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GENERAL INTRODUCTION

1.1. Function of the small intestine in the calcium homeostasis of the body
The calcium concentration in the intracellular fluid has to be maintained
within narrow limits. A variety of body functions is highly dependent on the
2+
critical level of ionized Ca
m the blood, including muscle contraction,
nerve conduction, hormone secretion, activation of enzymatic activity, blood
coagulation, skeletal development and maintenance and function of cell membranes. About 99% of the total calcium content of the body is incorporated
in the bone (Draper and Scythes, 1981). Therefore, the free circulating Ca

2+

levels are determined by the balance between nutritional absorption, tubular
reabsorption and bone resorption on the one side, and incorporation into
the skeleton and secretion in the urine on the other side.
The main absorption of calcium from exogenous sources takes place in the
small intestine, a process which is regulated by vitamin D_ (Norman, 1974)
and more indirectly by parathyroid hormone (Hughes et al., 1975).

1.2. The role of vitamin D in calcium homeostasis
The predominant biological functions of vitamin D are regulation of intestinal calcium absorption and skeletal development (De Luca and Schnoes,
1976). The first link between intestinal calcium transport and vitarain D.
was reported in 1937 by Nicolaysen. In 1952 it was shown that vitamin D
could also mobilize calcium from bone (Carlsson, 1952), thereby causing
2+
elevated free Ca
levels in the serum. Such demmeralization of bone leads
to osteoporosis (Stem, 1980). In the late 1960s it has been reported that
not vitamin D by itself, but metabolites formed in the body are biologically active (for review see De Luca and Schnoes, 1976). Vitamin D. can be generated in mammals by ultraviolet radiation on the skin (Holick and Clark,
1978). Already 400-500 B.C. a relationship between exposure to the sunlight
and the tightness of the skeleton has been observed. The Greek historian
Herodotus studied the skulls of killed Persians and Egyptians on a battlefield and found out that the skulls of the Egyptians were much harder. In
his book 'The Persian Wars' he ascribed this phenomenon to the free acces-
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sibility of sunlight to the heads of the Egyptians, while the Persians al
ways wore turbans(from Stern, 1980).
In Fig.1.1 a schematic drawing is presented of the biosynthesis of the
hormonally active form la,25-dihydroxy vitamin D- (1.25(0H) D ) and its role
in the calcium homeostasis of the body. Subsequent hydrolysis of vitamin Din the liver and kidney raises the serosal concentration of 1.25(OH)„Dwhich, in turn, stimulates calcium absorption in the small intestine (see
for reviews, Norman, 1974; De Luca and Schnoes, 1976). The resulting ele2+
.
.
.
vation of Ca

levels m

the extracellular fluid

helps to maintain the cal

cium homeostasis in the body. A negative feedback mechanism between plasma
2+
Ca
levels and the secretion of parathyroid hormone, which stimulates the
la-hydroxylation of vitamin D„ in the kidney, affects the calcium homeo
stasis more indirectly (Hughes et al., 1975). It must be mentioned, however,
that the picture in Fig.1.1 is not complete. More biological important me
tabolites of vitamin D,, i.e. 24.25(OH)„D-, are synthesized in the kidney
(Schnoes and De Luca, 1980; Norman et al., 1980). Moreover, occurrence of
bone and kidney as target-tissues for l,25(OH)„D_ has been suggested (Norman
and Henry, 1979). However, direct evidence for effects of this metabolite
on calcium reabsorption or bone formation fails sofar. Finally, a role of
another hormone, calcitonin, has been mentioned as effector of vitamin Dmetabolism (Arnaud, 1978).
In patients with renal insufficiency, an impairment of l,25(OH)2D« syn
thesis in the kidney lowers absorption of calcium in the small intestine.
Thus, chronic renal failure leads to disorders in skeletal development,
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osteomalacia in adults and rickets in growing children (reviewed by Avioli
and Birge, 1978).
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·3· Morphology and physiology of the small intestinal mucosal cells
The small intestinal lumen is lined with long finger-like structures cal-

led villi. Along these villi mainly 2 types of epithelial cells can be distinguished: the columnar and the goblet cells. The goblet cells secrete
mucopolysaccharide material and are not directly involved in transepithelial
transport of ions or other substrates, a function which is fulfilled by the
columnar or absorptive cells (Moog, 1981). The morphology of the columnar
cell is depicted in Fig.1.2. The luminal surface of this cell shows strong
surface-enlarging microvilli, coated with a negatively charged glycocalyx.

3

The epithelium consists of a single layer of cells, coupled to each other
by tight junctions. The cytoskeleton of the microvillus consists of core
filaments of contractile proteins, e.g. actin, which are anchored in the
terminal web. The basal and lateral plasma membranes of the cell are devoid
of microvilli and glycocalyx and resemble the structure of plasma membranes
of non-epithelial cells, i.e. liver and erythrocytes. Within the columnar
cell the cytoplasm contains the normal organelles: mitochondria, "smooth"
and "rough" endoplasmic reticulum, the Golgi apparatus, the nucleus and
lysosomes. The polar structure of the columnar cells is important for its
primary function: absorption. The polarity in structure of the plasma membranes deals with differences in function of these membranes. In the microvillus or brush border membranes enzymes are located which take part in the
digestion and absorption of nutrients from the intestinal lumen. In the
basolateral membrane transport systems are situated which extrude intracellular ions and substrates to the serosal side (reviewed by Sacktor, 1976).
The asymmetric structure of these cells is important in understanding transcellular calcium transport, as discussed in section 1.4.

1.4. Calcium absorption across small intestinal epithelium
Humans consume 600-1000 mg calcium in the diet each day (Avioli and Birge,
1978). From 30 to 75% of this amount is absorbed from the small intestinal
lumen and transported to the serosa, dependent on age and dietary intake
with the highest values for growing children (Avioli and Birge, 1978). Calcium absorption in the small intestine takes place by two pathways, the
transcellular and the paracellular pathway.

1.4.1. Energetiçal_considerations_of_transepitheli§l_£alcium_transgort
When reviewing our current knowledge about calcium transport in the small
2+
intestine, some insight in the existing electrochemical gradients for Ca
2+
across the epithelial cell membranes is necessary. In Fig.1.3, Ca
activities and electrical potentials are given for the compartments involved in
rat duodenal calcium transport, the luminal side, the cytosol and the sero2+
sal side. Whereas in the extracellular fluid the free Ca
concentration
2+
remains constant around 1.5 mEq (see section 1.1), the free Ca
concentration in the intestinal lumen varies with dietary calcium intake and rang2+
2+
es between 1 and 2 mM Ca . The exact intracellular free Ca
concentration
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could not be determined until now, but in general, levels of 1 uM or lower
have been assumed (NeHans and Kimberg, 1979), in the same range as in most
other eukaryotic cells (Carafoli and Crompton, 1978). The electrical potential profile for rat duodenum has been described by Okada et al. (1975).
2+
With the values for free Ca
concentrations and membrane potentials
2+
given in Fig.1.3, it is obvious that Ca
influx across the brush border
membrane from the luminal side is a "downhill" process and will be primarily
passive. The interior of rat duodenal cells is more than 50 mV electroneg2+
.
3
ative as compared to the serosal side. Moreover, a Ca
gradient of 10 or
more exists across the basolateral membrane. These factors lead to the con2+
elusion that an "uphill" active transport mechanism is required for Ca
efflux into the serosa. From the energetic point of view one may conclude
that in the duodenum with a transmural potential difference of 4 mV (serosa
2+
.
.
.
.
positive), net Ca
absorption from lumen to blood will be primarily active.
In addition, recent observations by Nellans and Kimberg (1978) in the ileum
2+
show the existence of passive Ca
diffusion via the paracellular pathway
as well. This paracellular route is thought to be the predominant pathway
2+
of Ca
secretion backwards into the lumen (Nellans and Kimberg, 1979a).1
1979a).In
addition the
ie tNa gradient has been suggested as possible mediator of in2+
ir
testinal Ca
transport (Martin and De Luca, 1969; see section 1.4.4). More2+
2
over, osmotic and hydrostatic pressure gradients may be involved in net Ca
transport by means of solvent-drag (Nellans and Kimberg, 1979).

1.4.2. Active_calcium_absorgtion_in_small_intestine
In 1959, Schachter and Rosen showed by means of the everted gut sac tech-

5

nique that rat small intestine contains a mechanism for transporting calcium
against a transepithelial electrochemical gradient. In subsequent years, the
existence of a "Ca

pump" has been confirmed in other laboratories (Har-

rison and Harrison, I960; Wasserman et al., 1961). Using a more sophisticat2+
ed technique, where the electrochemical gradient for Ca
can be controlled
(Ussing and Zerahn, 1951), Walling and Rothman (1969) observed a net mucosa
2+
to serosa flux of Ca
in duodenum of growing rats. With the same technique
2+
active Ca
absorption in chick duodenum and ileum has been reported (Adams
and Norman, 1970).
2+
In conclusion, it is now generally accepted that Ca
absorption in small
2+
intestine is an active process, with the highest Ca -pump activity in the
proximal part, the duodenum (Walling, 1977; Avioli and Birge, 1978; Nellans
and Kimberg, 1979).

1.4.3. Effects_of_vitamin_D on çalcium_absor£tion
Undoubtedly most literature about small intestinal Ca

2+

absorption deals

with vitamin D effects. Since the first evidence from Nicolaysen (1937) that
2+
vitamin D affects small intestinal Ca

.

.

.

.

.

absorption, mainly five investiga-

tors are working in this field (i.e. Lawson in Cambridge, U.K., and in the
U.S.A.: Wasserman in Ithaca, De Luca in Madison, Norman in Riverside, and
Rasmussen in New Haven. Their studies have well established the stimulatory
effect of vitamin D, and of I,25(OH)_D, in particular (see section 1.2),on
2+
Ca
absorption (Norman, 1974; De Luca and Schnoes, 1976; Wasserman, 1981;
Lawson, 1981; Rasmussen et al., 1982). This stimulatory effect is highest
in the duodenum and decreases towards the ileum (Harrison and Harrison, 1974;
Walling, 1977).
2+
Three different sites of action of vit.D on transcellular Ca
transport
2+
have been suggested. In the initial phase of Ca
absorption there seems to
2+
be a stimulatory effect of vitamin D on the Ca
entry across the brush border membrane (Martin and De Luca, 1969). More direct evidence came from
studies of Rasmussen et al. (1979), showing a Ια(OH)D--induced increase in
2+
.
.
.
Ca
uptake in isolated brush border membrane vesicles from chick intestine.
2+
Subsequent regulation of intracellular Ca
transport by a vitamin D-dependent cytosolic calcium binding protein (Wasserman and Taylor, 1966; Jande
2+
et al., 1981), probably acting as a Ca -buffer has recently been postulated
(Spencer et al., 1978; Morrissey et al., 1978). Finally, vitamin D would
2+
have a stimulatory effect on the active Ca
efflux across the basolateral

6

Table 1.1:

2+
Su/iuzy о^ oAòayi and choMAcXeJisLbtLeA о^ Ca -ATPaie -¿и (¿¿^елелі ¿ma££ -¿n^:e4í¿Kia¿ р/іарала&іопл

Preparation

Brush border
Brush border or

Ca

2+

concentration
in assay

Characteristics

Reference

40 mM

Stimulation by vitamin D

Martin et al. (1969)

Slight stimulation by vitamin D;
2+
2+
2+
Ca
can be replaced by Zn
and Mg

Kowarski and Schadi ter

Na -dependent; stimulated by

Birge and Gilbert (1974)

2 mM

whole homogenate
Basolateral membrane

0.04 mM

(1973)

parathyroid hormone; inhibited by
ethacrynic acid, not by ouabain;
ATP is preferred substrate
Brush border
Basolateral and brush

10 mM
2 mM

Inhibition of diphosphonate

Bonjour et al. (1975)

Stimulation by 1.25(OH)2D

Mircheff et al. (1977)

Stimulation by 1.25(0H)9D_ closely
2+
.
correlated with Ca
absorption

Lane and Lawson (1978)

border membranes
Whole homogenate

10 mM

membrane (Schachter et al., 1966; Urban and Schedi, 1970;Holdsworth et al.,
1975).
2+
Regulation of small intestinal Ca
transport by vitamin D seems to occur
2+
mainly on the transcellular Ca
flux and not on the paracellular flux (Nellans and Kimberg, 1978).

1.4.4. Mechanism_of_active calcium_absor2tion
Two systems were suggested to play a role m
2+
tion in small intestine, e.g. a Ca

the net active Ca
+

2+

-stimulated ATPase and a Na /Ca

absorp2+
ex-

change system (Nellans and Kimberg, 1979; Wasserman, 1981)·
2+
In 1969 Martin et al. reported a vitamin D-stimulated Ca -ATPase in brush
borders of rat small intestine (1969). Since that time several investigators
2+
..
have reported Ca -ATPase activity in whole homogenates, brush border and
basolateral membrane preparations of small intestinal mucosa. In Table 1.1
2+
the reported assay conditions and characteristics of small intestinal Ca ATPase are summarized. However, these enzyme studies were carried out at non2+
physiological Ca
concentrations ranging from 0.04-40 inM (see Table 1.1).
2+
Moreover, the identity of the Ca

-ATPase with alkaline phosphatase is sug-

gested in several studies (Holdsworth, 1970; Haussler et al., 1970; Russell
et al., 1972). Alkaline phosphatase activity has been observed in both brush
border and basolateral membranes (Mircheff and Wright, 1976),which is stimulated by vitamin D (Norman et al., 1970; Mircheff et al., 1977).
+
2+
.
.
Studies on the role of Na on Ca
absorption in the small intestine have
yielded conflicting results. No effect of Na on the distribution ratio of
45
Ca between mucosa and serosa could be shown (Wasserman and Taylor, 1963),
however, in these studies possible changes in transmural potential difference
due to Na

replacement were not taken into account. Martin and De Luca

(1969a) observed only an inhibitory effect of Na

replacement on the serosal

side of duodenal epithelium. They concluded a requirement of serosal Na in
2+
.
.
.
Ca
extrusion across the basolateral membrane. In addition, in rat ileum
+
2+
a(Nellans
role ofand
Na Kimberg,
in Ca
transport
from studies
serosa to
mucosa
has been of
suggested
1978). In vivo
with
rat duodenum
Behar and
Kerstein (1976) did not show an effect of Na

+

on Ca

2+

absorption, whereas

in the ileum effects were observed only under special conditions.
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1.5. Purpose of this study
From the preceeding review it will be obvious that Ca

2+

absorption is an

active process, which is regulated by vitamin D. However, the precise mech2+
anism of Ca
transport is still poorly understood.
The aim of our study was to obtain more insight into the mechanism of
2+
small intestinal Ca
absorption. The major knowledge about this subject
came from electrophysiological studies. In the study described here, a bio2+
chemical approach is used to determine the localization of cellular Ca
transport mechanisms in rat small intestinal epithelium.
First, brush border and basolateral membranes from duodenum are separated
2+
and purified from intracellular organelles, which could interfere with Ca
(Chapter 2 ) .
2+
. . .
-ATPase and dissociation from alkaline phosphatase
2+
activity are studied in terms of overall Ca -induced ATP hydrolysis (Chapter 3) and phosphorylated intermediates (Chapter 4 ) .
2+
2+
The role of Ca -ATPase in Ca
transport is investigated by parallel
2+
2+
Characterization of Ca

studies on Ca

-ATPase and ATP-dependent Ca

transport m

partly inside-out

oriented basolateral membrane vesicles (Chapter 5 ) .
Studies on a possible role of Na /Ca

exchange in active Ca

extrusion

across basolateral membranes are described in Chapter 6.
2+
In Chapter 7 effects of 1.25(OH)_D_ on active Ca
transport mechanisms
in duodenal basolateral membranes are reported.
Finally, the results reported in the different chapters are discussed and
2+
.
a model for the regulation of active Ca
absorption across small intestinal
epithelium is presented (Chapter 8 ) .
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C H A P T E R

2

METHODS AND MATERIALS

2.1.

Introduction

In this chapter we describe the methods and materials standardly used in
our studies. Procedures for isolation and purification of plasma membranes of
2+
rat enterocytes will be described. The buffering of micromolar free Ca
con2+
2+
centrations applied in Ca -ATPase and Ca
uptake assays will be discussed.
Finally, the procedure used for making rats vitamin D-deficient is described.
In each subsequent chapter we refer to these methods, and describe extensively only those methods relevant nearby to that chapter. The latter methods
are not described in this chapter.

