS OF MAGNESIUM WITH (K++H+)-ATPase
2+ .
9.3.1 Role of Mg
ions in the catalytic cycle
2+
In the presence of Mg
and ATP the enzyme is phosphorylated (Ray and
Forte, 1976). Wallmark et al. (1980) have shown that this is a two-stage
process. The first step represents reversible binding of ATP, the second step
2+
involves binding of Mg
inducing transfer of the γ-phosphate of ATP to the
2+ .
enzyme. Our experiments (Fig. 2.12) suggest that the endogenous Mg
is
sufficient to yield a maximal level of phosphorylation, but that addition of
2+
exogenous Mg
enhances the rate of phosphorylation.
2+
The Mg
requirement for phosphorylation was first deduced from the
inhibitory action of EDTA (Ray and Forte, 1976). However, our experiments
described in section 6.3.1 indicate that caution is required in interpreting
these effects of chelators, since CDTA as such affects the (K +H )-ATPase
complex. Effects of CDTA and EDTA, other than by chelation of divalent
cations, seem to be more general, since direct effects of EDTA have also been
observed for the (Na +K )-ATPase system (Klodos and Skou, 1975).
The observations of Stewart et al. (1981) suggest that binding of ATP
+
2+
and H occur randomly and precede binding of Mg , since protons seem to
2+
accelerate the phosphorylation step. Our data regarding the effects of Mg
2+
in the various experimental approaches indicate that the Mg
ion plays a
crucial role in the (K +H )-ATPase enzyme complex beyond its involvement in
phosphorylation.
2+
+
9.3.2 Antagonism between Mg
and К
The lowering of the steady-state phosphorylation level by К
2+
2+
be antagonized by Mg

(Fig. 2.12), indicating that Mg

(K +H )-ATPase phosphoenzyme. А К ^ — * M g

appears to

may stabilize the

antagonism is also noticed in their

effect on the ADP/ATP exchange reaction (section 8.3.2). In both cases the
2+
required Mg
concentrations are relatively high, indicating that only high
Mg
concentrations counteract the К -induced dephosphorylation of the enzyme.
2+
Since phosphorylation as such appears to require only minor amounts of Mg ,
2+
the slowing down of MgPi release at high Mg
concentrations may be connected
2+
2+
with the Mg -stabilized phosphoenzyme. Such an effect of Mg
has also been
described for (Na++K+)-ATPase (Smith et al., 1980).

144

9.3.3 Mg

effects at low concentrations

Apart from an involvement in the phosphorylation process, Mg

2+

ions are

also in other ways essential for (K +H )-ATPase. Removal of the firmly bound
2+
Mg , which is present in considerable amounts in the isolated gastric
tubulovesicular membrane fraction (section 2.4.2), leads to irreversible
inactivation of the enzyme activity. As discussed in section 7.1, divalent
cations may stabilize many polymeric enzymes by maintaining their quaternary
protein structure. Moreover, addition of EGTA to C.„E.-solubilized monomeric
2+2+
(Ca +Mg )-ATPase from sarcoplasmic reticulum causes irreversible loss of
enzyme activity (Miller et al., 1980). Assuming that removal of Ca

from

high affinity sites is responsible for this effect, this observation may
indicate that divalent cations can even play an important role inmaintaining
monomeric subunits in an enzymatically active form. Addition of MgCl. to
isolated gastric (K +H )-ATPase exerts several effects in the studies
described in this thesis. Arginine modification by butanedione is increased
2+
.
2+
upon addition of Mg , which effect has an apparent К for Mg
of 0.3 mM
(section 4.4.1). The inactivation curve for DTNB becomes biphasic upon
2+
2+
addition of Mg
and at Mg
concentrations up to 0.5 mM the amount of
activity inactivated during the initial rapid phase increases with increasing
2+
Mg
(section 5.4.3). More sulfhydryl groups react with DTNB under native
2+
conditions in the presence of Mg
(section 5.4.4). The number of binding
+ +
2+
sites for AMPPNP on (K +H )-ATPase is decreased by Mg

(section 6.5.2).

The sensitivity of the enzyme to ultraviolet light is increased upon
addition of minor amounts of MgCl- (section 7.3.1). All these observations
2+
.
.
.
.
tend to support a Mg

-regulated interaction of subunits. Radiation inactiva

tion studies (chapter 7) indicate a reduction of the radiation-sensitive
+ +
2+
volume of the (K +H )-ATPase by Mg