2.2. Isolation and enzymatic characterization of rat small intestinal brush
border and basolateral plasma membranes
2+
Most of our current knowledge about Ca

absorption across small intestin-

al epithelium has been obtained by studies with intact epithelial tissue
(section 1.4). In order to elucidate the precise mechanism of this transport
process, studies with isolated plasma membranes from both the brush border
as well as the basolateral side of the intestinal cells are needed. Intracellular organelles, like mitochondria, nucleus and endoplasmic reticulum, which
2+
may interfere with studies on Ca
transport mechanisms, must be removed from
these plasma membrane preparations.
The content and relative purification of enzyme markers can be used as a
criterium for the purity of the apical and contra-luminal plasma membranes.
Sucrase is usually taken as a marker for the brush border membrane (Forstner
et al., 1968), whereas (Na +K )-ATPase is a suitable marker enzyme for the
basolateral membrane (Quigley and Gotterer, 1969). In addition, various marker enzymes for intracellular organelles have been used to study contamination of plasma membranes (Mircheff and Wright, 1976).
Procedures for isolation of pure brush border membranes have been developed in several laboratories (Forstner et al., 1968; Schmitz et al., 1973;
Kessler et al., 1978). They yield mainly vesicular preparations suitable for
transport studies. Only few studies deal with isolation of basolateral mem-
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brane fragments in greatly varying yield and purity (Quigley and Gotterer,
1969; Douglas et al., 1972; Fujita et al., 1973; Murer et al., 1974). Mircheff
and Wright (1976) reported a procedure for analytical isolation of both brush
border as well as basolateral membranes from the same mucosal homogenate,
which yields rather pure preparations.
The isolation procedures mentioned above are based on differential centrifugation, sometimes combined with density gradient centrifugation. The baso
lateral membranes thus obtained still appear to be contaminated with smooth
endoplasmic reticulum, which can be removed by free-flow electrophoresis based
on difference in surface charge (Mircheff et al., 1979).
In this section the isolation and purification of plasma membrane fragments
from the apical and basolateral side of rat duodenal mucosa is described and
characterized by means of enzymatic analysis. Subsequently, the isolation and
2+
characterization of basolateral membrane vesicles suitable for Ca

trans

port studies will be described. The results obtained with the different iso
lation procedures are briefly discussed and compared with other preparations
recently reported in the literature.
2.2.1. Епг^те_аз8a^s
Sucrase. Sucrase activity is estimated by a procedure slightly modified from
Dahlqvist (1964). Sucrose-free samples of 0.1 ml are incubated for 30 min in
0.1 ml medium containing 28 mM sucrose and 50 mM maleate-NaOH (pH 6.0) at
25

C. The reaction is terminated by heating for 3 min in a boiling water

bath. Blanks of the same composition are heated immediately after mixing.
Subsequently, the reaction mixture is diluted in 3.8 ml of a medium contain
ing 6 mM glucose oxidase, 200 mM Tris-buffer (pH 7.0), 0.5 mg horse radish
peroxidase, 5 mg o-dianisidine and 0.2% (w/v) Triton X-100, and incubated for
60 min at 25

C. Glucose is determined spectrophotometrically (Bausch and

Lomb, Spectronic-710) by measuring the absorbance at 420 nm. The values are
corrected for the appropriate blanks. Calibration is performed with a solution
of 1.00 mM glucose, giving a linear relationship up to 0.4 μmol glucose.
(Na +K )-ATPase. (Na +K )-ATPase activity is assayed in a medium containing
100 mM NaCl, 10 mM KCl, 5 піМ MgCl , 2 mM Na» ATP, 2.9 mM EDTA, 50 mM Tris-HCl
(pH 7.4) at 37 0 C , in the presence or absence of 1 mg/ml ouabain. Activities
are defined as the ouabain-sensitive part of the total ATP hydrolysis. Sam
ples of 25-50 yl are incubated 30 min at 37 0 C in 0.5 ml medium. The ATPase
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reaction is terminated by addition of 0.5 ml 5% (w/v) trichloric acetic acid
(TCA) and the inorganic phosphate liberated is determined by adding 1 ml of
a freshly prepared solution of 4% (w/v) FeS0,.6H„0 and 1% (w/v) ammonium heptomolybdate in 1.15 N H„S0, according to Bonting and Caravaggio (1963). After
30-60 min the absorbance is measured at 690 nm. Calibration is carried out
with a freshly prepared 1 mM K 9 HP0, solution and is linear up to 0.5 pmol
phosphate.
Succinate dehydrogenase. Succinate dehydrogenase is measured in a medium con
taining 50 mM K2HP0,/KH PO, (pH 7.4), 50 mM Na-succinate, 25 mM sucrose and
1 mg/ml 2-(p-iodophenyl)3-(p-nitrophenyl)5-phenyltetrazolium hydrochloride
according to Pennington (1961). The reaction is started by addition of 10-50
ul samples to 0.5 ml assay-mix and incubations are carried out for 10-90 min
at 25

С until appropriate violet colouring. Under these assay conditions the

time relationship of the reaction is linear up to 120 min. The incubation is
terminated by adding 0.5 ml 10% (w/v) TCA and extraction is performed with
2 ml ethylacetate. The activity is determined in the organic phase by measur
ing the absorbance at 490 nm, allowing 2 h for phase separation.
NADPH cytochrome-c reductase. NADPH cytochrome-c reductase activity is deter
mined as described by Omura and Takesue (1970). In two cuvettes a 10-100 ul
sample is added to a medium containing 1 mM KCN, 100 mM KJIVO,/КНЛЮ, (pH 7.5)
and 20 uM cytochrome-c. The reaction is started by addition of 10 uM NADPH
to one of the cuvettes and the reduction of cytochrome-c is followed by re
cording the difference in absorbance between the two cuvettes at 550 nm in
an Aminco DW-2a spectrophotometer.
Protein. Protein content is determined by adding 10-50 yl samples to 2.5 ml
of a commercial reagent kit (Bio-Rad), incubating during 5-15 min at room
temperature and measuring the absorbance at 595 nm. Calibrations are carried
out with each experiment using 1.4 mg/ml standard solutions of bovine plasma
gamma globulin (Bio-Rad).

2.2.2. Reagents
NADPH was obtained from Boehringer (Mannheim). Hepes, L-histidine monohydrochloride and immidazole were obtained from BDH Chemicals Ltd (Poole).
Glucose oxidase, peroxidase, phenylmethanesulphonyl fluoride, dianisidine
(3,3-dimethoxybenzidine), cytochrome-c, Na-ATP, p-iodonitrotetrazolium, EGTA,
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Triton X-IOO and Trizma-base were purchased from Sigma (St.Louis, Mo.)· All
other chemicals were obtained from Merck (Darmstadt).

2.2.3. Statistics
Wherever possible, mean values are given with the standard error of the
mean (SEM). Statistical analysis of the difference between two mean values
is carried out by means of Student's t-test. Significant differences are as
sumed when Ρ < 0.05. Regression analysis is based on the least-squares method
and carried out on a programmable pocket calculator (Texas, TI-57).

2.2.4. Aî}inials_and_£rej)aration of small intestine
Male Wistar Rats have been used (150-200 g weight), fed with a normal
standard diet (Code RMH-B, Hope Farms, Woerden) unless otherwise indicated.
After decapitation, 10-15 cm lenghts of proximal duodenum, mid-jejunum or
terminal ileum are carefully removed and rinsed with ice-cold isotonic saline
solution. After this step, further isolation of the plasma membranes, described in the following sections, is started immediately.

2.2.5.

Isolation_of_leakY_basolateral_and_brush_border_membranes

Leaky membrane fractions are obtained by means of an analytical isolation
procedure slightly modified from Mircheff and Wright (1976). Mucosal scrapings from duodenum of 6 rats are homogenized at 0-4

С with a loose-fitting

Dounce homogenizer (Vitro) by 10 strokes in 15 ml medium containing 5 raM EDTA
and 5 mM imidazole histidine buffer (pH 7.4). All subsequent isolation steps
are carried out on ice (0-4

C ) . After centrifugation at 45,000xg in a Damon/

IEC-B60 ultracentrifuge for 20 min, the pellets are resuspended in 60 ml
isolation buffer containing 250 mM sorbitol, 12.5 mM NaCl, 0.5 mM EDTA and
5 mM immidazole-histidine (pH 7.4) with a Dounce-apparatus (75 strokes). This
suspension is centrifuged at 550xg in an IEC-B20 centrifuge for 10 min and
the resulting pellet, containing mainly brush border material, is washed by
repeating this centrifugation-step two times. The collected supernatants con
taining basolateral membranes, microsomes and mitochondria are pelleted at
55,000xg for 60 min and the mitochondria are removed by subsequent centri
fugation in a linear 25-45% (w/v) sorbitol gradient containing 0.5 mM EDTA
and 5 mM immidazole-histidine (pH 7.4) at 100,000xg during overnight in a
swing-out rotor (type 402, Damon/IEC). A white protein-band at 30-35% sorbitol
appears, whereas the mitochondria form a brownish pellet at the bottom of
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Table 2.1

Кесо елу and рилАЛу o{, duodznat Ь&ьоІаЛелаІ and Ьшьк bondzA {¡fiagm&nti ¿&oLoutud by the. anaZytlcal •LboloJU.on pftoczduAz.
Recoveries are expressed as percentages of the total enzyme activities in the
starting homogenate. The purification factors give the ratios between the
specific activities of the final membrane preparations and the initial homogenate. Total recoveries of protein and enzyme activities throughout the isolation varied from 86-106%. The data are given as mean values + SEM and the
number of observations in parentheses.
(Na +K )ATPase
basolateral
membrane

% recovery

4.1+0.5(4)

Sucrase

Succinate
dehydrogenase

Protein

*n.d. (3)

0.6+0.2(3)

0.4-0.5(2)

purifica7.9+1.1(4)
tion factor
brush
border
membrane

% recovery

^ 0.2(4)

purifica-

-

0.9+0.2(3)

14.1+3.3(4)

0.2+0.1(4)

34.9+1.8(4)

0.5+0.1(4)

0.5+0.1(5)

tion factor
n.d. means not detectable

the tube.
The brush border containing pellet is purified from remaining mitochondrial and basolateral contamination by two additional centrifugations at 550x
g. The resulting pellet is gently resuspended in 5 ml isolation buffer, is
applied to a linear 25-65% sorbitol (w/v) gradient and is centrifugated at
100,000xg as described above to remove nuclear material. The brush border
material appears as a white protein-band in the 55-60% sorbitol region with
a gelatinous nuclear pellet at the bottom.
In Table 2.1 the recoveries and purification factors are given of different marker-enzymes in the protein bands collected from both sorbitol gradients. The basolateral (Na +K )ATPase is purified 8 times with respect to
protein, which is similar to results obtained by Mircheff and Wright (1976).
Only 0.6% of the initial activity of the mitochondrial marker succinate dehydrogenase is present in this band, whereas no sucrase activity can be detected. The brush border membrane fraction is purified 35-fold (enrichment
in sucrase activity), while the contamination with mitochondria and basolateral membranes is 0.2% or less.
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Table

2.2

Кесоуелу and риллЛу о^ boAoùit&uit ттЬплпгл ¿bolattd
míthod.
(Na +Κ )ATPase
% recovery

13.4+2.5 (5)

purification
factor

9.6+1.1 (5)

(Na +K )ATPase and Ca

Sucrase

by thu ρΊζραλαΧλυζ

S u c c i n a t e dehydrogenase

1.2+0.3 (5)

1.5+0.4 (4)

0.6+0.2 (3)

1.1+0.2 (3)

Protein
1.4+0.1

(7)

-ATPase activities (see section 3.3) rapidly de

crease within 1-2 days after the isolation. Therefore, we have mostly used
a more rapid procedure for isolating basolateral membranes as described by
Mircheff et al. (1978). After initial homogenization of mucosal scrapings in
5 tnM EDTA medium the homogenate is diluted 3 times in isolation buffer and
is centrifugated at 22,000xg for 15 min. The resulting pellet is suspended
in 20 ml isolation buffer and homogenized gently with a loose-fitting Dounce
apparatus (100 strokes). The suspension is brought close to the equilibrium
density of basal lateral membranes (i.e. 40% sorbitol) by addition of 1.4
volumes 65% sorbitol. It is then distributed over 10-ml centrifuge tubes with
an overlay of 1-2 ml isolation medium. After centrifugation in a swing-out
rotor (type SB-283 Damox/IEC) at 200,000xg for 60 min, the white protein band
between the 40% sorbitol and the upper layer is collected and analysed for
enzyme content. Yield and purification of the basolateral membrane preparation
thus obtained are given in Table 2.2. The recovery achieved by this more
preparative procedure is about 13%, whereas the purity is similar to that of
the analytical preparation (see Table 2.1).
In some experiments (see Chapter 4) brush border membranes are

isolated

more rapidly by 60 min centrifugation at 200,000xg in 60% sorbitol instead of
overnight centrifugation on a linear gradient as described above. Brush bor
der membranes

are collected as a band at the interface between 60% and 25%

sorbitol. This fraction contains
ity and

33+7% (n=3) of the initial sucrase activ

is purified to the same extent as described for the analytical pre

paration (see Table 2.1). Contamination with succinate dehydrogenase is
0.3+0.1% (n=3).
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2.2.6. Purification_of_basolateral_membranes b^ zonal electrophoresis on a

The basolateral membranes isolated by the above procedures are rather pure
with respect to brush borders, mitoi hondria and nuclei. Yet, they still con
tain 5.2+Ό.1% (n=3) of the initial NADPH cytochrome-c reductase activity, a
marker for smooth endoplasmic reticulum. Mircheff et al. (1976, 1979) also
reported this contamination and they show co-purification of basolateral mem
branes and parts of the smooth endoplasmic reticulum dut ing equilibrium cen
trif ugation.
In order to rule out any contribution of microsomes to the results obtain
ed in our study, we have further purified the isolated basolateral membranes
from rat duodenum by zonal electrophoresis in a 10-20% (w/v) sucrose gradient.
This procedure has been developed recently by Walters and Bont (1979), and
has previously been used for purification of basolateral membranes from whole
small intestine (van 0s et al., 1980). In Fig.2.1 a schematic drawing is pre
sented of the electrophoresis apparatus, after applying the gradient, sample
and overlay, together with tht composition of the different media. The mem
brane suspension (10 mg proLein) is applied very carefully on the gradient

α upper electrode 0.2 M TRIS-acetate pH 7.4 .

75 ml

b : overlay 5 S'/oSucrose/lOmM TRIS-acetate

25ml

с sample in 7% sucrose
10 mM TRIS-acetate pH7.4
O l m M EDTA
100-125

Volt

L- +

d . linear gradient 10 to 20o/osucrose
10 mM TRIS-acetate pH 7.4
O l m M EDTA
e . 30 7o sucrose, О 4 M bicine pH Θ.Ο

.

5ml

500mI

: 250ml

Figure 2.1

SchemcuLLC алашіпд о^ tke. сІі>сіхоркоп.ел-и> арралаіил шіХ.к thz
а^іел ¿oacUng. The. -tcme-t ct'i'<nd'¿n. h<u a алмтгіел 0f$ 4 cm.
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Recovered activity (%)
„,....

o—o N a . К - ATPase
».-.»NADPH-cyt с r e d u c t a s e

o—o protei η
·—· alkaline p h o s p h a t a s e

5-

©
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Figure 2.2
ViAtnAbmtcon ofa бг елаі. талкел znzymeA a^tzA zlzctuophofizò-ii,
bcLbolatzsiaZ тгтЬпапг {¡nactlon.

24
Θ
Fraction

о& the, слиаг

Enzyme a c t i v i t i e s and p r o t e i n a r e expressed as percentages of the t o t a l r e covery in the p e l l e t s of e l e c t r o p h o r e s i s f r a c t i o n s numbered 10-25.
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Table

2.3

R&covetiy and рилЫу o¿ baooZatznat ттЬн.а.пе.ь {¡/ют duodmum afiteA. eJLzc&wphoKOA-Lb on o. dznblty
gnadiznt.
NADPH
cytochrome-c
reductase

(Na +K )ATPase

Succinate
dehydrogenase

recovery %

0.4+0.1 (4)

3.9+0.3 (5)

< 0.1 (4)

purifica
tion factor

0.9+0.3 (3)

19.9+1.9 (4)

Protein
0.3+0.1 (5)

by means of a sieve. Electrophoresis is carried out in 5 h in a cold room
(4-6 0 C ) at 100-125 V (+ 5 V/cm) and 24 mA. After electrophoresis 5-ml frac
tions are removed and scanned on membrane content by measuring the absorbance
at 230 run. The membranes are all present in a total volume of 100-125 ml and
the fractions are centrifuged at 240,000xg for 20 min. The resulting pellets
are resuspended in 0.5 ml isolation buffer and their enzyme content is ana
lyzed.
The distribution of NADPH cytochrorae-c reductase, (Na +K )ATPase, alkaline
phosphatase and protein in the gradient after electrophoresis is shown in
Fig.2.2. A clear separation between the peaks of (Na +K )ATPase and NADPH
cytochrome-c reductase activities can be seen. (Na +K )ATPase co-purifies
with alkaline phosphatase, which is also present in the basolateral membrane
(Mircheff and Wright, 1976; this thesis Chapters 3 and 4 ) , but a small shoul
der appears under the NADPH cytochrome-c reductase peak. This result possibly
reflects the presence of some alkaline phosphatase activity in microsomes as
well. The distributions of protein and (Na +K )ATPase are roughly the same,
but the peaks do not coincide, which may mean that the basolateral membranes
are still contaminated with some Golgi material as suggested by Mircheff et
al. (1979). The peak-fractions (20-22) are analyzed on enzyme-content and the
results are given in Table 2.3. The (Na +K )ATPase is enriched almost 20-fold
indicating a 2-fold purification of the crude basolateral membranes by the
electrophoresis-step. Only minor contamination with NADPH cytochrome-c reduc
tase remains in the peak fractions, whereas mitochondrial succinate dehydro
genase activity is hardly detectable. The total recovery of protein and
(Na +K )ATPase activity after electrophoresis is only 60% of the applied
quantity. However, (Na +K )ATPase activity is fully recovered when assayed
directly in the gradient fractions, showing that (Na +K )ATPase was not
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inhibited by the electrophoresis procedure, but that some membrane material
remains in the supernatant after centrifugation.
The data given in Table 2.3 are in close agreement with the purification
of preparatively isolated duodenal basolateral membranes by free-flow electro
phoresis (20- to 21-fold) by Mircheff et al. (1979).

2.2.7. Isolation_of_sealed basolateral membrane vesicles
The membrane preparations isolated by the procedures described in the pre
vious sections are suitable for enzymatic studies (see Chapters 3 and 4 ) .
However, these purified membranes are too leaky for transport studies, as
previously shown by Mircheff (1976). Therefore, another isolation procedure
has been developed, which yields a mixed population of inside-out, right-side
out and leaky basolateral plasma membrane vesicles (Chapter 5 ) .
After rinsing the appropriate small intestinal segment from four rats with
isotonic saline solution, epithelial cells are isolated according to S t e m
(1966). The lengths of small intestine are filled with a buffer solution con
taining 96 mM NaCl, 8 mM KH-PO , 27 mM Na citrate, 5.6 raM Na HPO, and 1.5 mM
KCl. They are then shaken for 20 min at 37

С in Erlemneyer flasks filled

with isotonic saline. The cells are collected by centrifugation at 400xg for
5 min and are homogenized in 30 ml medium containing 25 mM NaCl, 2 mM HepesTris (pH 8.0) and 0.2 mM phenylraethanesulphonyl fluoride with a Polytron
mixer (Braun) for 1 min at setting 6-7. The homogenate is diluted to 75 ml
with the same buffer and is centrifuged at 550xg for 15 min to remove brush
borders and cell debris. The supernatant is centrifuged At 90,000xg for 20
min. The resulting pellet is suspended gently in a loose-fitting Dounce ap
paratus (100 strokes) in 15 ml of an isotonic buffer containing 250 mM sucrose,
5 mM Hepes-Tris (pH 7.4), 5 mM MgCl» and for some experiments 5 mM EGTA. The
basolateral membranes in this suspension are separated from mitochondria and
residual brush borders by centrifugation in 40% sorbitol buffered with 5 mM
Hepes-Tris (section 2.2.5). Finally, the collected basolateral membranes are
pelleted at lOO.OOOxg for 20 min and are resuspended in the appropriate up
take medium.
The enrichment in purification of different marker enzymes and their re
coveries in the final basolateral membrane preparation from duodenum are
shown in Table 2.4. (Na +K )ATPase was purified 10-fold with respect to the
initial homogenate, and 17- and 15-fold with respect to mitochondria and
brush borders, respectively. In addition, the content of smooth endoplasmic
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Table

2.4

Игсо елу and риЛАЛу о^ òzatzd ЬалоЬаЛемЛ ттЬпапг
NADPH
cytochrome-c
reductase

recovery
(%)
purification
factor

+

(Na +K ) ATPase

елісіел faom dwod&num.