, which may indicate a tightening of the

subunit-aggregation in the enzyme complex consisting of 3 or 4 subunits
(section 7.4.2).
Summarizing, there is considerable circumstantial evidence for a
2+ .
Mg -induced conformational state of the enzyme. It cannot be excluded that
2+
the effects of low concentrations of Mg
may be artefactual, in the sense
2+
that they would simply replace essential Mg
ions, lost during isolation.
2+
The Mg -induced configuration would seem to be the most prevalent state of
2+ .
the enzyme, since Mg
is abundantly present in the cell.
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2+
9.3.4 Mg
effects at high concentrations
2+
High Mg
concentrations (>0.5 шМ) competitively inhibit AMPPNP binding
(section 6.5.2). They also lead to increased shielding of an essential
sulfhydryl group slowly reacting with DTNB (section 5.4.3). This sulfhydryl
group appears to be involved in a step leading to phosphorylation, probably
substrate binding (section 5.4.5), so there may be a direct link between
2+
these two effects of high Mg
concentrations.
2+
+ +
At very high Mg
concentrations the overall (К +H )-ATPase activity
2+
also appears to be inhibited (section Θ.3.1), in which case Mg
behaves as a
weak non-competitive inhibitor. For the (Na +K )-ATPase system a similar
2+
effect of Mg
has been observed, which can be understood by assuming that
Mg

binds at the MgPi releasing site and prevents rebinding of ATP to the

Ε-K form of the enzyme (Smith et al., 1980). A similar explanation for the
(K +H )-ATPase enzyme complex would be in agreement with the К s — k M g
2+
antagonism (section 9.3.2) and the apparent stabilization by Mg
ions of a
phosphorylated form of the enzyme.
2+
9.3.5 Concluding remarks regarding the role of Mg
2+ .
We have found abundant evidence for the assumption that Mg
ions have
a multiple function in the (K +H )-ATPase system. They are important for
stabilization and integrity of the enzyme complex. They are involved in the
phosphorylation reaction and at higher concentrations seem to stabilize the
phosphoenzyme. The latter phenomenon may be related to the slowing down of
2+
ATP hydrolysis. All these effects may reflect the binding of Mg
to different
sites on the enzyme.
Several experiments in this thesis indicate the existence of a
2
-*+ +
2+
icular Mg -induced coi
particular Mg -induced conformation of the gastric (K +H )-ATPase enzyme,
which is characterized by:
2+
increasec
- increased exposure of an essential arginine group (Fig. 4.4; 5 mM Mg
present)
2+
- increasec
increased number of reactive sulfhydryl groups (Table 5.2; 2 mM Mg
present)
2+
- reduced number of AMPPNP binding sites (Fig. 6.4; >0.5 mM Mg )
2+
- smaller radiation-sensitive volume (Fig. 7.2; 2 mM Mg
present)
2+ .
It is difficult to relate these characteristics of the Mg -induced confor2+
mation to anyone of the various functions of Mg . Thus we cannot decide
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whether these features of the Mg

induced conformation are the result of a

changed subunit interaction as discussed in chapter 7, or else they are due
to a conformational change in a particular step in the (K +H )-ATPase
2+
reaction sequence. In view of the abundance of free Mg
in the living cell,
2+
the Mg
effects at low concentration may be less important physiologically
2+ .
than the stabilization of the phosphoenzyme by Mg
in high concentration
(see also section 8.4.2), which may have significance for the enzyme mechanism
in vivo.

9.4 SUBSTRATE SITES OF (K++H+)-ATPase

The AMPPNP binding studies suggest that each (K +H )-ATPase enzyme may
2+ .
have two substrate sites: upon addition of Mg
in concentrations up to
0.5 mM one of the sites is occluded (section 6.5.2). In the presence of
2+
+ +
2 mM Mg

the ATP activation curve is biphasic. In analogy to (Na +K ) -

ATPase (Robinson, 1976a), this can be interpreted in terms of a high and a
low affinity substrate site. The low affinity substrate site would not be
seen in the AMPPNP binding studies, since our method precludes the use of
high AMPPNP concentrations. The high affinity site is involved in the
hydrolytic process, since this site might represent the actual phosphorylation site. The low affinity ATP site may have a regulatory role by accelerating the transition from E_ to E..
In the case of (Na +K )-ATPase the occurrence of a high affinity and a
low affinity substrate binding site has originally been fitted in a half-ofthe-site-mechanism or a flip-flop model. In the former mechanism phosphorylation of the high affinity site would block phosphorylation of the low
affinity site. The latter model proposes that one subunit is phosphorylated,
while the other binds ATP and vice versa, with rapid interconversion of high
affinity to low affinity. These proposals were based on the assumption that
at anyone time there would be only one high affinity nucleotide (phosphorylation) site per dimer of catalytic subunits. Recent studies in our
laboratory (Peters et al., 1981b) have shown that this stoichiometry is in
error, due to the presence of some inactive protein, a substantial error in
the Lowry protein determination and an erroneously low enzyme molecular
weight value. When these errors are taken into account a phosphorylation
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capacity of 1.9 per catalytic dimer is calculated. The results of Smith
et al. (1980) and Kyte (1981) are in agreement with this. In addition, the
use of an AMPPNP binding assay allowing determination of the binding level
at relatively high AMPPNP concentrations has recently shown that in
2+
addition to two high affinity substrate binding sites, Mg
induces two low
affinity binding sites per (Na +K )-ATPase molecule (Schuurmans Stekhoven
et al., 1981). Further studies seem to be required to establish the
physiological significance of this observation, which may favor the real
existence of regulatory low affinity sites.
There are observations suggesting a hydrolytic role for the low affinity
substrate sites of (Na +K )-ATPase (Robinson and Flashner, 1979). ATP competi
tively inhibits the К -pNPPase activity, whilst pNPP competes with ATP only
at high concentrations. No competition is observed at the high affinity site.
The same may be true for gastric (К +H )-ATPase (section 8.3.1), but more
data are required to settle this point. Smith et al. (1980) have abandoned
the two substrate site model in order to explain the biphasic Lineweaver-Burk
ATP activation curve. They propose an enzyme mechanism for (Na +K )-ATPase,
in which ATP at low concentration binds to the high affinity site after the
E - Ε — k E . conformational step. At high concentrations, ATP binds to the same
site (now with low affinity) prior to the E « ^ — Έ . conversion, to speed up
the rate-limiting conformational change. They support their model by deriving
a steady state equation, which gives a curve that seems to cover the experi
mental data. This model would also agree with the proposal of Kyte (1981),
who emphasizes the many resemblances between the three active transport
enzymes: (Na++K+)-ATPase, (Ca + +Mg + )-ATPase and (K++H+)-ATPase.

9.5 PROPOSED REACTION SEQUENCE OF (K++H+)-ATPase
Several steps in the reaction sequence are, of course, still uncertain,
e.g. it is not known whether К -transport occurs simultaneously with or
subsequently to the phosphate release. The proton releasing step presents
another uncertainty, since there is very little information about the role of
protons. An interesting question is whether the reaction mechanism is similar
to that for (Na +K )-ATPase, with protons replacing the Na

ions.

Based on the considerations in the foregoing sections of this chapter,
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we propose a simple reaction sequence, which can explain most of our own
observations and those of Wallmark et al. (1980) and Stewart et al. (1981).
The scheme has much in common with that of Kyte (1981) for (Na +K )-ATPase.

Reaction sequence for
vesicle,

i= inside

(K +H )-ATPase in gastric

vesicles

(o-

outside

vesicle).

К E + ATP + H
о
о

5г

*

H E.ATP + К
о
о

(1)

л

H E.ATP + M g 2 +

τ

*•

H.EMgP.ADP

(2)

H.EMgP.ADP

-с

*

H.EMgP + ADP

(3)

H.EMgP + K.

5:

*•

K.EMgP + H.

(4)

K.EMgP

\

*

Κ E + MgP

(5)

Each step in this proposed reaction mechanism will now be discussed:
•

(1) In this step the enzyme randomly binds extravesicular H

and ATP

+ ° 2+

and forms the Η E.ATP complex with extravesicular release of К . Mg

is not

required for substrate binding, as observed in our AMPPNP binding studies
(chapter 6) and also by the experiment of Wallmark et al. (1980), which
indicates an E.ATP complex preceding the actual phosphorylation. This step
may explain the antagonism between К

and ATP (section 9.2.2). An arginyl

group may play a role in the substrate binding process (chapter 4 ) .
The formulation of this step also assumes that protons are bound before
the phosphorylation step. Studies of Stewart et al. (1981) on the pH
dependence of the several steps indicate that high proton and low К

concen

trations on the extravesicular side may favor the phosphorylation.
2+
•

(2) The H E.ATP complex rapidly reacts with Mg

and subsequently

phosphorylation takes place. It is assumed that concomitantly with this
step a conformational change takes place, leading to translocation of the
proton from the outside to the inside of the vesicle. A slowly reacting,
essential sulfhydryl group, which is seen upon incubation of gastric
(К +H )-ATPase with DTNB in the presence of 2 mM MgCl., may be involved in
the reactions leading to phosphorylation.
•
(3) ADP is spontaneously released, due to a reduced affinity to nucleo2+
tides of the Mg -stabilized phosphoenzyme (section 4.5.3). This step is
considered to be related to a direct Mg
effect (section 8.4.2), implying
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binding of a second Mg
2+
Mg

2+

ion. This would also explain the existence of a
2+

-stabilized phosphoenzyme at high Mg

concentrations (sections 9.3.2,

9.3.4 and 9.3.5). Steps 1 - 3, in reversed sequence, represent the ADP/ATP
exchange reaction. The model would also explain why К

ions are able to

stimulate the exchange reaction (section 8.3.2).
•

(4) Intravesicular replacement of H

tion of dephosphorylation by high К

by К , as suggested by the stimula

and low H

concentration in the vesicle

interior,may favor dephosphorylation (Stewart et al., 1981). The antagonism
between К

and H

in this step and in step I may represent the same

phenomenon as observed by us in the ADP/ATP exchange studies (section 8.3.2;
9.2.3).
Steps 2 - 4

may also indicate why Mg

and К

antagonize each other

(section 9.3.2). Wallmark et al. (1980) report the (К +H )-ATPase may have
two distinct phosphoenzyme intermediates, one of which is К -sensitive. The
transition from the К -insensitive phosphoenzyme to the К -sensitive phospho
enzyme would be rate-limiting. Step 4 or else step 3 can be considered to
represent this transition.
•