Sucrase

Succinate
dehydrogenäse

Protein

1.5+0.2(8)

1.9+0.5(3)

15.4+2.0(7)

1.1+0.3(3)

0.9+0.3(4)

1.2+0.3(3)

10.3+1.6(7)

0.7+0.1(3)

0.6+0.3(4)

reticulum in the sealed vesicles is lower than that observed for the preparative membrane preparation (see section 2.2.6) with a relative purification
of (Na +K )ATPase with respect to NADPH cytochrome-c reductase by 9-fold.
This means that the purity is higher than that obtained for the leaky frac~
tions, especially with respect to contamination with smooth endoplasmic reticulum.

2.2.8. Çomgarison_with_other_baso1ateral_membrane_vesicle_£re£arations
Whereas isolation of sealed small intestinal brush border vesicles now is
performed routinely in many laboratories, purified vesicles of the basolateral
membrane are more difficult to obtain. Recently, several procedures have been
reported, in which combinations of differential and sucrose or Percoli gradient centrifugation are used (Mircheff et al., 1979a; Scalerà et al., 1980;
Colas and Maroux, 1980; Nellans and Popovitch, 1981; Del Castillo and Robinson, 1982). The recoveries of (Na +K )ATPase activity achieved with these
procedures varies from 9 up to 50%, and the relative purifications are 6- to
20-fold. The enrichment of (Na +K )ATPase with respect to NADPH cytochrome-c
reductase obtained in these studies varies from 2- to 12-times, with the
highest values achieved by final purification on a Percoli gradient (Scalerà
et al., 1980).
In conclusion, as compared to other vesicle preparations of the basolateral
membrane, the preparation used in our study has an acceptable purity (see
section 2.2.7).
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Table 2.5

EqultibtUum Kzactionb and òtab-LLLty coMtanZb ¿nvotved in caZcutcvtcon ofa ^ηζζ
Ca"+ aonzzwtfucutlorUi.
All values were derived from Sillén and Martell (1964) and Scharff (1979)
and are valid at 25 0 C and 0.1 M.
Equilibrium reaction
Ca

2+

+ EGTA

4-

Stability constant (M
2

-^ CaEGTA "

see Table 2.6

C a 2 + + HEGTA 3 " -» CaHEGTA"
2+
4- "^
2Mg
+ EGTA
->» MgEGTA

.o5'

M g 2 + + HEGTA 3 " -" MgHEGTA+
4- ""
3H
+ EGTA
-^ HEGTA

io3·

H+

io8'

.o5'
io9'

+ HEGTA 3 " -» H.EGTA ~
2+

4+ ATP
+
+ НАТР32+
4Mg
+ ATP

2-* CaATP
-» CaATP "^
2-»> MgATP

M g 2 + + НАТР 3 "
+
4H
+ ATP

-* MgHATP"
"^
3-» НАТР

,o6'

H+

+ НАТР3-

-=>• Η,,ΑΤΡ2-

io4'

Ca2+
2+
Mg
+
H
+
Η

+ NTA33+ NTA
3+ NTA
2+ HNTA

Ca
Ca

-*
**"
-^
"""
-*
^
-*

)

io3'
.o2·
io4'
.o2'

CaNTA"

io6'

MgNTA
2HNTA

.o5·
io9'
io2'

H„NTA

.33
.31
.36
.54
.87
.97
.13
.22
.24
.53
.03
.40
.36
,75
.63

2.3. Buffering of free calcium concentrations in the micromolar range
2
+
2
+
.
.
In studying Ca -ATPase and Ca transport in enterocytes under physiologic2+
al conditions free Ca
concentrations are needed in the raicromolar range.
However, constant free Ca

concentrations below 10 uM are difficult to

achieve by extensive binding to several cellular constitutes. Moreover, im2+
2+
purities of the reagents used with micromolar Ca
make the exact free Ca
2+
level unreliable. Constant low free Ca
levels can be generated by use of
2+
chelators, controlling the Ca
concentration in the experimental assay. The
2+
2+
Ca -buffering system mostly used is the Ca -EGTA equilibrium. EGTA has a
2+
relative high affinity for Ca
as compared to most other divalent cations,
2+
.
.
.
like Mg , always present in miliraolar concentrations m the reaction assays.
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fable 2.6
2+

StabiJLLty coYK>ta.ntò ^ок the. Ca -EGTA zquÁLÍb/Utrn Ktpofvtzd ¿η tke.
The constants were determined at temperatures between 20 and 25
strengths of 0.1-0.15 M.
Stability constant (M
10

)

"
10

* IO

Portzehl et al. (1964)

"
10

* IO '

Reference

Ebashi (cited by Ogawa, 1968)

00

IO "
10 33
* 10

Briggs and Fleishnan (1965)
31

Ogawa (1968)

10-42

Godt (1974)

* IO

10,97

DiPolo et al. (1976)

* IO

10

'

79

Bers (1980)

* IO *

71

Marban et al. (1980)

IO

10

10

IO '

С and ionic

Schwarzenbach et al. (1957)
08

'

11

LitzAotuKz.

4

Matsuda and Yagi (1980)

TThe "true" stability constant was calculated from the apparent stability con
stant experimentally determined at a particular pH, according to Godt (1974).

2+
..
Knowing the association constant of the Ca -EGTA equilibrium under the ex
perimental conditions used (pH, ionic strength, temperature), one can calcu2+
late the total Ca
concentration needed at a given EGTA concentration to get
2+
2+
the desired free Ca
level. However, other potential Ca -chelating ligands,
2+
present in the assays, like AIT, may interfere with Ca . Moreover, ATP and
EGTA have different protonatin^ stability constants, which have to be taken
2+
into account. Binding of Mg
to ATP and EGTA makes calculation of the exact
2+
free Ca
concentration even more complex.
In Table 2.5 the equilibrium reactions and the association constants are
2+
2+
+
given for Ca , Mg
and Η with the ligands ATP, EGTA and NTA, present in
2+
2+
the Ca

-ATPase or Ca

uptake assays.

Whereas the values for the stability constants tabulated in Table 2.5 are
widely used, there is insufficient agreement about the value for the most im2+
portant binding constant of Ca
with EGTA. In Table 2.6 the "true" Κ Ε Ε Τ Α
values obtained from the literature are presented. The binding constants vary
from 10

to 10

' M

! These differences have been ascribed to vari

ations in buffer composition or determination procedure (Ogawa, 1968; Scharff,
1979; Matsuda and Yagi, 1980) and will be discussed in section 5.5.
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2+
In our first studies, described in Chapters 3 and 4, free Ca
concentra
tions have been calculated according to Katz et al. (1970) using a К
, p.

value of 10

л«

'

Uà. Ei IJ L A

from Ogawa (1968). In their simple calculation method only

the equilibria of Mg

, H

and Ca

with ATP

and Ca

with EGTA

have been

taken into account. This method is based on calculation of total EGTA concen2+
tration needed to buffer the desired free Ca
concentration. The effect of
neglecting the other binding constants involved has been checked by calculations, including all possible equilibria by making use of an iterative com2+
puter program (Perrin and Sayce, 1967). Differences between the free Ca
concentrations calculated by the two methods are at most 20%, which justifies
the simplifications made by Katz et al. (1970).
Extensive studies of Scharff (1979) have shown a close correlation between
2+
calculated and experimentally measured free Ca
concentrations, using a
K_ p.-,™ value of 10

. We have used this binding constant in the studies
2+
reported in Chapters 5,6, and 7, yielding calculated Ca
concentrations which

are about half the values obtained with a K 0 ^„„, of 10
«
CaEGTA
above. In order to buffer Ca

'

as described

concentrations of 1 yM or higher NTA was in-

cluded (Reed and Bygrave, 1975). Therefore, a more complex method has been
used to calculate the total Ca
2+
2+
desired free Ca

and free Mg

and Mg

concentrations needed to get the

concentrations including all possible equi-

libria (Table 2.5). The calculations have been carried out on a programmable
pocket calculator (Texas, TI-58).
2.4. Procedure for making rats vitamin D-deficient
Vitamin D-deficient rats were used in studies where the effects of
2+
1.25(OH).D

on Ca

transport mechanisms are evaluated (Chapter 7 ) . In pre-

liminary studies with rats raised after weaning on a normal standard diet
lacking vitamin D_, we found no decrease in serum Ca

levels, which verifies

the vitamin D-deficient state of the animals. Apparently sufficient vitamin
D was accumulated before weaning to keep the blood Ca

constant during the

next 6-7 weeks. A detailed protocol for making rats vitamin D-deficient was
kindly provided by the late Dr. Walling (University of California, Los
Angeles) and has been used with minor modifications.
Wistar rats are raised on a normal, vitamin D_-containing standard diet
during the first 2 weeks after birth. Subsequently, the rats are placed in
the dark on a non-rachitogenic vitamin D,-deficient diet lacking Mn
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and

Zn

, but normal Ca

(1.1%, w/w) and phosphorous (0.8%, w/w) levels. They

are allowed free access to deionized water. After 1-2 weeks the rats are
weaned and the females are removed. After feeding the rats with this diet
for 3 weeks, they are raised on an essentially Ca

-free diet during 2

weeks. This step is necessary to deplete the endogenous vitamin D- store.
After that time the rats are fed with the non-rachitogenic Ca-containing
diet for 2 weeks before the experiments are started. With this procedure
rats are obtained with a body weight of 150-190 g, and about 70% of them
are vitamin D-deficient, as verified by plasma Ca
compared to 2.5-3.0 mM Ca

levels of 1.5 mM as

when raised under normal standard conditions.
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C H A P T E R

DISSOCIATION BETWEEN Ca

3

2+
-ATPase AND ALKALINE PHOSPHATASE ACTIVITIES IN

PLASMA MEMBRANES OF RAT DUODENUM

3.1. Summary
2+
. . . .
.
2+
Ca -ATPase activities with high-affinity sites for Ca
are pïesent in
purified brush border and basolateral membranes of rat duodenal epithelium.
Since both plasma membranes contain alkaline phosphatase, which is also stim2+
2+
ulated by Ca , both Ca -ATPase and alkaline phosphatase have been characterized. The main conclusions from the studies described in this chapter are
2+
that a high-affinity Ca -ATPase activity is exclusively located in the baso2+
. . .
lateral membrane, but that the Ca

-ATPase activity in the brush border mem-

brane is entirely due to a non-specific alkaline phosphatase. These conclu2+
sions are based on the following observations: (1) at physiological Ca
concentrations ATP is the preferred substrate for the enzyme in the basolateral membrane, whereas in the brush border membrane no substrate speci2+
ficity can be observed; (2) high-affinity Ca -ATPase activity in the basolateral membrane is insensitive to inhibitors of alkaline phosphatase, while
these inhibitors completely inhibit the brush border membrane activity; (3)
2+
chlorpromazine inhibits high-affinity Ca -Al
-ATPase in basolateral membranes
only, not the brush border membrane activity.

3.2. Introduction
Active calcium absorption occurs primarily in the duodenum and is strongly dependent on the vitamin D status of the animal (section 1.4). However,
2+
the mechanism by which the epithelial cells transport Ca
is poorly understood. In brush border membranes as well as in basolateral membranes the
2+
presence of Ca -ATPase activity has been reported (see section 1.4.4). More2+
2+
over, there is a good correlation between Ca -ATPase activity and net Ca
transport in different segments of rat small intestine (Mircheff et al.,
2+
2+
1977). These observations suggest a role of Ca -ATPase in Ca
absorption.
2+
2+
The electrochemical potential of Ca
in intestinal cells suggests that Ca
2+
influx is passive, whereas extrusion of Ca
must be active (see section
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1.4.1). A role for Ca

-ATPase in Ca
transport implies that Ca -ATPase
2+
must be stimulated by Ca
in the concentrations occurring in the cytosol
—6
9+
(ca 10 M ) . Sofar however, Ca -ATPase activities in small intestine have
2+
been assayed in the presence of 0.04 to 40 mM Ca
(see Table 1.1).
Alkaline phosphatase is also present in brush border and basolateral membranes (Holdsworth, 1970; Mircheff and Wright, 1976; Hanna et al., 1979), and
this enzyme hydrolyses organic ortho- and pyrophosphates (Eaton and Moss,
1967). It is known that alkaline phosphatase can be stimulated by divalent
2+
cations, including Ca
(Harkness, 1968; Hiwada and Wachsmuth, 1974). More2+
over, closely correlated responses between alkaline phosphatase and Ca ATPase to vitamin D (Haussler et al., 1970; Mircheff et al., 1977) and to
treatment with several inhibitors (Haussler et al., 1970) have been reported.
Also, co-purification of both enzymatic activities in chick brush border membranes (Oku and Wasserman, 1978) and rat basolateral membranes (Hanna et al.,
2+
phosphatase and Ca -ATPase may be different
1978) suggests that alkaline phospl
manifestations of the same enzyme.
In this chapter we describe studies of the separation of the Ca

2+
-ATPase

activity from the alkaline phosphatase activity in purified plasma membranes
from the brush border and the basolateral side of rat duodenum.

3.3. Methods and Materials
Membrane isolation. Leaky fragments of the brush border and basolateral membranes are used, isolated according to the procedures described in section
2.2.5. When isolated basolateral membranes are stored at 0

C, the Ca

-

stimulated ATPase activity decreases until after 2-3 days following isolation
no further activity is detected. Therefore, in most experiments we have used
a more rapid procedure for the isolation of basolateral membranes. Instead
of overnight centrifugation on a sorbitol gradient, basolateral membranes are
separated from mitochondria by centrifugation at 200,000xg for 1 h (section
2.2.5). Immediately after isolation, brush border and basolateral fragments
are washed twice with EDTA-free isolation buffer containing 250 mM sorbitol,
12.5 mM NaCl, 5 mM immidazole-histidine (pH 7.4). Suspensions in the same
buffer are rapidly frozen in liquid N_ and stored at -80

C. No loss of ac-

tivity is observed for up to 2 weeks.

Ca

2+
2+
2+
. . .
-ATPase and Ca -phosphatase assays. Ca -stimulated ATPase activity is
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assayed in a standard medium containing 100 mM NaCl, 5 mM MgCl., 3 mM ATP
2+
and 50 mM Tris-maleate buffer (pH 7.4). Ca -ATPase activity is measured as
the difference between the rates of ATP hydrolysis in the presence and ab2+
2+
sence of Ca . Below 50 μΜ Ca
the use of an EGTA-buffer is necessary (see
2+
below).At higher Ca
concentrations 0.5 mM EGTA is added and to obtain the
2+
2+
desired free Ca
concentration we assume a Ca -EGTA binding ratio of 1:1.
Ca -free controls contain 0.5 mM EGTA. In experiments where stimulation of
2+
2+
the ATP hydrolysis by Zn
is studied, Zn -EGTA buffers are used containing
2+
2+
1 μΜ free Zn

. All solutions used for the Ca

-ATPase assay are prepared

with water, which has been distilled three times in the presence of EDTA to
remove traces of divalent cations. Enzyme reactions are started by adding
aliquote of 25 ul basolateral or brush border membranes (5-10 pg protein) to
0.5 ml standard assay medium. After incubation for 30 min at 25

C, the re

action is stopped with 0.5 ml 10% trichloroacetic acid and phosphate is de
termined as described in section 2.2.1. All determinations are performed in
triplicate.Stimulation of hydrolysis of ADP, AMP and p-nitrophenylphosphate
2+
2+
by Ca
or Zn
is determined in a similar standard medium as described above,
with 3 mM of these compounds instead of ATP. In experiments with p-nitro
phenylphosphate as substrate, the reactions are terminated by addition of
I.5 ml 1 N NaOH to the assay medium and p-nitrophenylphosphate hydrolysis
is measured as the absorbance at 410 nm. Protein is assayed as described in
section 2.2.1.
2+
2+
.
Ca -EGTA buffers. The free Ca
concentration m

2+
Ca -EGTA buffers is cal2+
culated as described by Katz et al. (1970). For Ca -EGTA, a stability con
fi oo
stant of 10 '
is used, calculated from the value determined by Ogawa (1968)

at pH 6.8 according to Godt (1974). This stability constant is correct for
media with an ionic strength of 0.1 to 0.15 at 20-25 С and at pH 7.4 (section
2+
2.3). Free Zn
concentrations of Ι μΜ are also buffered with EGTA, assuming
2+
. . . .
a binding ratio of total Zn

to total EGTA of unity. This is justified by

the high stability constant of Zn

-EGTA, which is equal to 10

*

(Sillén

and Martell, 1964).
Materials. ATP, ADP, AMP, p-nitrophenylphosphate, oligomycin and theophylline
were obtained from Sigma (St.Louis, Mo.). All chemicals used were of the purest grade (Merck). Chlorpromazine was obtained from Specia (Amstelveen). Ethacrynic acid (Edecrin) was purchased from Merck, Sharp and Dohme (Haarlem).
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Table 3.1