(5) The K.EMgP form rapidly dephosphorylates. It is assumed that MgP

release coincides with a conformational change translocating К

from inside

to outside. Probably the sulfhydryl group, reacting with DTNB in the absence
2+
+
of Mg , is essential for К -induced dephosphorylation (section 5.4.5).
Recently, the group of Sachs observed that an ADP-sensitive phosphoenzyme
2+
occurs upon modification with DTNB in the absence of Mg

(personal communi

cation from E. Rabon). This may indicate that the decreased К -sensitivity
of the phosphoenzyme, observed by us can be due to the modification of a
sulfhydryl, required for the transition of an ADP-sensitive to a К-sensitive
phosphoenzyme (step 3 or 4 ) .
Anyhow the К Ε-form of the enzyme, which can enter the next reaction
cycle at step 1, may represent the К -stabilized dephosphoenzyme discussed
in section 9.2.4.
Sachs et al. (1978) consider in their model that monomer-dimer trans
formations of the enzyme may explain the differences in transport properties
of gastric (К +H )-ATPase in native vesicles (electroneutral) and in
artificial bilayers (electrogenic). Goodall and Sachs (1976b) suggested that
in the latter situation the enzyme could dissociate to monomers due to
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dilution of the protein in the lipid bilayer. With another method of planar
membrane reconstitution (Goodall and Sachs, 1977a), the results resemble
those for native vesicles, suggesting that the dimeric configuration of
gastric (K +H )-ATPase is maintained by this new procedure. Our radiation
inactivation studies with gamma rays from a

Co source (chapter 7) suggest

that the enzyme is a trimer or a tetramer under native conditions. This also
2+
2+
seems to be the case for (Ca +Mg )-ATPase, where the oligomeric form of the
enzyme is thought to be stabilized by protein-protein interactions
(Miller et al., 1980). A similar mechanism can underly the observations of
Goodall and Sachs (1977a,b) on gastric (K +H )-ATPase, but in addition to
protein-protein interactions Mg
a tightened

form of

ions may also play a role in stabilizing

the enzyme, as indicated by the radiation inactivation

experiments (section 7.3.2).

9.6 PERSPECTIVES

Although most of the experiments described in this thesis have been
carried out by means of relatively common, straightforward techniques, we
feel that the collected data can function as a good starting point for future
research. Much more information is required to settle the questions about the
2+
and the various cation effects and their possible role

multiple role of Mg

in the reaction sequence of gastric (K +H )-ATPase. Thus far, our experiments
2+
+ +
on the effects of Mg

on several characteristics of gastric (K +H )-ATPase

are unique, simply because other investigators have not yet looked for them.
A logical corollary of these studies would be to investigate whether other
2+
divalent cations can replace Mg
in some or all of its functions and thus
2+
establish the specificity of these Mg
effects. Another interesting point
seems to be the increase of the phosphorylation rate in the presence of Mg

2+

(Fig. 2.12). More detailed studies on the transient kinetics of substrate
binding, phosphorylation and dephosphorylation reaction, especially the
involvement of Mg

in these various steps, will extend our insight into

the reaction mechanism and its individual steps.
The use of fluorescent non-hydrolyzable ATP analogues may assist in
detecting and distinguishing the various conformational states of the enzyme
by observing changes in fluorescence as an indication for conformational

151

changes. In analogy to the studies of Beaugé and Glynn (1979b) on (Na +K ) ATPase, the search for an occluded К -form of the enzyme should provide useful
information, since the detection of such a form for (К +H )-ATPase would
support the proposed reaction mechanism. Comparative studies of the properties
of (Na +K )-ATPase, (Ca

+Mg

)-ATPase and (К +H )-ATPase will also increase

our understanding of these apparently closely related enzyme systems,
responsible for active cation transport in animal cells.

Finally, it seems reasonable to conclude that this thesis does not
differ much from others, inasfar as it has raised more questions than it has
answered. However, the author hopes that in this way it will exert a useful
function in providing future investigators with ample incentive and opportu
nity to continue the investigation of this fascinating transport enzyme.
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SUMMARY
This thesis deals with structural and mechanistic aspects of the gastric
(K +H )-ATPase, an enzyme system which is thought to be involved in the
gastric acid secretion. Chapter 1 contains a survey of our gradually
increasing understanding of the mechanism by which hydrochloric acid is
secreted into the gastric lumen. Mainly those experimental data from the
literature are mentioned, which have led to the assumption that the (K +H ) ATPase enzyme system is the actual gastric proton pump, exchanging К

and H

ions in an electroneutral manner. In addition, the characteristic properties
of the (К +H )-ATPase enzyme system, relevant to this thesis, are summarized.
In chapter 2 the experimental methods, which have been used throughout
our studies, are described. (К +H )-ATPase containing membranes have been
isolated and purified from rabbit and pig gastric tissue. Rat gastric mucosa
does not show any К

stimulated ATPase activity. Since pig stomachs can easily

be obtained from the local slaughterhouse, this species has been used in all
2+
further experiments. Endogenous, tightly-bound Mg
appears to be essential
for the maintainance and stability of the (К +H )-ATPase complex. Chemical
characterization and analysis of the isolated 100,000 MW protein present in
the (К +H )-ATPase reveal that this protein has much in common with the
isolated a-subunit of highly purified (Na +K )-ATPase preparation, suggesting
a common ancestral protein for both enzymes.
Chapter 2 also contains some general features of the isolated membrane
fraction, e.g. the optimal conditions for the hydrolysis of ATP and the
influence of various substances on the (К +H )-ATPase activity. Also partial
reactions, catalyzed by the (К +H )-ATPase enzyme are investigated and
compared with data from the literature. Our findings indicate that the
isolated (K +H )-ATPase preparation obtained from pig gastric mucosa compares
in all respects with the preparations used by other investigators. Thus, our
purified enzyme preparation is suitable for the experiments described in the
subsequent chapters.
The phospholipid content of the isolated membranes is analyzed in
chapter 3. This chapter also deals with our attempts to explore possible
lipid/protein interactions by means of phospholipase C. The effects of
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hydrolyzing phospholipids on various enzyme parameters are reported. The
results suggest that there is a general lipid dependence of the (K +H ) ATPase enzyme, but a specific requirement for any particular phospholipid is
not found. The decreased (K +H )-ATPase activity after phospholipase С
treatment is thought to be due to protein aggregation, hindering substrate
binding and subsequent phosphorylation.
Chapter 4 contains the experimental data obtained upon incubation of
(К +H )-ATPase with butanedione,which reacts with arginyl residues, while
chapter 5 discusses the effects of 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB),
which reacts with sulfhydryl groups. In general, it is observed that chemical
modification of particular residues in an enzyme molecule with group specific
reagents can be a useful tool for a better understanding of the reaction
mechanism of the enzyme.
Butanedione-induced inactivation (chapter 4) is due to the modification
of one essential (positively charged) arginine group, which is most probably
involved in the binding process of the (negatively charged) ATP substrate
molecule. This suggests that the arginine group may be located in or near the
substrate binding center. Moreover, the butanedione inactivation experiments
+
2+
and Mg , which are essential for the enzyme

reveal that cations such as К

activity, have specific interactions with the ATPase molecule, indicating
specific ion-induced conformational states. These conformations are related
to different steps in the reaction sequence of (K +H )-ATPase: I) A Mg
induced state, which may coincide with phosphorylation and subsequent release
of ADP, 2) A К -induced conformation, which most likely occurs during
+
2+
dephosphorylation. К , Mg
and ATP also seem to interact with each other in
their effect on the butanedione-inactivation.
The sulfhydryl modification with DTNB (chapter 5) also reveals some
interesting features of the (K +H )-ATPase enzyme.К

and Mg

again appear

to have specific interactions with the enzyme. In the absence of Mg

, DTNB

reacts with a sulfhydryl group, which is involved in К -induced dephosphory2+
lation. In the presence of Mg , another sulfhydryl group is modified, which
is most likely involved in a step leading to phosphorylation. Besides this
slowly reacting sulfhydryl group, also a fast reacting sulfhydryl group with
unknown function is observed upon incubation of (К +H )-ATPase with DTNB in
the presence of added Mg . Together with the observation that in the presence
2+
of Mg
more sulfhydryl groups are reactive to DTNB, these data support the
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2+
existence of a specific Mg -induced conformation.
+
2+
The effects of К and Mg
on the protection by nucleotides against
modification, suggest that the conformational states may be characterized by
different degrees of substrate binding. This has led us to study the binding
of AMPPNP, a non-phosphorylating ATP analogue. The results of these
experiments are presented in chapter 6. It is found that pH and К

influence

the substrate binding. Moreover, we indicate that caution is required in the
use of Mg

-complexants such as EDTA , CDTA or EGTA, since our results show

that these substances may affect the (К +H )-ATPase in another way than by
2+
.
2+
.
simply buffering the Mg
concentration. Increasing the Mg
concentration
2+
from 0 to 4 mM has a dual effect. At concentrations below 0.5 mM, Mg
reduces the number of AMPPNP binding sites, whilst at higher concentrations
it acts like a competitive inhibitor. These results suggest a complex
interaction of Mg

with the gastric (К +H )-ATPase enzyme. The results are
+ +
interpreted in the form of a dimeric model for the (К +H )-ATPase containing

two AMPPNP binding sites in the absence of Mg
the presence of a high Mg

, one of which is occluded in

concentration.