7+
Activities
of, background ATPoòe and Ca -ATPase ¿η bfiu&h bondífu, and boAo¿аіелаі. тгтЬпапел о^ nat duod&num.
2+
Both activities are assayed in the same incubation medium with 1 μΜ free Ca
added to the Ca¿ -ATPase assay (see section 3.3). Values are given as means
+^ SEM with the number of experiments between parentheses.
2+
Membrane fraction
Background ATPase
Ca -induced ATPase
(umol Pi/h mg prot.)
brush border membrane

32.2 + 5.8 (8)

1.27 + 0.31 (8)

basolateral membrane

17.1 + 2.3 (10)

1.17 + 0.21 (8)

3.4. Results

3.4.1. High-affinitjr_Ca

-ATPase_in brush border and basolateral_membrane

fragments
2+
In Table 3.1 values are given for the background ATPase and the Ca -stimulated ATPase activities in purified brush border and basolateral membranes.
2+ .
. . .
Addition of 1 uM free Ca
increases the background ATPase activity in brush
border and basolateral membranes by 4 and 7% respectively. Under the standard
2+ .
. . .
assay conditions (see section 3.3) the Ca -induced ATP hydrolysis is linear
for at least 60 min at 20% hydrolysis of ATP.
2+
Subsequently, in brush border and basolateral membranes Ca -induced ATP
2+
.
-7
-4
hydrolysis has been studied at Ca

concentrations between 10

and 10

M,

and the results are presented as Eadie-Hofstee plots in Fig.3.1. The data
shown in this figure have been fitted by using a computer program developed
for a two-site transport model using an iterative procedure based on the leastTable

3.2

2+

ттЬшпгл (BLM)

¡СіпгЫс ралатеАнпл o{i Ca -òtÀmulatid ATPoie In Ьаіоіаіелаі
and Ьшік boidex ттЬяапел (ВВМ) о^ nat duodznm.
Kjjj v a l u e s are expressed i n uM Ca
and V
The V
v a l u e s given for the l o w - a f f i n i t y
found for the h i g h - a f f i n i t y s i t e s .

v a l u e s i n pmoles P^/h.mg p r o t .
s i t e s were c o r r e c t e d for t h o s e
BLM

BBM

high-affinity site

К

0.5

1.1

1.5

2.2

low-affinity site

V
π
К
π
V

50
1.8

30

70
15.9

ν C/o maximal activity)
125-1

100-

75-

50-

25-

125π

100-

75-

50-

25-

Figure 3.1
2+

2+
Eadie-Ho^íee piotò о^ Ca
donczYvOuoution dependence о^ COL -induced ATP
kycbiolybAj, -in btuibh ЬОЫИА (BBM) and bcuotateActZ теліЬллиеі (BLM).
2+
Enzymatic activity (V) is expressed as percentage of the maximal Ca -ATPase
activity obtained at 0.2 mM Ca .which is 18.1+1.4 (9l+and 3.3+0.2 (14) umol
Pi/h per mg prot. in BBM and BLM respectively. Free Ca
concentrations (S)
are expressed in yM. Values are given as means of 5 experiments + SEM.
2+
squares method (Borst Pauwels, 1973). The plots show that the Ca -ATPase of
each plasma membrane fraction has at least two sites, one of high- and one of
2+
low-affinity for Ca
ions. The К and V
values for both affinity sites are
m
max
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Figure 3.2.
2+
—
Е^гсХ о& Ca. concm&uvtum on hycholyòtb о fi ATP, AVP, AMP and p-nitnophmylphoòphatz [PNPP) In BBM and BLM.
The a c t i v i t i e s are expressed as percentages of maximal ATP hydrolysis obtained at 0.2 mM Ca^"*". Results are given as means of 4 experiments + SEM.
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determined by extrapolation in Fig.3.1 and are given in Table 3.2. The К
m
values for the high-affinity sites are 1 μΜ or less, whereas for the low. .
2+
affinity site a value of about 50-70 μΜ Ca
is found. The V
of the high-

max

ι

2

affinity site m

the basolateral membrane amounts to 45% of the total Ca 2+
induced ATP hydrolysis at 100 μΜ Ca , while in the brush border membrane only
2+
10% of the maximal ATP hydrolysis is reached. For both membranes maximal Ca . .
2+
ATPase activity occurs at 0.1 to 0.2 tnM Ca
and no further stimulation or
inhibition is observed at concentrations up to 2 mM.

3.4.2. Substrate_s2ecificit2_of_Ca

2+

lÌ2duced_ATP_h2drolYSÌs_in_brush_border

and basolateral membranes
In order to find out whether alkaline phosphatase contributes to Ca
2+
stimulated ATP hydrolysis, we have studied the effect of Ca

2+
-

on the hydro-

lysis of ATP, ADP, AMP and p-nitrophenylphosphate. The results are shown in
Fig. 3.2. With basolateral fragments there is a significantly greater stimulation of the hydrolysis of ATP than of ADP, AMP and p-nitrophenylphosphate
2+
2+
at Ca

concentrations below 25 μΜ (P < 0.001). At 0.2 mM Ca

, ADP seems to

be the preferred substrate, but the difference between ATP, ADP, AMP and
p-nitrophenylphosphate is not significant (P > 0.2). With brush border frag2+
ments no clear preference for ATP is detectable at low Ca
concentrations.
2+
At 0.2 mM Ca , ADP and AMP are better substrates than ATP and p-mtrophenylphosphate (P < 0.05). Fig.3.3 shows the stimulation of the hydrolysis of
2+
ATP, ADP, AMP and p-nitrophenylphosphate at physiologically important Ca
concentrations. In basolateral membranes, only hydrolysis of ATP occurs at
2+
2+
0.5 μΜ Ca

. At 1 and 5 μΜ Ca

some stimulation of ADP and AMP hydrolysis

is seen, but the ATP hydrolysis is significantly greater (P < 0.001). In
this concentration range no stimulation of p-nitrophenylphosphate hydrolysis
is observed. Although with brush border membranes some stimulation of ATP
2+
hydrolysis is observed at 0.5 μΜ Ca
no significant preference for ATP over
2+
. . . .
the other substrates is found. Only at 5 μΜ Ca
some specificity is seen for
ATP (P < 0.01).
2+
These results suggest the presence of a specific Ca -ATPase with high
2+
2+
affinity for Ca
in basolateral fragments. The Ca -stimulated hydrolysis
2+
of ATP, ADP, AMP and p-nitrophenylphosphate at 0.2 mM Ca
is most likely
due to stimulation of an aspecific phosphatase, viz. alkaline phosphatase.
In brush border membranes, stimulation of ATP hydrolysis at low as well as
2+
high Ca
concentrations may be due to stimulation of alkaline phosphatase.
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Values are expressed as percentage of maximal ATP hydrolysis. The asterisks
mean no significant stimulation above the background ATP hydrolysis in the
absence of C a 2 + . Data are given as means of at least 5 experiments + SEM.

2+
2+
3.4.3. Effects_of_inhibitors_of_alkaline_£hos2hatase and Ca -ATPase on Ca induced_ATP_hydrol^sis_in_brush_border_and_basolateral membranes
Table 3.3 shows the effects of two inhibitors of alkaline phosphatase activity in brush border and basolateral membranes, i.e. L-phenylalanine (Ghosh
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Table 3.3

ЕЦгсХ. of, L-Phenylalanine, and theophyltine. on alkaline phosphatase activity
in bKuAh bonden and boAolatenal plaòma тетЬнапел oi nat duodenum.
Enzyme activities, expressed as umol P^/h per mg protein, have been assayed
in the presence of 0.2 mM СаСІ2, 5 mM MgCl2, 3 mM p-nitrophenylphosphate,
100 mM NaCl and 50 mM Tris-maleate (pH 7.4). Mean values are given +_ SEM and
the number of experiments in parentheses.
Basolateral membrane
+ 0.4

(6)

Brush border membrane

control

4.3

47.8 + 5.7 (5)

+2.5 mM theophylline

1.01 + 0.15 (10)

12.7 + 1.0 (6)

+10 mM L-phenylalanine

2.92 + 0.13 (4)

33.6 + 1.0 (4)

and Fishman, 1966) and theophyl.ine (Fawar and Fejirian, 1972). They are
both added at a concentration causing maximal inhibition, viz.75% with 2.5
mM theophylline and 30% with 10 mM phenylalanine at pH 7.4. The relative in
hibitions are the same in both membrane fractions. Theophylline is clearly
the best inhibitor of alkaline phosphatase and has therefore been used in
2+
further studies. The effects of theophylline on the Ca -stimulated hydro
lysis of ATP and p-nitrophenylphosphate in both plasma membrane fractions
2+
are presented in Fig.3.4. At 1 uM Ca , theophylline has no effect on ATP
hydrolysis in basolateral membranes, while it complete inhibits the small
but significant stimulation of ATP hydrolysis in brush border membranes. In
basolateral membranes the increase of the hydrolysis of ATP as well as of
p-nitrophenylphosphate at 0.2 mM Ca

is inhibited by theophylline. In brush

border membranes the inhibitory ollucts of theophylline on the hydrolysis of
2+
both substrates at 0.2 mM Ca
are equal.
2+
. .
The intestinal alkaline phosphatase is known to be a Zn -containing en
zyme (Fernley, 1971). Inactivation of alkaline phosphatase occurs upon treat2+
ment with EDTA due to extraction of Zn
(Hiwada and Wachsmuth, 1974; Fosset
et al., 1974). Since the basolateral and brush border membranes are isolated
in EDTA-containing solutions, alkaline phosphatase activities are most likely
2+
inactivated. Hence, we have also studied the effect of Zn
and theophylline
on the hydrolysis of ATP and p-nitrophenylphosphate in both membrane fractions
2+
(Table 3.4). At 1 μΜ Zn
there is a marked stimulation of hydrolysis of ATP
and p-nitrophenylphosphate in brush border as well as in basolateral membranes.
2+
In basolateral membranes Zn -induced ATP hydrolysis is inhibited 50% by
theophylline (P < 0.01), while the stimulation of p-nitrophenylphosphate
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Figure 3.4
Bietet o{¡ thzophylllne.
(2.5 mM) on Ca -¿ndacíd AT? and РЫР? hydfLotyòZb ¿η
buuubh ЬоЫол and Ьалоіаіелаі тгтЬнапел о& tat duodenum.
2,
The values are expressed as percentages of ATP hydrolysis at 0.2 шМ Ca '.
Mean values are given +_ SEM of at least 5 experiments.
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Table 3.4
2+

EfázcLt о& thzophylLLne. on Zn AtúnuZation о^ ATP and p-nitnoph&nyiphoòpluite.
kydKo-iyAiA ¿η ЬшьН. Ьокагл and ba&oùxZznaZ. тгтЬялпед.
The values are expressed as percentages of ATP hydrolysis obtained at 0.2 шМ
+
Ca2 . Mean values are given +_ SEM and the number of experiments in paren
theses.
ATP hydrolysis (%)
2+

[ Z n ] : 1 μΜ
brush
border
membrane

control

+2.5 mM
theophylline
basolateral
membrane

control

+2.5 mM
theophylline

200 yM

p-nitrophenylphosphate
hydrolysis (%)
1 μΜ

200 μΜ

71.2+9.6(4)

185.6+17.6(6)

88.5+ S.0(4)

331.8+28.2(5)

14.3+3.9(4)

37.8+6.3(4)

27.1+10.3(4)

86.4+33.9(4)

82.7+6.5(5)

134.1+21.1(6)

70.8+7.6(5)

331.8+27.0(7)

42.7+9.7(5)

48.6+17.3(4)

8.1+2.2(8)

25.4+10.8(4)

hydrolysis is almost completely inhibited. The relative stimulation of ATP
2+
2+
hydrolysis obtained at 1 μΜ Zn
or 1 μΜ Ca
in the presence of theophylline
is not significantly different in basolateral plasma membranes (P > 0.7).
2+
This observation suggests that theophyllme-insensitive Ca -ATPase in baso2+
lateral membranes can also be stimulated by Zn . In both membrane fractions
2+
a maximal stimulation of p-nitrophenylphosphate hydrolysis at 0.2 mM Zn
is found, which can be inhibited by theophylline. In brush border membranes
the relative inhibitions of p-nitrophenylphosphate and ATP hydrolysis are
2+
equal at both Zn
concentrations.
From the results presented in Fig.3.4 and Table 3.4 three important con
clusions can be drawn: (i) alkaline phosphatase in brush border and baso2+
2+
lateral membranes is reactivated by Zn
as well as by Ca ; (ii) a high2+
affinity Ca -ATPase is exclusively located in the basolateral membrane;
2+
(iii) activation of alkaline phosphatase and stimulation of Ca -ATPase are
clearly distinguishable by using theophylline as inhibitor of alkaline phos
phatase.
2+
Chlorpromazine has been described as an inhibitor of Ca -ATPase in sarco
plasmic reticulum (Balzer et al., 1968) and in erythrocytes (Schatzmann,
1975). For this reason we have studied the effect of chlorpromazine on ATP
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Figure 3.5
tfáteti
ΰύ chlofiplomazlnt
[0.1 mM) and L-phmylaZcminz {10 mM) on Ca2+ òtlmaÌate.d AT? hyd/ioly&ÁJi ¿η bnaòh bond&ft and ЬалоІх іалаЛ ттЬшпел.
The r e s u l t s a r e expressed as p e r c e n t a g e s of t h e ATP h y d r o l y s i s a t 0.2 mM
C a 2 + . Mean v a l u e s a r e given + SEM of a t l e a s t 4 e x p e r i m e n t s .
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E ^ e c t i off іг елаі inkibltoKb
Ьліоіаігмлі ріалта тетЬшпел.

Table 3.5
2+
on. k¿gh-a.fá¿n¿ty Ca -ATPaóe a.c¿lv<üU.eA -in

The r e s u l t s are expressed i n umoles P¿/h.mg prot.jf SEM and the number of experiments i n p a r e n t h e s e s . Ca^-ATPase a c t i v i t i e s a r e assayed with 1 μΜ Ca^+.
The c o n c e n t r a t i o n of the added i n h i b i t o r s a r e given i n p a r e n t h e s e s .
. .
Inhibitor

Ca

2+
-induced ATP h y d r o l y s i s

Control

1.34

Oligomycin (10 ug/ml)

1.45 + 0.14 (4)

NaN 3 (1 mM)

1.18 + 0.05 (5)

Ethacrynic acid (2 mM)

1.11+0.16 (3)

Ouabain (1 mg/ml)

1.29 + 0.06 (3)

+ 0.10

(5)

hydrolysis in brush border and basolateral membranes (Fig.3.5). In basolateral membranes chlorpromazine completely inhibits the high-affmity Ca
2+
ATPase while at 0.2 mM Ca , the control activity is inhibited by 35%. No

2+
-

effect of chlorpromazine is found on the stimulation of ATP hydrolysis in
2+
brush border membranes by Ca . These results support the conclusion des2+
cnbed above, namely, a high-affinity Ca -ATPase is exclusively located in
basolateral membranes. The absence of an effect of L-phenylalanine on ATP2+
hydrolysis in basolateral membranes at low Ca
concentrations also supports
this conclusion (Fig.3.5). There is an effect of L-phenylalanine on ATP2+
hydrolysis m basolateral and m brush border membranes at high Ca
con
centrations, which can be interpreted as an inhibition of alkaline phos
phatase activity.
2+
3.4.4. Characterization_of high-affinity Ca _3ATPase_activit^_in basolateral
membranes
The high-affinity Ca

2+
-ATPase activity in basolateral membranes has been

characterized by studying the effects of several inhibitors (Table 3.5).
A contribution of mitochondrial contamination to the observed ATP hydrolysis
is unlikely, since oligomycin and Na-azide have no significant effects (P >
0.2) at concentrations which strongly inhibit mitochondrial ATPase activity.
+
2+
Ethacrynic acid, which inhibits a Na , Ca -dependent phosphatase in the rat
basolateral membrane (Birge and Gilbert, 1974)»does not significantly affect
2+
its high-affinity Ca -ATPase activity (Ρ > 0.2). Possible involvement of
+ +
2+
(Na +K )-ATPase in the reported Ca -ATPase activity can be ruled out by the
39
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The data are replotted from Fig.3.1. The dashed line with basolateral fragments depicts the activity obtained after subtracting the specific Ca 2 + ATPase activity (for further details see text).

40

absence of an effect of ouabain (Ρ > 0.7).
Additional support for the presence of a high-affinity Ca

2+
-ATPase, in

addition to alkaline phosphatase, in the basolateral membrane of rat duodenum
2+
is provided by Fig.3.6. In this figure the data of total Ca -induced ATP
hydrolysis in both membranes, presented in Fig.3.1, are rcplotted against log
2+
[Ca ] . In brush border membranes the curve has three distinct slopes which
2+
may reflect different affinity sites for Ca . The same plot for basolateral
membranes differs from that of brush border fragments. However, in baso2+
lateral membranes the ATPase activity at 1 μΜ represents a specific Ca ATPase. When this activity, approx 35% of the maximally stimulated activity,
2+
is subtracted from the total activity at 0.2 mM Ca
and when the residual
activity is replotted (dashed line), a curve is obtained which is strikingly
similar to that for brush border fragments. This suggests that the alkaline
phosphatases in brush border and basolateral membranes are very similar to
one another, in agreement with a recent report by Hanna et al. (1979).

3.5. Discussion
This study provides evidence for three important conclusions. Firstly, a
2+
2+
high-affinity Ca

-ATPase, which may be the enzymatic expression of a Ca

-

pump, is exclusively located in the basolateral aspect of the duodenal cell.
Secondly, alkaline phosphatase, present in brush border as well as basolater2+
al membranes of intestinal cells, can be reactivated by Ca
in the concen-7
-4
tration range from 10
to 10 M, in the presence of 5 mM Mg and at pH 7.4.
2+
Thirdly, a clear differentiation between the Ca -ATPase and alkaline phos
phatase activities is possible by the use of different inhibitors and sub
strates.
The first conclusion is physiologically important, but the second is rather
surprising. The interaction of alkaline phosphatase with divalent cations is
complex in nature (Fernley, 1971). On treatment with EDTA, alkaline phos2+
phatase loses its activity due to chelation of Zn
(Harkness, 1968; Hiwada
2+
2+
and Wachsmuth, 1974). In solutions with Mg
and Zn
100% reactivation occurs (Hiwada and Wachsmuth, 1974). Some activation has been reported with Co
2+
2+
2+
Ca , Μη
and Ni
(Harkness, 1968; Hiwada and Wachsmuth, 1974). The plasma
membranes of rat duodenum are isolated in the presence of 0.5 mM EDTA, which
means that some inactivation of alkaline phosphatase must have taken place.
Therefore, reactivation with divalent cations can be anticipated. Moreover,
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2+

,

alkaline phosphatase is known to be able to hydrolyse organic mono-, di- and
triphosphate esters, including ATP (Eaton and Moss, 1967). A novel finding
2+
is that Ca
concentrations as low as 1 μΜ partly reactivate alkaline phos
phatase in the presence of 5 mM Mg. This is concluded from the following ob2+
servations: ATP hydrolysis by brush border fragments induced by 1 yM Ca
is
inhibited by L-phenylalanine and theophylline, shows no specificity with res
pect to ATP, ADP or AMP and is not sensitive to chlorpromazine. The fact that
2+
.
2+
1 μΜ Zn
stimulates ATP hydrolysis more than does 1 μΜ Ca
supports the
2+
conclusion that we are dealing with alkaline phosphatase reactivation. Zn
at 0.2 mM fully reactivates the enzyme, which is in agreement with earlier
studies on the reactivation of alkaline phosphatase (Harkness, 1968; Hiwada
and Wachsmuth, 1974). In a recent study by Hanna et al. (1979) of rat small
intestine, the ratio for the distribution of alkaline phosphatase in brush
2+
border compared to basolateral membranes was 10:1. In our study, the Ca induced ATP hydrolysis in brush border membranes amounts to 18.1 +_ 1.4 (n=9)
2+
\imol P./h per mg protein. In basolateral membranes the maximal Ca -induced
ATP hydrolysis is 3.3 +_ 0.2 (n=14) ymol P./h per mg protein. After subtract.
.
.
2Ϊ
.
.
m g the activity of the high-affinity Ca -ATPase, the residual activity in
the basolateral membrane becomes 2.0 μιηοΐ P./h per mg protein. This gives us
1
2+
a ratio of about 9:1 for the Ca -induced ATP hydrolysis in brush border com
pared to basolateral membranes, supporting the conclusion that the ATP hydro2+
lysis stimulated by 0.2 mM Ca
is due to the activation of alkaline phos
phatase.
In our study the substrate specificity of alkaline phosphatase varies with
2+
the concentration of the divalent cations. At low Ca
concentrations, adeno
lene
2+
sine phosphates are hydrolyzed but not p-nitrophenylphosphate. At high Ca
2+
concentrations all substrates are hydrolyzed. At high Zn
concentrations,
p-nitrophenylphosphate is a far better substrate than ATP. An explanation for
this change in substrate specificity is not clear but it may be sought in the
2+
fact that there are two different binding sites for Zn , one involved in
substrate hydrolysis and the other in an ordered association of the monomers
(Hiwada and Wachsmuth, 1974). It falls outside the scope of this study to
examine in detail the reactivation and substrate specificity of alkaline
phosphatase in rat intestine. However, the point we make is that intestinal
alkaline phosphatase can be activated under conditions which are typical for
2+
the stimulation of Ca -ATPases in muscle and red cell membranes: namely at
2+
low Ca
concentrations in the presence of 5 mM Mg at pH 7.4. A clear dis
tinction between the two events is possible by using the inhibitors theophyl-
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line and chlorpromazine.
Several earlier attempts have been made to dissociate Ca

2+
-ATPase from

alkaline phosphatase activities in isolated brush border membranes as well
as in whole homogenates of intestine (Haussler, 1970; Oku and Wasserman,
1978; Lane and Lawson, 1979; Skillen and Rahbani-Nobar, 1979). The major
2+
2+
flaw in these studies is that Ca

-ATPase activities are determined at Ca

concentrations between 1.0 and АО mM at pH values of 8-10, hence, under con
ditions which are optimal for alkaline phosphatase. Our study is the first
2+
to report that high-affinity Ca -ATPase and alkaline phosphatase are two
distinct enzymes in the plasma membranes of rat duodenum. The high-affinity
2+
2+
Ca -ATPase in basolateral plasma
membranes has а К value for Ca
activation
r
m
of approximately 0.5 μΜ (Fig.3.1 and Table 3.2), comparable to the value re2+
ported for erythrocyte Ca -ATPase (Schatzmann, 1975; Sarkadi, 1980). The
2+
specific activity is similar to that of red cell Ca -ATPase activity (Schatz
mann, 1975; Sarkadi, 1980). The calmodulin-antagonist chlorpromazine is a
2+
fairly active inhibitor of Ca -ATPase in red blood cells (Schatzmann, 1975).
2+
The Ca -ATPase activity in basolateral membranes is completely inhibited at
-4
10 M chlorpromazine, which indicates involvement of calmodulin in basolateral
2+
2+
Ca -ATPase activity (see, however, section 4.4.4). In erythrocytes, Ca 2+
2+
2+
2+
ATPase can be partially stimulated by Mn , Ca , Zn
and Ni
(Schatzmann,
2+
1975). Apparently in basolateral membranes of rat duodenum Zn
fully replaces
2+
2+
2+
Ca , since activities at 1 uM Zn
or Ca
are identical in the presence of
theophylline (Fig.3.4 and Table 3.4). However, it is likely that the ATPase
2+
2+
activity stimulated by 1 yM Zn
is an overestimation, since Zn
reactivates
2+
alkaline phosphatase better than Ca
does and theophylline inhibits only up
to 75% of the total alkaline phosphatase activity (see also Chapter 4 ) .
2+
The identity of the observed high-affinity Ca -ATPase with a basolateral
Na , Ca

-stimulated phosphatase activity reported by Birge and Gilbert (1974)

is rather unlikely for three reasons. Firstly, in contrast to the phosphatase
2+
activity, no effect of ethacrynic acid on the Ca -ATPase activity is ob2+
served. Secondly, we find no change in Ca -ATPase activity by replacing 100
2+
піМ NaCl with 100 mM KCl plus ouabain, whereas a clear stimulation of Ca phosphatase activity by Na

has been reported. Thirdly, the observed Ca
+
2+
concentration optimum of the Na ,Ca -phosphatase was about 40 pM, while we
2+
find a value of 1-2 yM for the high-affinity Ca -ATPase in our study (see

Fig.3.6). These findings lead us to the conclusion that most, if not all, of
+
2+
the Na ,Ca -phosphatase activity reported by Birge and Gilbert (1974) must
be due to alkaline phosphatase.
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In conclusion, the studies described in this chapter show the presence of
2+
a high-affinity Ca -ATPase in duodenal basolateral membranes, which may
2+
function as a Ca -pump. However, more information about the mechanism of
2+
the ATPase-reaction and a correlation with ATP dependent Ca
transport is
needed to establish such a role, and these studies will be described in Chapters 4 and 5.

/./.

C H A P T E R

4

2+

PHOSPHORYLATED INTERMEDIATES OF Ca -ATPase AND ALKALINE PHOSPHATASE IN
PLASMA MEMBRANES FROM RAT DUODENAL EPITHELIUM:

CHARACTERIZATION AND COM

2+

PARISON WITH Ca -ATPase ACTIVITY

4.1. Summary
Leaky brush border and basolateral membranes of rat duodenal epithelium
32
2+
have been phosphorylated in the presence of [γ- Ρ]ATP and 1 μΜ free Ca
32
Analysis of
P-labeled membrane-proteins in the basolateral membrane prepa
ration on SDS-polyacrylamide gels reveals the presence of three phosphoproteins with molecular weights of 64,000 (I), 84,000 (II) and 115,000 (III)
daltons. Both proteins I and II have been identified as phospho-intermediate
forms of alkaline phosphatase, while protein III appears to be the phos2+
phorylated intermediate of the high-affinity Ca -ATPase activity described
in Chapter 3. In brush border membranes only phosphorylation of proteins I
and II has been observed, which supports our finding, described in Chapter
2+
3, that Ca -ATPase is exclusively located in the basolateral membrane of
duodenal epithelium.

4.2. Introduction
Kinetic analysis of Ca

2+
-induced ATP hydrolysis in plasma membranes from

rat duodenum has demonstrated the presence of both high- and low-affinity
2+ .
sites for Ca
in the brush border and the basolateral membrane of duodenal
epithelial cells (section 3.4.1). A detailed examination of the substrate
specificity of the ATPase and the effect of inhibitors on the enzyme activ. . .
.
2+
ity has led us to the conclusion that a specific high-affinity Ca -ATPase
(К ^ 0.5 uM) is exclusively located in the basolateral membrane. In contrast,
m
the low-affinity site of the ATPase (К ^ 50 μΜ) in this membrane, as well
m
2+
as the Ca

-ATPase m

the brush border appear to be related to activation of

alkaline phosphatase, an ecto-enzyme unequally distributed among both plasma
membranes (Hanna et al., 1979; Colbeau and Maroux, 1978). Apparently, the
2+
2+
susceptibility of alkaline phosphatase to Ca
results from depletion of Zn
from the active center due to EDTA used during membrane isolation and to
2+
.
2+
EGTA used as a Ca -buffer in the Ca -ATPase assay.
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2+
In view of the close homology between duodenal Ca

2+

-ATPase and the Ca

-

pump in red blood cells and muscle (Tada et al., 1978; Sarkadi, 1980), we
may assume that the catalytic part of the enzyme (E) will form a hydroxylamine-sensitive phospho-acyl bond with the terminal phosphate of ATP as
part of the general reaction scheme:

ADP

P.
ι

(see Rega and Garrahan, 1975; Garrahan and Rega, 1978; Schatzmann and Bürgin,
1978).
2+
.
32
Ca -dependent membrane phosphorylation by [yP]ATP has been used as a
2+
.
.
.
tool to analyze the mechanism of the Ca

-ATPase reaction and to visualize

the enzyme on SDS-acrylamide gels (Knauf et al., 1974; Rega and Garrahan,
1975). Applying this method to intestinal plasma membranes provides us with
2+
2+
2+
criteria to distinguish between a specific Ca -ATPase and other Ca + Mg dependent ATP hydrolyzing reactions such as: alkaline phosphatase (see Chap2+
.
ter 3 ) , a Ca -calmodulin dependent protein kinase acting in concert with a
protein phosphatase (Schulman and Greengard, 1978) and an actin-myosin
ATPase (Weber and Winicar, 1961). The third possibility is suggested by the
association of actin and myosin with basolateral membranes of small intestinal epithelium (van Os et al., 1980).
In this chapter we report phosphorylation studies on basolateral and
2+
-ATPase and alkaline

brush border membranes to further characterize the Ca
phosphatase activities described in Chapter 3.

4.3. Methods and Materials
Membrane preparation. Plasma membranes are isolated in the presence of EDTA,
which yields leaky membrane fragments. This guarantees a better access to
cation and phosphate binding sites on both the cis and trans side of the
membrane (Mircheff, 1976). The phosphorylation experiments are carried out
on the day of isolation by using rapid isolation procedures for brush border
and basolateral membranes (section 2.2.5). In some experiments crude basolateral membranes are further purified by zonal electrophoresis on a density
gradient to remove residual contamination of smooth endoplasmic reticulum
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(section 2.2.6). Calmodulin is purified from bovine brain following the
procedure of Dedman et al. (1977). The protein (mol wt 17,000) appears to
be electrophoretically pure and is highly active as a phosphodiesterase ac
tivator when tested by the procedure of Davis and Daley (1978).
2+
2+
Ca -ATPase assay. Ca -ATPase activities are assayed in a standard medium
containing 100 mM KCl or NaCl, 5 mM MgCl-, 3 mM Na 9 ATP, 1 mg/ml ouabain, 50
2+
mM Tris-maleate (pH 7.A), with and without 1 μΜ free Ca , buffered as des
cribed in section 3.3, at 25 С Protein and (Na +K )ATPase were assayed as
described in section 2.2.1.
Phosphorylation and electrophoresis of membrane proteins. Phosphorylation
experiments are carried out within 12 h after starting the isolation proce
dure. The membranes (150 to 300 pg protein) are incubated on ice for 30 s
in a total fоlume of 0.06 ml containing 40 mM histidine-imidazole buffer
(pH 7.3), 5 mM KCl, 0.24 mM EGTA, 20 uM [γ- 32 Ρ]ΑΤΡ (specific activity: 4-10
Ci/mmol) and varying concentrations of MgCl« and CaCl . Calculations of free
2+
¿ 2
Ca
concentrations are corrected for temperature according to Scharff (1979).
2+
Free Zn
concentrations are buffered with EGTA assuming a 1:1 binding ratio
of total Zn

+

to total EGTA (section 3.3). Phosphorylation of (Na +K )ATPase
32
is achieved by replacing KCl with 50 mM NaCl. In some experiments [γ- P]ATP
32

is substituted by

P-labeled inorganic phosphate of the same specific ac

tivity. After incubation, membrane protein is precipitated with 0.2 ml icecold 3 M perchloric acid containing 2.5 mM ATP and 5 mM Na.HPO,. The pre
cipitates are solubilized at room temperature in 0.08 ml of a solution con
taining 0.25 M sucrose, 20 mil NalUPO
SDS. After storage at -20

(pH 2.4),50 mM dithiothreitol and 2%

С for 1-2 days, the solubilized proteins are

loaded on slab gels of 7% acrylamide prepared according to Fairbanks and
Avruch (1972). Storage for a longer period causes dephosphorylation. Elec
trophoresis is carried out at 15 mA for 4-5 h. Gel strips are cut into 54
slices, mixed with an Instagel (Packard) and counted after 24 h. Molecular
weights of proteins on the gels are calibrated as described by Weber and
32
Osborn (1969). In some experiments,
P-labeled intermediates of bovine in
testinal alkaline phosphatase (64,000 daltons, Boehringer, Mannheim) and of
rat heart sarcolemmal membranes are used as markers. Sarcolemmal membranes
are isolated as reported by Lamers and Stinis (1981). In these membranes
Ca

-ATPase is the major
P-labeled protein after incubation at 0 С in the
2+
32
presence of 1 μΜ Ca
and [у- P]ATP (De Jonge, H.R., unpublished data). In
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some experiments, precipitated membrane proteins are separated at alkaline
pH according to Laemmli (1970) on 7.5% acrylamide gels with a 3% acrylamide
stacking gel. For methods of gel staining, drying and autoradiography we
32
refer to Ueda et al. (1973). Hydroxylamine treatment of

P-labeled mem

branes is performed according to Rega and Garrahan (1975). After precipi
tation of the phosphorylated membranes, part of the membrane protein is sus
pended in a medium containing 150 mM hydroxylamine-HCl titrated to pH 6 with
Trizma base and 150 mM Na-acetate titrated to pH 6 with acetic acid. In the
control experiments 150 mMTris-HCl (pH 6) replaces hydroxylamine. The in
cubation is carried out at 37

С for 15 min.

32
Materials, [γ-

32

P]ATP (2 000 Ci/mmol) and carrier-free

P-labeled ortho-

phosphate was obtained from the Radiochemical Centre, Amersham. Chlorpromazine and trifluoperazine were gifts from Smith, Kline and French laborato
ries (Philadelphia). All other reagents were analytical grade.

4.4. Results
In analogy with other tissues (Tada et al., 1978; Sarkadi, 1980) the phos2+
pho-intermediate of Ca -ATPase m duodenal plasma membranes should display
an acylphosphate character i.e. high sensitivity to alkaline pH and to hy
droxylamine. In contrast, hydroxylamine-insensitive phosphoester bonds, pre
dominantly phosphoserine, have been reported for active site labeling of
alkaline phosphatase and protein kinase catalyzed phosphorylations (Lazdunski
et al., 1971; Rubin and Rosen, 1975). Therefore, visualization of ATPase
phospho-intermediates on acrylamide gels is critically dependent on a low
pH during electrophoresis as in the Fairbanks procedure (1972) whereas the
other phosphoproteins can be detected at alkaline pH on Laemmli gels (1970).