A possible explanation for the results of chapter 6 would be a Mg

2+

regulated interaction of subunits, viz. tightening or dimerization. Therefore,
we investigated whether Mg

ions influence the molecular volume of the

(К +H )-ATPase system. Chapter 7 describes our attempts to estimate the
molecular size with radiation inactivation in order to gain insight into the
2+
polymeric assembly of the enzyme. In the absence of Mg

, a radiation-

sensitive volume corresponding with a protein of 415,000 - 445,000 is
observed. This indicates that the enzyme consists of either 3 or 4 subunits
of 100,000 - 140,000. The apparent target size of the К -stimulated
phosphatase activity is lower than that of the ATPase activity, which appears
to agree with earlier observations on the (Na +K )-ATPase system. Addition of
Mg

reduces the apparent molecular weight by 47,000 - 75,000. It is not clear

whether this is due to the release of a protein unit with a definite molecular
weight under the influence of Mg

or to a tightening of the subunits

resulting in a decreased radiation-sensitive volume.
Chapter 8 shows the results of preliminary kinetic experiments dealing
+
2+
with some aspects of enzyme-substrate interaction. Effects of pH, К and Mg
on the ADP/ATP exchange reaction, exhibited by the gastric (К +H )-ATPase,
are presented. The results have extended our insight in the interactive

155

+
+
2+
effects of Η , К , Mg , ADP and ATP on the reaction sequence of the enzyme.
The main properties of the (K +H )-ATPase enzyme are summarized in the
general discussion of chapter 9, with special regard to the specific effects
of Mg

and К

ions. The effects of К

on the various experimental approaches

indicate the existence of a particular К -induced conformation. Mg

ions

appear to have a multiple function, comprising its requirement for
maintainance of activity, its role in the phosphorylation process and its
(regulatory) effect on subunit interaction. Finally, most of the experimental
data are fitted into a reaction mechanism presented in chapter 9. Further
research is required to clarify the exact mechanism of action, by which the
(К +H )-ATPase functions in gastric proton transport.
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SAMENVATTING

In dit proefschrift zijn structurele en mechanistische aspecten beschreven
-f

л.

van het (K +H )-ATPase; een enzym, dat betrokken lijkt te zijn bij de maagzuur
secretie. Het mechanisme, waarmee zoutzuur in het maag lumen gepompt wordt, mag
zich in toenemende mate verheugen in de belangstelling van wetenschappelijke
onderzoekers. Juist vanwege de grote protongradiënt tussen maaginhoud en bloed,
is de protonsecretie exemplarisch voor een actief transport proces. In hoofdstuk 1 is beschreven welke experimenten en waarnemingen ertoe geleid hebben
te denken dat het (K +H )-ATPase systeem de feitelijke proton pomp is, die
+
+
werkt door К en H ionen electroneutraal tegen elkaar uit te wisselen.
Karakteristieke eigenschappen van dit enzym, die relevant zijn voor de
experimenten van dit proefschrift, zijn eveneens in het eerste hoofdstuk
vermeld.
In hoofdstuk 2 komen de experimentele methodes en procedures aan de orde,
die aangewend zijn gedurende dit onderzoek. De geslaagde opzuivering van
(K +H )-ATPase bevattende membranen uit de maagmucosa van het konijn en het
varken, doch niet van de rat, kan worden gemeld. Vanwege grote beschikbare
hoeveelheden van het slachthuismateriaal, hebben wij het (K +H )-ATPase
preparaat van het varken gebruikt voor de volgende experimenten. Het blijkt,
2+
noodzakelijk is voor een goed behoud

dat een sterk gebonden hoeveelheid Mg

van de stabiliteit van het enzym. Na isolatie van het 100.000 dalton eiwit
uit de (K +H )-ATPase fractie laten chemische karakterisatie en analyses
zien dat dit eiwit veel lijkt op de geïsoleerde a-subunit van het (Na +K ) ATPase, hetgeen de evolutie vanuit eenzelfde "oerenzym" voor beide enzymen
suggereert.
In hoofdstuk 2 zijn ook nog enige algemene eigenschappen van het (К +H ) ATPase preparaat beschreven, voornamelijk met betrekking tot de condities voor
optimale enzymactiviteit en de invloed van verschillende stoffen hierop. Ook
enige deelreacties van het (K +H )-ATPase systeem komen aan de orde. Bij
vergelijking van onze resultaten met literatuurgegevens blijken er grote
overeenkomsten te bestaan, zodat ons enzympreparaat geschikt lijkt voor ver
dere experimenten.
De bepaling van het fosfolipide-gehalte van de geïsoleerde membraanfrac-
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tie is weergegeven in hoofdstuk 3. Ook zijn de effecten van de incubatie met
phospholipase С op meerdere enzymparameters beschreven. Deze experimenten zijn
uitgevoerd om mogelijke eiwit-lipid interacties te ontdekken. De resultaten
geven aan, dat de (K +H )-ATPase activiteit lipide-afhankelijk is. Een
specifieke rol voor een bepaald fosfolipid kan echter niet worden aangetoond.
De verlaging van de specifieke (K +H )-ATPase activiteit na phospholipase С
behandeling kan gedeeltelijk verklaard worden met een eiwit-aggregatie, die
substraatbinding en fosforylering verhindert.
Hoofdstuk 4 beschrijft de experimentele gegevens, verkregen na incubatie
van (K +H )-ATPase met butaandion, dat specifiek reageert met arginine resi
duen, terwijl hoofdstuk 5 handelt over de modificatie van sulfhydryl groepen
met DTNB. Deze chemische modificatie experimenten met groep specifieke
reagentia laten zien, dat op vrij eenvoudige wijze belangwekkende informatie
over de structuur en mechanisme van een enzym verkregen kan worden.
De butaandion-inactivering van de (K +H )-ATPase activiteit is hoogst
waarschijnlijk te wijten aan de modificatie van één essentieel arginine
residue. Vanwege de afscherming door ATP en de ogenschijnlijke logica van een
positief geladen bindingscentrum voor een negatief geladen substraat, wordt
gesuggereerd dat dit essentiële arginine vlakbij of in de ATP bindingsplaats
+
2+
en Mg ,