4.4.1. Phosphorylation in_basolateral_membranes
32
The pattern of

Ρ incorporation into proteins from duodenal basal later

al membranes is shown in Fig.4.1. The conditions chosen ensure optimal
steady-state levels of phosphorylation of the phosphoproteins. Apart from
the radio-activity at the gel front, three distinct peaks are detected mi
grating with molecular weights of approximately 64,000 (I), 84,000 (II) and
115,000 (III), respectively. The following observations lead us to identify
protein

bands I and II as phospho-intermediates of alkaline phosphatase.
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BASAL-LATERAL MEMBRANES
32
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slice number
Figure A.1

32
P-¿abeZ¿ng pattern о ¡J phoAphoptioteÂni ¿η bcuoZateJuiZ mmbtianzi, о^ ллі
άαοάζηαΖ <¿p¿th<¿JU.im.
Membrane proteins (75 yg) labeled for 30 s at О С in the presence of 20 yM
[у_32р]дтр (i^oOO dpm/pmol) are separated on acrylamide gels, followed by
gel slicing and counting as described in section 4.3. · — · , labeling in the
absence of C a 2 + , о — о , labeling in the presence of 1 yM C a 2 + .
A and B: labeling in the presence of 1 mM Mg; С and D: labeling in the ab
sence of Mg. A en С: no 3-glycerophosphate added; В and D: 5 шМ ß-glycerophosphate added. The reproducibility of this pattern has been shown in four
separate experiments. The molecular weights of bands I-III were calibrated
as described in section A.3, using calf intestinal alkaline phosphatase
(M 64,000), phosphorylase-a (M,. 94,000), endogenous 32P-labeled (Na^'+K4")ATÊase (Mr 100,000) and the heavy chain of myosin (Mr 200,000) as standards.
32P-labeled Ca 2+ -ATPase in sarcolemmal membranes of rat heart co-migrated
exactly with band III.
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Table 4.1
2+

2+

Edicts of, Ca , In
and alkatim phoòphataòz ¿nkibiZofu, on thz phoiphonylation ofa band I, II and III in ba&olatzAOLZ. mz.mbn.amA (¡нот daodtnim.
Values are given as percentages of the phosphorylation under standard phosphorylating conditions (with 1 mM MgCl2 and 1 μΜ Ca*-*) + SEM with the number
of experiments in parentheses.
Phosphorylating conditions

32
32
P-incorporation from [γ- P]ATP
band I
band II
64,000
84,000

2+
1 mM Mg

82.0+ 8.1(4)

2+
1 mM Mg

2+
1 μΜ Ca (control)

2+
1 mM Mg

0.2 mM Ca

2+
1 mM Mg

10 μΜ Zn

2+
1 mM Mg

0.2 mM Zn

2+
1 mM Mg

2+
2+

100

92.6+12.5(4)
100

(%)
band III
115,000
20.2+ 4.2(4)
100

51.6+10.7(5)

67.6+11.1(5)

107.6+10.9(5)

118.9+ 9.8(3)

140.7+ 9.3(3)

18.5+ 6.7(3)

216.4+18.0(3)

272.2+25.0(3)

25.2+ 5.0(3)

10.7+ 5.7(4)

10.2+ 5.6(4)

84.0+11.7(4)

137.2+17.5(3)

105.1+ 8.0(3)

2+
1 μΜ Ca ,
5 mM 3-GP a

2+

2+
1 μΜ Ca
2.5 mM theophylline

I τφ. Mg

N.D. b

ß-GP = ß-glycerophosphate
N.D., not determined

Firstly, protein I co-migrates with purified alkaline phosphatase from calf
intestine (Boehringer); secondly, bands I and II disappear almost completely
upon addition of 5 mM ^-glycerophosphate to the phosphorylation medium (Fig.
4.IB and D; Table 4.1). In view of the broad range of substrates for alkaline
phosphatase, competitive inhibition of ATP hydrolysis can be anticipated by
an excess of phosphate esters.
Additional support for the identity of band I and II with alkaline phosphatase is given by the absence of an effect of hydroxylamine treatment on
the phosphorylation of these proteins, when compared to treatment with a
32
Na-acetate solution (Fig.4.2). The 30% decrease in
Ρ incorporation after
treatment with Na-acetate either with or without hydroxylamine is probably
due to non-specific hydrolysis of the phosphate bond during incubation at
37

С (see section 4.3).
The phosphorylation of band III, appearing as a shoulder on peak II in
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32

P incorporation from [ γ - 3 2 Ρ ] ATP
(% of control )
ШШ control
\ \ sodium acetate
125n
І Ш І hydroxylamine
100

75-

50-

25-

band I

II
Figure

III

4.2

Efja^-C-i oá kydbtoxyíamim on phoi,phon.yiate.d lntWnvi(Liatu
ттЬнлпем.

in ba&olatvwJi

2+
2+
After phosphorylation in the presence of 1 μΜ Ca
and 1 iriM Mg
(see Fig.
4.1) membrane protein is incubated with hydroxylamine or sodium acetate as
described in section 4.3. Values are expressed as percentages of control
+ SEM for 4 experiments.

Fig.4.1 A and C, is strongly inhibited by hydroxylamine (Fig.4.2). This
indicates that this phosphoprotein is an ATPase-intermediate (see above).
32
32
2+
.
Ρ incorporation from [γ- P]ATP is strongly Ca -dependent, both in the
2+
presence (Fig.4.1 A and B) and absence of Mg
(Fig.4.1 С and D ) . Optimal
2+
stimulation is observed at 1 μΜ Ca
(see Table 4.1). Moreover, labeling of
band III is not sensitive to incubation with 5 mM ß-glycerophosphate (Fig.
4.1 В and D, Table 4.1), indicating a specific ATP-site. These observations
2+
suggest identity of phospho-protein III with the Ca -ATPase in basolateral
membranes of duodenum described in Chapter 3.
Control studies further confirm the dissociation between alkaline phos-
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phatase and Ca

2+

-ATPase phosphorylation. Electrophoresis on Laemmli-gels at
32
alkaline pH does not change the
P-incorporation into band I and II, where
as phosphorylation of band III completely disappears (see Fig.A.4 A, lane
2).

In addition, proteins I and II can be labeled to a similar extent with
32 .
32
inorganic
Ρ instead of [γ- Ρ]ATP, while band III shows no phosphorylation
32
with inorganic
P. Binding of inorganic phosphate to the catalytically ac
tive serine group in alkaline phosphatase is a well-known phenomenon (Engstrom, 1961; Lazdunski et al., 1971). Finally, band III comigrates exactly
32
2+
with
P-labeled Ca -ATPase of rat heart sarcolemma.
2+
Comparison of Fig.4.1 В and D clearly indicates that 1 μΜ Ca
in the
2+
presence of 1 raM Mg
gives a 30 to 40% higher activity in band III than 1
2+
2+
μΜ Ca
alone. Such an acceleration of phosphoprotem formation by Mg
has
2+
also been reported for Ca -ATPase of red blood cells (Rega and Garrahan,
1975; Schatzmann and Bürgin, 1978) and may be due to an increased transition
rate of Ε Ρ into E 9 P (see section 4.2).
.
2 + 2 +
Table 4.1 summarizes the effects of Ca , Zn
and alkaline phosphatase
32 .
.
.
inhibitors on
P-incorporation into the three bands observed with basolateral membranes. The stimulation of phospho-intermediate formation of band
2+
.
. .
I and II by Zn
provides additional evidence for the conclusion that band I
and II are monomeric units of alkaline phosphatase. This enzyme is a metallo. .
2+
2+
enzyme requiring Zn
and Mg
for maximal activity (Bosron et al., 1977).
32
Fig.4.1 A and С show that
P-mcorporation into band I and II can be stim2
+
2
+
ulated either by Mg
alone or by Ca
alone. Surprisingly, higher levels of
2+
free Ca
(0.2 mM) lead to inhibition of enzyme labeling, which suggests
2+
stimulation of phospho-ester hydrolysis (Table 4.1). Whereas Zn
stimulates
32
2+
P-incorporation into band I and II, no effects of Zn

on the background

phosphorylation of band III are observed. The alkaline phosphatase inhibitor
theophylline (see section 3.4.3) does not affect the phosphorylation of band
II (P > 0.3), indicating that the inhibition does not take place on the
phosphorylation step (see also Fig.4.4).
4.4.2. Phosghor^lation_in_brush_border_membranes
The results of phosphorylation experiments with purified leaky brush bor
der membranes are given in Fig.4.3 and Fig.4.4. Fig.4.3 shows the pattern
32
of
P-labeling of brush border protein obtained in a way similar to the
pattern in Fig.4.1. Two major peaks of radio-activity are found at positions
identical to bands I and II in Fig.4.1. The same bands can also be visual-
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BRUSH BORDER MEMBRANES
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Figure 4.3

32P-ZabeJUng paXteAn OjJ pho¿phopsio£eÁno In bfiuih bohdfi тетЬлапгл о^ nat
duo' danai. zpitkzLum.
Membrane proteins (60 w g ) , labeled for 30 s at О С in the presence of 1 шМ
MgCl2 and 20 μΜ [γ- 32 Ρ]ΑΤΡ (10,000 dpm/pmol) are separated on acrylamide
gels followed by gel slicing and counting. · — · , labeling in the absence
of C a 2 + ; о — о , labeling in the presence of 1 μΜ Ca + . A: no ß-glycerophosphate added; B: 5 mM ß-glycerophosphate added. For further comments, see
Fig.4.1. Note the difference in scale at the ordinate of Figs.4.ЗА and 4.3B.

ized on autoradiographs of Laemmli gels (Fig.4.4), confirming the stability
32 .
of these phosphoproteins at alkaline pH. The total amount of
P-incorporated into the two bands, expressed per mg of membrane protein, is on the
average 7-fold higher in brush borders than in basolaterals (see Fig.4.4 A,
lane 1 and 2 ) . This is in agreement with an activity ratio of about 10 for
alkaline phosphatase distribution between brush border and basolateral mem
branes (Hanna et al., 1979).
In general, the steady-state labeling levels of band I and II in both
membranes respond similarly to activators and inhibitors. In brush borders,
the formation of phospho-enzyme is also inhibited by excess fî-glycerophos2+
phate (Fig.4.3B; Fig.4.4B, lane 3 ) , whereas Zn
Fig.4.4B, lane 3 and 4 ) ,
2+
theophylline (Fig.4.4B, lane 5) and especially Zn
plus theophylline (Fig.
32
4.4B, lane 6) stimulate
Ρ incorporation. Since theophylline is a potent
inhibitor of alkaline phosphatase (see Table 3.2), the last observation
means that theophylline inhibits hydrolysis rather than formation of the
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32,
KiLtonadloQKCLph o{,
-Іа.ЬоЛга Ькилк ЬоЫел and btuotcutznxtÎ ттЬшпг p>iotzÁ.ni>
ігралсиЫ on an acAylm^di-SOS òtab geZ accofidlng to іаемпЫ [1970].

32
Membranes are labeled with [γ- Ρ]ATP as described in the legend of Fig.4.3.
A; Comparison between brush border membranes (lane 1) and basolateral mem
branes (lane 2) phosphorylated in the presence of 200 μΜ Zn . В: Brush
border membranes. Lane 1: no addition: lane 2: 5 mM g-glycerophosphate;
lane 3: 10 μΜ Z n 2 + ; lane 4: 200 μΜ Zn^ + ; lane 5: 5 mM theophylline; lane 6:
5 mM theophylline, 10 μΜ Z n 2 + ; lane 7: 1 μΜ C a 2 + ; lane 8: 200 μΜ C a 2 + ; lane
9: 0.1 mM chlorpromazine; lane 10: 50 μg calmodulin + 1 μΜ C a 2 + .

phospho-intermediate. Basolateral membranes do not show an effect of theo
phylline on alkaline phosphatase activity (see Table 4.1), which may be due
2+ .
32 .
.
.
to the absence of Zn
m the assay.
Ρ incorporation into brush border
2+
protein is slightly stimulated by 1 μΜ Ca
(8-13%, n=3, Fig.4.4B, lane 7)
2+
and more strongly by 0.2 mM Ca
(30%, n=3, Fig.4.4B, lane 8 ) . This stim2+
ulation at high Ca
levels is not seen with basolateral membranes (Table
4.1). The reason for this difference is unclear in view of the homology be
tween alkaline phosphatase activities in both membranes (Hanna et al., 1979)
Fig,4.4B also demonstrates the insensitivity of alkaline phosphatase to
phenothiazines and calmodulin (lanes 9 and 10), which indicates that the
2+
. . .
.
.
.
.
Ca -sensitivity of this enzyme is not calmodulin mediated.
Despite the fact that we have tried various labeling conditions, we have
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+

+

Table 4.2
?+

2+

[Na +K )ΑΤΡα4£, Ca -АТРалг and Ca -dzpundznt phoòpkoxyùition
duodznaZ Ьало&аЛелаЛ mmbnanu.

In

punl^led

Values are given as means +_ SEM and the number of experiments in parentheses,
The purification factors give the ratio between the values of the crude and
electrophorized basolateral membranes
1

(Na^+K" ") ATPase

Ca^-ATPase
32
specific activity
Ρ incorporation
into band III
(uraol P^/h.mg prot.)
(p mol/mg prot.)

crude basolaterals

21.6+1.7(7)

1.4+0.3(7)

l.l+0.2(4)

purified basolaterals

33.9+2.6(7)

2.1+0.4(7)

1.5_+0.2(3)

purification factor

1.6

1.5

a

1.4

a

.
32
Following separation of
P-labeled membrane proteins, we have measured the
peak area of Ca2+-ATPase, band III, appearing upon stimulation with 1 μΜ
Ca2 + in the presence of 5 mM 3-glycerophosphate (see Fig.4.IB, Table 4.1),
which gives the total amount of phosphate incorporated.

. .
2+
.
.
been unable to show a specific Ca -ATPase intermediate in brush border mem2+
32
branes. It is tempting to conclude that all Ca -stimulated
Ρ incorporation
32
is into alkaline phosphatase. However, a small amount of
Ρ incorporation
into a 115,000-dalton protein may go undetected because of the high level of
alkaline phosphatase intermediates, whose activity is not completely abolish
ed by ^-glycerophosphate (Fig.4.3B and Fig.4.4B, lane 2 ) .

4.4.3. I;2£Slì5eìì2B_2^_Ì2

2+-

2+

^£EeD^SDi_E'12SEborZ''-§ti0D_an^_^2 -ATPase

The basolateral membrane preparation used for the studies described in
this chapter have little contamination by brush border and mitochondria (see
section 2.2.5). However, it is still heavily contaminated by fragments of
smooth endoplasmic reticulum (see section 2.2.6). Therefore, it is of in2+
terest to find out whether Ca -ATPase occurs in both membrane populations
or is exclusively located in one membrane. For this purpose, we have studied
2+
. .
2+
Ca

-ATPase activity and Ca

-dependent phosphorylation of band III m

baso-

lateral membranes purified by means of zonal electrophoresis on a density
gradient (section 2.2.6). The results are compared with those obtained with
the crude basolateral membranes and are presented in Table 4.2. After electrophoresis the basolateral membranes are purified 13- to 20-fold with
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P incorporation t r o m γ- Ρ-ATP
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Ca-dependent ATP
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Figure 4.5

ЕЦг-сХ οζ caZmoduLin and phrnothiazsinza
pho¿,phoM.y¿aJxon [band ΠΙ).

2+
on Ca^-ATPoie cLcJxvÁJiy and on ¿ti

-4
-4
CPZ is chlorpromazine (10 M ) ; TFP is trifluoperazine (10 M ) . Both activ
ities are assayed at 1 gM Ca2 + under the conditions described in section
4.3. Values are given as mean percentages of control +_ SEM for 2-4 exper
iments .

respect to NADPH cytochrome-c reductase (see Table 2.3). The (Na +K )ATPase
activity is enriched by a factor 1.6 compared to that in the crude baso2+
lateral membrane fraction. There is a 1.5-fold increase in Ca -ATPase ac32
tivity and a comparable increase in
Ρ incorporation in band III. The con+ +
2+
comittant increase in (Na +K )ATPase activity, Ca -ATPase activity, and
phospho-intermediate formation upon removal of the smooth endoplasmic re2+
ticulum fragments strongly suggests that Ca -ATPase is exclusively located
in the basolateral plasma membranes of duodenal epithelium.
2+
.
2+
4.4.4. Effects of calmodulin on_Ca _-de£endent 2Îîos£l!2rZ-'-§Î12n_aDÉ_^§ _I
ATPase activity
The role of calmodulin in activating erythrocyte Ca

2+-ATPase has recent-

ly received much attention (Sarkadi, 1980; Rega and Garrahan, 1980; Vincenzi
2+
and Larsen, 1980). We have studied the effect of calmodulin on Ca -depen-
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Table 4.3
2+

SpzcAfacAty 0)$ calmoduLin and phznothlazlne.

e^ecíó on Ca. -ATPase.

Values are given as percentages of the control without calmodulin or phenothiazines. Chlorpromazine and trifluoperazine do not interfere with the phosphorous determination. Alkaline phosphatase activity has been assayed in the
Ca2+-ATPase assay medium (see section 4.3) with 3 mM P-nitrophenylphosphate
instead of ATP (section 3.3). Mg^+-ATPase activity is the background activity in the Ca2+-ATPase assay in the absence of Ca?-*. The data present means
+^ SEM with the number of observations in parentheses.
Addition
Phosphorylation of band II

Calmodulin
(10 ug/ml)

Chlorpromazine
(0.1 mM)

103.4+4.3(3)

92.0+8.0(3)

96.8+0.7(3)

97.0+1.1(3)

N.D, a

101.1+0.7(4)

52.9+1.0(8)

58,.2+5..8(3)

33.2+8.3(3)

78,.3+0,.7(3)

Alkaline phosphatase activity
Mg

-ATPase activity
+

+

(Na +K )ATPase activity

N.D.

a

Trifluoperazine
(0.1 mM)
91.7(2)

N.D. not determined

2+
-ATPase activity (Fig.
2+
4.5). Addition of bovine-brain calmodulin stimulates the Ca -ATPase activ32
ity by 60%, but not the
Ρ incorporation level in band III. The phenothia-

dent phosphorylation of band III and high-affinity Ca

zines chlorpromazine and trifluoperazine, reported to antagonize calmodulin
2+
in erythrocytes (Gietzen et al., 1980), totally inhibit Ca -dependent phos2+
phorylation and Ca -ATPase activity (Fig.4.5). However, recent observations
of Hinds et al. (1981) indicate that the phenothiazine concentrations used
may have been too high to explain their effects solely on the basis of se2+
lective antagonism of calmodulin-induced stimulation of Ca -ATPase. These
authors have suggested that they disrupt the membrane lipid environment and
2+
...
thereby inhibit calmodulin-independent basal Ca -ATPase activities. The
specificity of the calmodulin and phenothiazine effects presented in Fig.
2+
4.5 has been studied by determining the effects on Ca -independent phos
phorylation (band II) and several enzyme activities (Table 4.3). The observ
ed effects of calmodulin seem rather specific, since no significant effects
2+
on alkaline phosphatase and background Mg -ATPase activities are observed.
However, whereas the phenothiazines hardly affect the alkaline phosphatase
2+
+ +
activities, they strongly inhibit the Mg

-ATPase and (Na +K )ATPase activ

ities. These latter observations suggest that the observed effects of these
2+
drugs on the Ca -ATPase, shown in Fig.4.5, are at least partially due to
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non-specific interactions when added in this concentration. Similar effects
of chlorpromazine on Mg