gelegen is. De butaandion experimenten geven ook aan, dat ionen als К

die essentieel zijn voor de enzymactiviteit, specifieke interacties aangaan
met het (K +H )-ATPase. Deze interacties doen het vermoeden dat het (К +H ) ATPase wordt gekenmerkt door twee ion-geïnduceerde conformaties:
2+
1) een Mg
2) een К

conformatie, mogelijk optredend bij het fosforyleringsproces en
conformatie, van belang bij het defosforyleringsproces. Bovendien

kan uit de beïnvloeding van de butaandion-inactivering worden afgeleid, dat
er complexe interactie tussen К , Mg en ATP bestaat.
Ook sulfhydryl-modificatie met DTNB als beschreven in hoofdstuk 5
laat interessante eigenschappen van het enzym zien, die met name weer de
+ 2 +
2+
.
specifieke interactie van К en Mg
aanduiden. Wanneer Mg
afwezig is,
blijkt er een SH-groep gemodificeerd te worden, die mogelijk betrokken is bij
+
2+
de К -geïnduceerde defosforylering. In aanwezigheid van Mg

ionen wordt een

bifasische inactivering waargenomen. De langzame fase weerspiegelt waarschijnlijk de inactivering van een sulfhydryl, dat een rol speelt in een stap, die
leidt tot fosforylering. Ook de DTNB experimenten duiden op het bestaan van
2+
+ +
een specifieke Mg -geïnduceerde conformatie van het (К +H )-ATPase.
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modificatie experimenten, suggereren dat het enzym in zijn verschillende
conformaties wordt gekenmerkt door een andere mate van substraatbinding. Dit
heeft ertoe geleid dat de binding van AMPPNP, een niet-fosforylerend ATP
analoog, bestudeerd is. De resultaten zijn weergegeven in hoofdstuk 6 en
+
2+
laten zien hoe pH, К en Mg
de substraat binding beïnvloeden. Er wordt
duidelijk getoond dat een Mg
bufferen van de vrije Mg

-complexant als CDTA niet geschikt is voor het

concentratie, omdat deze stof ook een ander, nog

onbekend, effect op het (K +H )-ATPase enzym sorteert. Wanneer de magnesium
concentratie verhoogd wordt van 0-4 mM wordt er een tweeledige invloed waargenomen. Bij concentraties tot 0.5 niM blijkt het aantal AMPPNP bindingsplaat2+
sen af te nemen, terwijl Mg
bij hogere concentraties de binding competitief
remt. De resultaten worden geïnterpreteerd in de vorm van een dimeer-model
voor het (K +H )-ATPase. Een mogelijke verklaring van dit model kan zijn dat
2+ .
.
.
.
Mg
ionen de onderlinge interactie van de subunits van het enzym versterkt
of zelfs een dimerisatie-proces kan induceren. Daarom leek het interessant om
2+
te onderzoeken of Mg
ionen het schijnbaar moleculair volume van het enzym
kunnen beïnvloeden. Een geschikte methode om iets te kunnen zeggen over het
schijnbaar moleculair gewicht, is de bepaling van inactiveringssnelheid onder
invloed van ioniserende straling. De experimenten beschreven in hoofdstuk 7
tonen dat het (K +H )-ATPase in afwezigheid van magnesium een stralingsgevoelig volume heeft, dat correspondeert met dat van een eiwit met een
molecuulgewicht van 415.000 - 445.000 dalton. Deze waarneming suggereert een
eiwit assemblage van 3 of 4 subunits van 100.000 - 140.000 moleculair gewicht.
2+
Toevoeging van Mg
doet ogenschijnlijk de stralingsgevoeligheid verminderen,
hetgeen bij berekening een volumeverandering ter grootte van 45.000 - 75.000
dalton blijkt in te houden. Het is echter niet bekend of dit effect te wijten
is aan het verlies van een bepaald eiwitgedeelte onder invloed van Mg
2+
.
.
.
.
dat Mg

of

eenvoudigweg een compactere ordening van de subunits induceert.