-ATPase and (Na -+K )ATPase have been reported for

rat liver membranes (Keeffe et al., 1980),

4.5. Discussion
In this study we have demonstrated phospho-intermediates of Ca

2+
-ATPase

and alkaline phosphatase on acrylamide gels of basolateral plasmamembranes
of duodenal cells. The results clearly indicate that both enzymes are sep
arate entities, which fully supports the studies reported in Chapter 3, in
which the same conclusion is reached on the basis of substrate specificities
and the effects of inhibitors on the two enzymes.
Our approach enables us to characterize some chemical properties of the
phospho-intermediates, which form the basis for the distinction between the
2+
two enzymes. Whereas phospho-enzyme formation of Ca -ATPase m membranes
of red blood cells (Sarkadi, 1980) and muscle (Tada et al., 1978) is usual
ly quantified by centrifugation or millipore filtration, this was not pos32
sible for duodenal membranes due to the high background of
Ρ label in
corporated into alkaline phosphatase. Although we have not carried out a
thorough kinetic analysis of the phospho-enzyme formation, our results are
32
2+
m agreement with
Ρ labeling studies of Ca -ATPase in other tissues (cf
Lichtner and Wolf, 1980 , 1980a). The phospho-enzyme formation of intestinal
2+
2+
Ca -ATPase is almost completely Ca -dependent, even in the presence of 1
2+
2+
2+
піМ Mg , and the Ca
sensitivity is already optimal at 1 μΜ free Ca
Upon removal of contaminating endoplasmic reticulum fragments by preparative
2+
. .
32
.
electrophoresis, Ca -ATPase activity and the
P-labeled intermediate co+ +
2+
purifies with (Na +K )ATPase, which indicates that Ca -ATPase is present
only in basolateral plasma membranes.
2+
An important observation is that Ca -ATPase of duodenal basolaterals,
2+
co-migrates on SDS gels with the Ca -ATPase activity of rat heart sarcoletnma. This suggests that the apparent molecular weights of the two enzymes
are identical. We find an apparent molecular weight value of 115,000 120,000. Recently, the Ca

-ATPases from erythrocyte

membranes and

heart

sarcolemma have been purified by calmodulin affinity chromatography (Niggli
et al., 1981; Carafoli, 1981). The molecular weights of the two purified
2+
.
. . . .
Ca -ATPases are equal in view of the similar electrophoretic mobilities
and amount to 138,000 (Carafoli, 1981). Hence, it is likely that our molec-

58

ular weight value is an underestimate due to poor resolution obtained in
gels at acidic pH.
Unexpectedly, no other hydroxylamine-sensitive phospho-intermediates of
2+
+ +
an ATPase reaction, other than Ca -ATPase and (Na +K )ATPase, can be de2+
tected in duodenal membranes, in spite of the high background of Mg -ATPase
2+
activity measured in ATPase assays (see section 3.5). Although the Mg
ATPase background may be composed of a variety of ATP hydrolyzing enzymes,
none of these ATPases seems capable of phospho-intermediate formation in
2+
sufficient amounts to be detected. This property of Mg -ATPase activity is
shared with the mitochondria F -ATPase (Racker, 1977). Moreover, the con32
tnbution of slower reactions to the
P-labeling pattern, such as protein
kinase catalyzed phosphorylation, is also negligible (De Jonge et al., 1976).
2+
The observed stimulation of high-affinity Ca -ATPase activity by cal
modulin seems rather specific. The absence of an effect of this activator
2+
. .
protein on the phospho-intermediate of Ca -ATPase is in agreement with
recent observations on erythrocyte membranes, where calmodulin stimulates
2+
Ca -ATPase activity by 280%, but phospho-enzyme formation шах by 60% (Rega
and Garrahan, 1980; Luthra et al., 1980; Muallem and Karlish, 1981; Jeffrey
et al., 1981). These studies suggest that calmodulin has an effect on the
2+
.
2+
turnover-rate of the Ca

-pump. The minor effect of calmodulin on the Ca

-

ATPase activity in our basolateral membrane preparation may be due to the
high calmodulin content in the membranes (see section 4.4.4). The effects
of chlorpromazine and trifluoperazine appear rather non-specific, consider
ing the applied concentrations (Table 4.3). However, we have made no further
attempts to study the concentration-dependence of these drug-effects, since
2+
. . .
calmodulin has a rather small effect on the Ca -ATPase activity in duodenal
membranes.
2+
The high Zn -sensitivity of band I and II phosphorylation (Table 4.1 and
Fig.4.4) is in accordance with the stimulation of non-specific ATP hydro2+
lysis by Zn
(section 3.4.3). This stimulation reflects a reactivation of
2+
the Zn -depleted alkaline phosphatase in the EDTA-treated membrane prep2+
aration (section 3.5). The absence of an effect of Zn
on the basolateral
2+
.
.
.
Ca -ATPase phospho-intermediate formation appears to contradict the obser2+
2+
2+
vation that Zn
can fully replace Ca
in activating the high-affinity Ca ATPase in the presence of theophylline (see section 3.4.3). Obviously, theo2+ .
phylline does not totally inhibit Zn -induced ATP hydrolysis by alkaline
phosphatase.
In plasma membranes of rat duodenal epithelium phospho-intermediates of
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alkaline phosphatase can easily be demonstrated. The native form of rat
intestinal alkaline phosphatase is a dimer of nearly identical subunits
existing in different subforms, running in a molecular weight range between
124,000 and 150,000 on SDS-acrylaraide gels (Malik and Butterworth, 1976;
Hanna et al., 1979). After treatment with reducing agents the enzyme is
separated into monomers (Hanna et al., 1979) with slightly different molec
ular weights (Malik and Butterworth, 1976). We usually find 60 to 75% (n=8)
32
of alkaline phosphatase, covalently labeled in the presence of [γ- P]ATP,
at a 84,000-dalton position on Laemmli gels, whereas the residual part comigrates with a commercial preparation of bovine intestine (molecular weight
64,000). In a few preparations, however, this ratio changes in favour of the
lower molecular weight form. The width of both alkaline phosphatase bands
most probably results from a microheterogeneitv of the enzyme related to its
high carbohydrate content (Saini and Done, 1970; Malik and Butterworth, 1976).
2+
Our attempts to discover a phospho-intermediate form of Ca -ATPase in
purified brush borders have failed. This observation supports the conclusion
2+
from the studies described in Chapter 3 that Ca -ATPase is exclusively lo
cated on the basolateral side of duodenal cells.
2+
Finally, considering the possible importance of Ca -ATPase in the active
2+
transport of Ca
across the duodenum, it is interesting to calculate the
turnover number from the phosphorylation data and specific activities given
. .
2+
in Table 4.2. In Table 4.4 turnover numbers of high-affinity Ca -ATPase
obtained from our studies are compared with values calculated for erythro2+
+ +
cyte Ca -ATPase and basolateral (Na +K )ATPase. The turnover numbers for
2+
..
duodenal and erythrocyte Ca -ATPase are remarkable similar, about three
times higher than the (Na +K )ATPase turnover number. Notwithstanding the
2+
close agreement between the turnover numbers calculated for both Ca -ATPases,
the values may be somewhat overestimated. Recent studies of Scharff (1981)
have revealed a turnover number of about 6000 ATP/min for human erythrocyte
2+
Ca -ATPase, based on a total enzyme concentration of 10 pmol per mg prot,
determined by kinetic analysis of the calmodulin activation of the enzyme.
In control studies we have estimated the phosphorylation of (Na +K ) ATPase in duodenal basolateral membranes by replacing KCl with 50 mM NaCl.
A clear, phosphorylated band appears at the 100,000 dalton position on the
32
Polyacrylamide gel. The amount of
Ρ incorporated in this band reflects a
labeling-efficiency similar to that recently reported by Harms and Wright
32
2+
(1980). The amount of
Ρ bound to duodenal Ca -ATPase is only 6% of the
amount incorporated into (Na +K )ATPase. Harms and Wright (1980) have cal-
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Table 4.4
¿+

Сотралллоп о^ іилпо

ел пит^&лл o¿ duodznal

АТРаіе and елуіклосуіг

+

+

-ATPitòe, Ьаоо£ліелд£ (Ma +К )

Ca

Ca2 -ATPase.
Turnover number
(ATP/min)

crude basolateral membranes

21,000

purified basolateral membranes

23,000
8,300 c

basolateral (Na +K )ATPase

22,000 d

erythrocytes

2

The turnover number represents the nr. of ATP molecules hydrolyzed per
molecule of enzyme per min and is calculated from the specific activities
of enzymatic hydrolysis and 32p incorporation levels, assuming that -"P
incorporation reflects the enzyme concentration.
Calculated from the values given in Table 4.2.

C

From Harms and Wright (1980).
Calculated from Ca -ATPase activities between 1.5-2.0 ymol Pj^/h per mg
prot.(Sarkadi, 1980) and 32p incorporation levels of 1.2-1.5 pmol/mg prot.
(Rega and Garrahan, 1975; Jeffrey et al., 1981).

culated from phosphorylation of (Na +K )ATPase that there are about 150,000
+
.
.
2+
Na pump sites per intestinal cell. Since the amount of Ca -ATPase and its
maximum phosphorylation is about 15-times less than the values for (Na +K. ) 2+
ATPase, this would mean that there are about 10,000 Ca -pump sites per duo
denal cell. From this number of pump sites per cell, the turnover number of
20,000 mol ATP per min (Table 4.4) and assuming a transport rate of one cal
cium ion per cycle of the pump (Larsen et al., 1978), we calculate that
о
2.10 calcium ions can be transported out of each duodenal cell per min.
8
2
Since there are about 10 epithelial cells per cm small intestine (Harms
2+
and Wright, 1980), the maximal rate of Ca
transport across the duodenum
2+
-1
-2
based on the Ca -ATPase activity amounts to about 2 μ-equiv.h .cm . The
2+
observed rate of Ca
transport across short-circuited duodenum is 0.1 μ-1
-2
2+
equiv.h .cm
(Walling, 1977). These calculations suggest that the Ca ATPase activity in rat duodenum is more than adequate to account for active
2+
Ca
absorption.
2+
In summary, the duodenal Ca -ATPase shares many properties with the ery2+
.
2+
throcyte Ca

-pump, viz. high "Cfinity for Ca

, presence of a phospho-inter

mediate sensitive to hydroxyiamine and alkaline pH, a similar turnover num-
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ber and stimulation by calmodulin. This strongly suggests a role of the
2+
2+
duodenal Ca -ATPase in transepithelial Ca
transport. More direct evidence
for such a function will be supplied in the next chapter, where studies on
2+
ATP-dependent Ca
transport in inside-i iut oriented vesicles of basolateral
plasma membranes are described.
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C H A P T E R

5

ATP-DEPENDENT CALCIUM TRANSPORT AND ITS CORRELATION WITH Ca 2+ -ATPase
ACTIVITY IN BASOLATERAL PLASMA MEMBRANES OF RAT SMALL INTESTINAL
EPITHELIUM

5.1. Summary
Isolated basolateral membrane vesicles from rat small intestinal epithe2+
2+
lium exhibit ATP-dependent Ca -accumulation and Ca -ATPase activity.
2+
2+
Kinetic analysis of both ATP-dependent Ca uptake and Ca -ATPase reveals
2+
the same affinityJ for Ca , i.e. 0.2 uM, but different V
values. This
'
max
difference can be partly explained by the fact that only 30% of the total
2+
2+
vesicle population is involved in Ca
transport. ATP-dependent Ca
uptake
is highest in the duodenum and decreases sharply towards the ileum. Cal2+
modulin and phenothiazines do not effect Ca -accumulation in freshly prepared membranes, but small effects are inducible after treatment of the
vesicles with EGTA. Studies with oxalate and the digitonin sensitivity of
2+
.
. .
2+
the Ca -accumulation indicate that the ATP-dependent Ca -pumping system
is located in the basolateral plasma membranes of duodenal cells.

5.2. Introduction
Our present knowledge of the calcium transport mechanism in epithelial
cells is rather limited when compared with the vast literature on calcium
transport in nerve, muscle and erythrocytes (cf Carafoli and Crompton, 1978).
2+
In view of the importance of intestinal Ca
absorption for whole body calcium homeostasis it is of interest to understand in detail the mechanism of
2+
Ca
absorption and its regulation by the secosteroid hormone 1,25-dihydroxy
vitamin D_ (see sections 1.1 and 1.2). Rat duodenum and chicken small intestine have been useful models to study the effects of I,25(OH).D_ on Ca

2+

absorption (see section 1.4.3), but studies with isolated plasma membrane
2+
preparations are needed to gain more insight into the mechanism of Ca
absorption. In such studies it will be necessary to distinguish between brush
border and basolateral membranes. Whereas sealed brush border vesicles are
widely used, basolateral membrane vesicles are more difficult to obtain
(see section 2.2).
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In the studies described in Chapters 3 and 4 we have demonstrated the
. .
2+
presence of a specific high-affinity Ca -ATPase activity distinct from
alkaline phosphatase in the basolateral plasma membrane of rat duodenum.
2+
2+
This Ca -ATPase activity exhibits the same properties as the Ca -pumps
2+
in other tissues, suggesting that it has a function in duodenal Ca
trans
port.
For the enzyme studies described in Chapters 3 and 4 we have used baso
lateral membranes isolated from enterocytes homogenized in 5 mM EDTA (section
2.2.5). Studies by Mircheff (1976) have shown that these membranes are leaky
2+
. In the study described in this chapter, we have used basolateral
2+
membrane vesicles, which are resealed for Ca
2+
In this chapter we report the presence of an ATP-dependent Ca -pumping
for Ca

system in basolateral membrane vesicles, the properties of which closely
2+
parallel those of Ca -ATPase activity in the same membrane preparation.

5.3. Methods and Materials

Membrane preparation. Basolateral membrane vesicles are prepared from 10-15
cm lengths of proximal duodenum, mid-jejunum or terminal ileum (section
2.2.7). The purified basolateral membrane fraction is suspended in a buffer
containing 20 mM Hepes-Tris (pH 7.4), 100 mM KCl and 5 mM MgCl» (standard
uptake medium) and is used for uptake studies within 6 hours after starting
the isolation. For experiments in which the effect of calmodulin is studied,
the homogenization step in sucrose-buffer is performed in the presence of
5 mM EGTA (section 2.2.7). For enzyme studies, we use membranes which have
been frozen in liquid nitrogen immediately after isolation and stored at
-80

С for up to 5 days. In this period there is no decrease in Ca -ATPase
+ +
2+
and (Na +K )ATPase activities. The segmental distribution of Ca -ATPase
activity has been studied with leaky basolateral membrane fractions, iso
lated in the presence of EDTA by the preparative procedure described in
section 2.2.5. These membranes are suspended in the standard uptake medium
(see above), rapidly frozen and stored at -80
Ca

uptake measurements. Ca

C, and used within 10 days.

uptake experiments are carried out at 25

C,

unless otherwise indicated, in the standard uptake medium containing 0.05
to 5 μΜ free Ca

and 1.5 bCi/ml

Ca. Free Ca
is buffered with 0.5 mM
2+
EGTA and 0.5 mM NTA (section 2.3). Ca
uptake is measured in the presence
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2+
or absence of 3 mM Tris-ATP in a final volume of 300 yl. The free Ca
con2+
centration is calculated, using an association constant of Ca -EGTA of
10.9
.
2+
10 " (see section 2.3). When oxalate is present in the Ca
uptake assay,
the total amounts of MgCl- and CaCl, added to the medium are corrected to
2+
2+
avoid changes in free Ca
and Mg
concentrations. For the calculations the
following association constants of Ca
К

Ca-oxalate

• 10

= IO

3,0

, Mg

and H

with oxalate are used:

2-76

· К
- io
· К.
= i o 3 , 8 1 · К.
' Mg-oxalate
„ ' TI-oxalate
' t^-oxalate

(Sillén and Martell, 1964). Ca

uptake is started by adding mem-

branes (1 mg prot/ml) to the uptake medium. At appropriate times, 50 μ 1
aliquots are quenched in 1 ml ice-cold stop solution, consisting of standard
uptake medium plus 1 mM LaC!.. Membranes are collected on 0.45 ym Sartorius
filters (type SM 11306), precooled with 2 ml ice-cold stop solution. The
filter with sample is washed twice with 2 ml stop solution and filtration
is completed within 15 s. Filters are placed in 5 ml Bray's scintillation
mixture (NEN) and radioactivity is counted in a scintillation counter
2+
(Philips). For kinetic studies of Ca
uptake initial rates of uptake are
determined. In these experiments membranes are prewarmed at 25
2+
.
before starting Ca

С for 5 min
2+

uptake. Calmodulin effects on ATP-dependent Ca

up

take are studied by pre-incubating membranes with 10 yg/n»l calmodulin. Cal
modulin is isolated from bovine brain as described in section 4.3. Solutions
of trifluoperazine and penfluridol are freshly prepared, and ρre-incubation
of membranes with these phenothiazines is carried out in darkness to pre2+
vent free radical formation (Hinds et al., 1981). Solutions used for Ca
uptake studies and enzyme assays are prepared with water thrice distilled
in the presence of EDTA. The calcium ionophore A23187 is dissolved in DMSO.
Oligomycin, Triton X-I00, alamethicin, penfluridol, and R24571 are dissolved
in 1002 ethanol before addition to the uptake medium or the enzyme assay
mixtures. Controls are assayed in the presence of the same amount of ethanol
or DMSO (final concentration < 0.1%).
2+ .
Enzyme studies. Ca -induced ATP hydrolysis is measured m the standard up
take medium as the difference between the rates of ATP hydrolysis with and
2+
2+
without 0.05-5 μΜ Ca

(section 3.3). Ca

-stimulated p-mtrophenyl phos

phate hydrolysis is measured in the same medium with p-nitrophenylphosphate
replacing ATP and NaCl plus ouabain (1 mg/ml) replacing KCl to avoid inter
ference of К -stimulated p-nitrophenylphosphatase activity. Replacement of
2+
. . .
KCl by NaCl does not influence Ca -ATPase activity in the presence of
ouabain (see section 6.4.1). Ouabain-sensitive К -stimulated p-nitrophenyl-
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n m o l C a / m g prot.
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[Ca++]=1^jM

10.0

7.5-

5.0-

•
A
Δ
ο

· ATP
А А Т Р + А231в7
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ο control

2.5

15

20
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Figure 5.1
2+

Е^гсХ οζ ATP and A237S7 on Ca uptakz by baioZateAoJ. тетЫитг ел-ісігл о^
fiat duodenum.
2+
Free Ca concentration in the uptake medium is 1 μΜ. A23187 concentration
is 10 pg/ml. For uptake assay see section 5.3.

phosphatase activity is assayed in a medium containing 50 mM Tris-maleate
(pH 7.4), 5 mM p-nitrophenylphosphate, 5 mM MgCl«, 5 mM KCl, 2.5 mM theo
phylline with and without 1.5 mg/ml ouabain. p-Nitrophenylphosphate hydro
lysis is measured at 410 nm after addition of 1 N NaOH. (Na +K )ATPase and
protein are assayed as described in section 2.2.1. For determining membrane
sidedness, basolateral membrane vesicles are suspended in 250 mM sucrose and
20 mM Hepes-Tris (pH 7.4) instead of 100 mM KCl in order to obtain optimal
osmotic shock effects. The vesicles (0.25 mg prot) are diluted 20-50 fold
in distilled water (osmotic shock) or sucrose buffer (control) just prior
to the assay. Membranes are also preincubated with Triton X-100, alamethicin,
digitonin, SDS, chelate or deoxycholate-EDTA for 10-15 min at 250 C . These
pretreated membranes were diluted 20-25 fold in (Na +K )ATPase or К -stim
ulated p-nitrophenylphosphatase assay medium, and incubated for 15 min at
25 or 37 C. Deoxycholate-EDTA treatment is performed according to Jürgensen
and Skou (1971) .
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Table 5.1
2+

Efázcti o{¡ ¿nhib-ütoKo on ATP-dzpcndzrU Ca
ol fiat duodenum.

uptakz ¿η ba&oùiteAaJÎ тетЬкапел

2+
The ATP-dependent Ca
uptake is determined after 10 min incubation in stan
2+
dard uptake medium at 1 μΜ C a
(see section 5.3), with uptake in the ab
sence of ATP subtracted from uptake in the presence of ATP. Mean values are
given +_ SEM with the number of experiments in parentheses.
ATP-dependent Ca
Control

2+

uptake (% of control)

100

Oligomycin (10 ug/ml)

96.9 _+ 5.2 (4)

Theophylline (1 mM)

100.4 + 9.7 (4)

Vanadate (0.1 mM)

18.6+2.1

(4)

R24571 (10 wM)

95.7 + 7.1 (3)

Materials. Tris-ATP, 0-у-(СН9)-АТР, K-oxalate and digitonin are obtained
45
from Sigma (St.Louis). All other chemicals are of purest grade.
CaCl„ (15
mCi/mg) is obtained from New England Nuclear (Dreieich), orthovanadate from
ICN Pharmaceuticals Ine (Plainview). Alamethicin is a gift of Dr. J.E. Grady
(Upjohn, Kalamazoo). Penfluridol and R24571 have been kindly provided by
Janssen Pharmaceutica (Beerse), A23187 by Boehringer (Mannheim) and bovine
brain calmodulin by Dr. H.R.de Jonge (Dept. of Biochemistry, Erasmus Univer
sity, Rotterdam).