Hoofdstuk 8 bevat de resultaten van enige inleidende kinetische experimenten, die uitgevoerd zijn met het oogmerk het inzicht in enzym-substraat
2+
+
+
interacties te vergroten. Ook zijn de effecten van Mg , К , H , ADP en ATP
op de ADP/ATP uitwisseling bestudeerd, een reactie die omgekeerd lijkt te
zijn aan de eerste stappen van de katalytische reactie volgorde.
De meest opmerkelijke experimentele gegevens komen tenslotte aan de orde
in hoofdstuk 9. De argumenten voor het bestaan van een К -geïnduceerde con-
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formatie van het (К +H )-ATPase zijn nog eens gerangschikt. Daarentegen
2+
lijken Mg
ionen bij meerdere functionele stappen van het enzym betrokken te
zijn. Te denken valt aan de betrokkenheid van magnesium bij het in stand hou
den van een stabiele enzymactiviteit

bij de fosforylering, en een mogelijke

regulerende invloed op de subunit-interactie. De meeste gegevens zijn in
overeenstemming met een voorgesteld reactiemechanisme. Dit mechanisme kan als
basis dienen voor toekomstig onderzoek, dat moet leiden tot een volledige
opheldering van de achtereenvolgende stappen in het reactiemechanisme van dit
interessant transport-ATPase.
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I
2+
De Vmax en Km voor het ATP afhankelijke Ca
transport in de basolaterale plasmamembraanfractie uit de rattenierschors zijn door
Gmaj et al. niet correct bepaald.
Gmaj, P.,

Murer, H. en Kinne,
Biochem. J. 178,

R. (1979)
549-557

II
De experimenten van Rochette-Egly et al. zijn gebaseerd op de
foutieve vooronderstelling, dat cGMP een rol speelt in de
stimulus-secretie koppeling van de pancreas.
Rochette-Egly,
Günther,
Gardner,
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Nature 280, 318-320
J.D. en Rottman, k.J.
(1980)
Biochim. Biophys. Acta 627, 230-243

(1980)

III
De waarneming van Tepperman en Evered, dat gastrine bij mannelijke
ratten de maagzuursecretie zowel door werking op de maag als door
primaire werking op de hypothalamus kan stimuleren, werpt een
nieuw licht op de volkswijsheid, dat de liefde van de man door de
maag gaat.
Tepperman,

B.L. en Evered, M.D. (1980)
Science 209, 1142-1143

IV
Bij aanwezigheid van sperma is het resultaat van de prostaglandinebepaling in urine onbetrouwbaar.

ν
De opmerking van Suketa et al. t dat (К +Н )-ATPase gestimuleerd
wordt door HCO,, strookt niet met de waarnemingen van Lee et al.,
waarnaar door eerstgenoemde auteurs verwezen wordt.
Suketa,
Lee,

ï.,

U.C.,

Ujiie,
M., Sato, T. en Nomura, У. (1981)
Biochim. Biophys. Acta 672, 142-150
Breitbart,
H., Beman, M. en Forte, J.G.
(1979)
Biochim. Biophys. Acta 553, 107-131

VI
De experimenten van Robert et al., die laten zien dat Prostaglan
dines van het A, E en F type de necrose van maagmucosa-weefsel
onder invloed van kokend water tegengaan, houden onvoldoende
rekening met het gezegde, dat de soep toch nooit zo heet gegeten
wordt als ze wordt opgediend.
Robert,

Α.,

Nezamis, J.E., Lancaster,
С. en Hanchar, A.J.
Gastroenterology
77_, 433-443

(1979)

VII
De macroscopische waarnemingen van Cloud zijn geen bewijs voor de
conclusie, dat deoxycorticosteron geen invloed heeft op de snelheid
van de embryogenese bij vissen.
Cloud, J.G.
Donaldson,

(1981)
J. Exp. Zool. 216, 197-199
E.M., Fagerlund, U.H.M., Higgs, D.A. enMoBide, J.R. (1979)
in "Fish Physiology"
vol. Ill,
p. 515 (Acad. Press, /V.J.;
Hoar, W.S., Randall, D.J. en Brett, J.R.
eds.)

VIII
Detente wordt pas entente als de bestaande ententes détendu zijn.

IX
Bij de bepaling van de transbilaagverdeling van fosfolipiden in
membranen is een voorafgaande behandeling met een hypotoon
medium sterk af te raden.
Adamioh,

M. en Dennis, A.E.
(1978)
J. Biol. Chem. 253, 5121-5125

X
De autochtonen in Zuid-Limburg zijn binnen 12 generaties neven en
nichten van elkaar.
Delhougne,

E.M.A.H., Boom, T.M.P.M. en Patelski,
A.S.M.
(1979)
in "Kwartiers taat
Sahrijen-Lipperts"
(uitgave
van de Stichting
Instituut
voor
Genealogie
en Streekgesohiedenis,
Roermond)

XI
Indien constructieve politieke partijen in Nederland elkaar al voor
de verkiezingen uitsluiten van regeringssamenwerking, verwordt het
naderhand gebezigde "de kiezer heeft gesproken" tot demagogie.

XII
De door de stellingen gesuggereerde brede wetenschappelijke oriëntatie van een promovendus dateert voor het overgrote deel pas van
de tijd ná het schrijven van het proefschrift.