5.4. Results
5.4.1. ATP-degendent Ca

2+

u ta

E !SÊ_iS_ëuoë£S§i_Îia§2Î§£Ëï§i_5Ë5ÎïE§D2_Y£5i£ÎÊ£

2+ .
2+
Fig.5.1 shows the effect of ATP and the Ca -lonophore A23187 on Ca
up2+
.
.
.
take. At 1 yM Ca , a 10-fold stimulation by ATP is observed above the pla2+
teau reached m the absence of ATP. A23187 abolishes the ATP-dependent Ca 2+
accumulation almost completely, while addition of A23187 after Ca -accumu2+
.
2+
lation, induces a rapid release of Ca . These results indicate that Ca
is transported into the intravesicular space and is not superficially bound.
2+
Moreover, the ionophore effect proves that the uptake of Ca
occurs against
a concentration gradient.
In Table 5.1 we show the effects of different inhibitors on ATP-dependent
2+
.
2+
Ca
uptake. Oligomycin, at a concentration which completely blocks Ca
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% activity
100

75• control
o ATP
α PNPP
Δ ADP
χ β-γ-(0Η 2 )-ΑΤΡ

50-

25-

Figure

SubAtnate. dzpmdzncy

5.2

2+
o^ Ca uptake ¿n baAolat&iaZ ттЬкапол.

Uptake is determined at 1 μΜ Ca
tion 5.3) .

2+

in the standard uptake medium (see sec

uptake in chick intestinal mitochondria (Bikle et al., 1980), has no effect.
2+
This excludes a possible mitochondrial contribution to the Ca
uptake.
2+
Furthermore, ATP-dependent Ca
uptake is insensitive to theophylline, which
is an inhibitor of alkaline phosphatase (see section 3.A.3). Orthovanadate,
2+
2+
a potent inhibitor of Ca

-ATPase and ATP-dependent Ca

transport in sarco

plasmic reticulum (O'Neal et al., 1979), erythrocytes (Barrabin et al., 1980)
and heart sarcolemma (Caroni and Carafoli, 1981), inhibits more than 80% of
2+
the ATP-driven Ca
uptake in basolateral membranes. R24571, a powerful calmodulin-antagonist (Gietzen et al., 1981), does not significantly affect the
2+
basolateral ATP-dependent Ca
uptake (see also section 5.5).
2+
The substrate dependence of Ca -accumulation is shown in Fig.5.2. Where2+
as p-nitrophenylphosphate has no effect, ADP slightly stimulates Ca
up
take. This may be explained by the presence of adenylate kinase activity
which produces ATP and AMP from ADP. The non-hydrolyzable ATP-analog β-γ2+
(CH-)-ATP, has no effect on Ca
uptake, which proves that ATP hydrolysis
2+
is needed for Ca -accumulation. This specificity of the transport system
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Table 5.2
2+
Efecto o¡$ ¿пкіЬлЛопл on Ca -¿¿ша£л^еа AT? and р-пААлоркшуХ. phoòphatt

h.yd>ioÍyA¿¿> ¿η b(Uo¿cuteACLÍ тгтЬшпг veA¿cZe¿ о^ fuit duodznum.

The r e s u l t s a r e expressed as μπιοί P^/h p e r mg p r o t e i n . ATP and p - n i t r o p h e n y l
phosphate h y d r o l y s i s a r e assayed i n t h e presence and absence of Ι μΜ free
Ca
a t pH 7.4 (see s e c t i o n 5 . 3 ) . Mean values a r e given +_ SEM with t h e num
ber of experiments i n p a r e n t h e s e s .
2+
Ca - s t i m u l a t e d
ATP h y d r o l y s i s

2+
Ca - s t i m u l a t e d
p - n i t r o p h e n y l phosphate
hydrolysis

Control

4.78 + 0.43 (7)

3.32 + 0.30 (5)

Theophylline (1 mM)

1 . 1 5 + 0 . 1 2 (4)

0.08+0.06 (5)

Vanadate (0.1 mM)

2.70+0.32 (3)

2 . 3 7 ^ 0 . 1 5 (4)

Vanadate + theophylline

0.41 + 0.06 (6)

n.s.a

(3)

No significant stimulation (n.s.) above the residual p-nitrophenyl phos
phate hydrolysis in the absence of Ca^ + .

. .
2+
.
.
for ATP is similar to that of the high-affinity Ca -ATPase described in
section 3.4.2.
2+
5.4.2. Ca liîiduced_ATP_h2droljrsis_in_basolateral_membranes
2+
We have determined the Ca -induced ATP hydrolysis in the basolateral membrane vesicle preparation from duodenum. Table 5.2 shows the properties of
2+
the stimulation of ATP hydrolysis by 1 yM Ca . The specific activity of this
2+
. .
Ca -ATPase is rather high when compared to the activity of the high-affinity
2+
Ca -ATPase observed in leaky basolateral membranes (see Chapter 3 ) . How2+
ever, since theophylline inhibits this Ca -dependent ATP hydrolysis for 75%,
it is obvious that most of this activity must be due to activation of alka2+ .
line phosphatase. We have studied the effect of theophylline on Ca -induced
p-nitrophenyl phosphate hydrolysis in order to determine to what extent alkaline phosphatase is inhibited by theophylline (Table 5.2). In contrast
2+
to the Ca -induced ATP hydrolysis, p-nitrophenyl phosphate hydrolysis is
completely inhibited by theophylline. Therefore, we tentatively conclude
. .
2+
that theophylline-insensitive ATP hydrolysis reflects the specific Ca 2+
ATPase activity of basolateral membranes. Orthovanadate inhibits both Ca ATPase and alkaline phosphatase activity (Table 5.2), which is in agreement
with the non-specific character of the inhibition by vanadate reported for
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ATP-dependent Ca-uptake
(nmol / min . mg prot. )
5.0-1

A.O

3.0

2.0

1.0-

5.00
Ca++(/jM)

Figure 5.3
Klmticò o{, AT?-de.pinde.nt Ca 2+ uptake, ¿η bcLboZateAcüí ттЬлапе. ел^чЛел о ¡J
daodznum.
Mean values are given +^ SEM for 4 experiments. Inset shows„Lineweaver-Burk
plot of the data. Initial rate values^for ATP-dependent Ca
uptake have
been corrected for ATP-independent Ca
uptake.

+

+

(Na +K )ATPase, Mg

2+
-ATPase and alkaline phosphatase (O'Neal et al., 1979;

Seargant and Stinson, 1979). Therefore, this inhibitor is unsuitable for
discriminating between the two enzymes.
2+
2+
. . .
u
5.4.3. Kineti.cs_of_ATP3de£endent_Ca
E£§ke_§ïÎrï_Ça I^ï^^S ê c £iY lt: Z_ in _
basolateral membrane vesicles of rat duodenum
Fig.5.3 shows the kinetic properties of ATP-dependent Ca
2+
basolateral membranes. Between 0.05 and 5 μΜ Ca

2+ uptake in

, ATP-dependent Ca

2+
up

take is linear in time during the first two minutes. Initial rate values
2+
are given, which have been determined from Ca
uptake values at 1 and 2
2+
2+
min. ATP-dependent Ca
uptake saturates at Ca
concentrations between 0.5
and Ι μΜ and kinetic analysis (чее inset) yields an apparent К m of 0.20 yM
2+
2+ .
Ca
and a V
value of 5.3 nmol Ca /min per mg prot.
max
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C a 2 * - A T P a s e activity
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2+
Mean values are given +_ SEM for 3 experiments. Ca -ATPase activities are
assayed as described in section 5.3. in the presence of 2.5 mM theophylline.
Inset shows Lineweaver-Burk plot of the data.

.
.
.
.
2+
Similar studies of the theophylline-msensitive high-affinity Ca -ATPase
activity in basolateral membrane vesicles are presented in Fig.5.A. The
2+
relatively large errors in the Ca -ATPase activities in this figure (up to
2+
20%) are due to the extremely low stimulations of ATP hydrolysis by Ca
2+
above the background ATPase activity, less than 4% when assayed at Ca
con
centrations of 0.5 μΜ or less (see also section 3.4.1). However, the re2+
2+
lationship between Ca -ATPase activity and Ca
concentration strongly
2+
suggests a one-site saturable activation of ATP hydrolysis by Ca , and
kinetic analysis seems justified. Analysis by means of a double reciprocal
2+
plot (n=0.993) yields an apparent К for Ca
of 0.21 μΜ and a V
of 1.26
m
max
μπιοί P./h per mg prot.(Fig.5.4, inset). The affinities for Ca
of ATP-de1
2+
2+
pendent Ca
transport and Ca -ATPase activity are strikingly similar, in2+
dicating that the observed high affinity Ca -ATPase is the expression of
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Table 5.3
2+

2+

+

+

ЕЦгсі o¡) іелпрелаіилг on ATP-dzpzncl&nt Ca uptake., Ca. -ATPa-òe and (Μα +K )
ATPase actLvJXy ¿η baòoJLateAaZ ттЬлапе. ел^сіел о{, nat duodmum.
2+
2+
ATP-dependent Ca
uptake and Ca -ATPase activity are assayed in the stan
1
dard uptake medium at 1 uM Ca^" " (see section 5.3). 2.5 IDM theophylline is
+
added in the Ca^-ATPase assay. The Ca2 -EGTA association constant used in
+
the calculations for 1 μΜ free Ca^ is corrected for temperature as describ
ed by Scharff (1979). Activation energies are calculated from the slopes of
log [activity] vs 1/T curves. Values are given as means +_ SEM with the num
ber of observations in parentheses.
2+
ATP-dependent Ca
2 +
+
+
uptake
Ca -ATPase
(Na +K )ATPase
Temperature

(nmol/min mg prot)

25 0 C

4.85+0.49 (5)

0

37 C

12.82+1.02 (3)

Activation energy
(kcal/mol)

the Ca

2+

14.9

(yrnol P./h mg prot)
1.06+0.04 (6)

10.71+1.19 (6)

2.78+0.21

27.8+3.0

(6)

14.8

(6)

14.6

-pump. The maximal velocities of both activities differ by a factor

of 4, but for direct comparison of these values information about the ori
entation of the vesicles is needed (see section 5.4.8).

5.4.4. Effееts_of_temperature_on ATP-de£endent_Ca

2+

£l§DS22í£_§ííá_ía

2+

lèïE§5f

activity
In Table 5.3 the initial rates of ATP-dependent Ca
37

С are compared with the specific activities of Ca

uptake at 25

С and

-ATPase and (Na +K ) -

ATPase at both temperatures. The temperature-induced increases of the three
transport activities are about equal, i.e. 2.6 times, and are comparable to
2+
reported values for the erythrocyte Ca -pump (Larsen et al., 1978). The
temperature-dependence of these activities between 25 and 37 С has been
2+
shown to be linear for erythrocyte Ca -ATPase (Larsen et al., 1978; Mollman
and Pleasure, 1980) and kidney (Na +K )ATPase (Walker and Wheeler, 1975;
Le Grimellec et al., 1982). Hence we may assume linearity in our case, which
means that we can calculate activation energies from Arrhenius plots. Val
ues between 14.6 and 14.9 kcal/mol are found, which is in good agreement
2+
with values obtained for the erythrocyte Ca -pump (Sarkadi, 1980).
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Ca2 uptake
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2+
E|5áec¿ 0)$ ti¿g-Lton¿n and oxaZatz an KTV-d&pznd&nt Ca
ттЬшпг елісЛеД o i duodenum.
2+
.

uptake, ¿n boLboZaZznaJL
2+

Ca
uptake i s determined in. the s t a n d a r d u p t a k e medium a t 1 yM Ca
(see
s e c t i o n 5 . 3 ) , w i t h 6 mM Tris-ATP i n s t e a d of 3 mM t o avoid ATP d e p l e t i o n af
t e r 5 t o 15 min i n c u b a t i o n . The f i g u r e d e p i c t e d i s r e p r e s e n t a t i v e for 3-4
experiments.

5 . 4 . 5 . S u b c e l l u l a r l o c a l i z a t i o n of t h e ATP-dependent Ca

2+

UEÎêîSf_13_аУ2ЁёЭ§1

mucosa
In section 4.4.3 we have shown that Ca

2+
-ATPase activity co-purifies

with basolateral plasmamembrane (Na +K )ATPase activity after separation
from smooth endoplasmic reticulum (Table 4.2). The basolateral membrane
2+
uptake studies contains minor amounts

vesicle preparation used in the Ca

of mitochondrial and brush border markers, viz. 1%, and only 2% of the smooth
endoplasmic reticulum marker NADPH cytochrome-c reductase (Table 2.4). We
have studied whether this endoplasmic reticulum fraction contributes to the
2+
..
observed Ca
uptake by determining the effects of digitonin and oxalate on
2+
the ATP-dependent Ca -accumulation (Fig.5.5). Digitonin action is dependent
on cholesterol and has been used to discriminate between cholesterol-rich
plasma membranes and intracellular organelles (Grqver et al., 1981). Incu73

bation of duodenal basolateral membrane vesicles with 0.05% (w/v) digitonin,
2+
leads to a 70% decrease in the ATP-dependent Ca
uptake,probably by destroying the membrane-barrier function of the cholesterol-rich basolateral plasma
membrane. Oxalate readily permeates across the sarcoplasmic reticulum mem2+
2+
brane. It has, therefore, been used in Ca
transport studies to enhance Ca
2+
uptake by maintaining a low free Ca
concentration inside the sarcoplasmic
reticulum vesicles by Ca-oxalate precipitation (Martonosi, 1972). Plasma
membranes appear to be less permeable for oxalate than microsomal membranes,
as shown in kidney and cardiac muscle (Moore et al., 197A; Trumble et al.,
1980). In Fig.5.5 it is shown that 10 mM oxalate has a slight inhibitory
2+
effect on the ATP-dependent Ca -accumulation. However, when smooth endo2+
plasmic reticulum is involved in the measured Ca
uptake, a sharp rise in
2+
Ca - accumulation above the plateau level would be expected in the presence
of oxalate, as recently reported for pancreatic islets (Coica et al., 1982).
2+
The small inhibition of ATP-dependent Ca -accumulation is difficult to ex2+
2+
plain. The effect of 10 mM oxalate on chelation of Mg
and Ca
has been
corrected by changing the composition of the uptake medium (see section 5.3).
Therefore, the inhibitory effect of oxalate cannot be due to changes in free
2 + 2 +
.
Ca
or Mg
concentrations m the assays. Furthermore, the absence of an
2+
effect of oxalate on the initial rate of ATP-dependent Ca
uptake is in
2+
2+
agreement with identical free Ca
concentrations in both Ca
uptake assays.
2+
These results strongly suggest that the observed ATP-dependent Ca
up2+ is in agreement with the
take
is
associated
with
plasma
membranes,
which
observed localization of the high-affmity Ca -ATPase activity (section
observée
4.4.3).
5.4.6. Effects_of calmodulin_and ghenothiazines on ATP-dependent Ca

2+

uptake

І3_1>а£2іа—E—_5Ê5————5ì£Ì£5
We have studied the effects of calmodulin and phenothiazines on ATP2+
dependent Ca
uptake in basolateral membrane vesicles from duodenum. With
2+
freshly prepared vesicles we find no significant effects on the Ca
uptake,
even after 10 min preincubation with calmodulin and phenothiazines. Subsequently, we have done these experiments with basolateral membranes washed
with 5 mM EGTA after initial homogenization (section 2.2.7). Such treatment
removes bound calmodulin in other tissues (Katz et al., 1979; Caroni and
Carafoli, 1981). In the EGTA-treated basolateral membranes there are no sig2+
nificant effects of calmodulin or phenothiazines on Ca -accumulation at
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Table

5.4

Е^гсХі oá ccubnoduLcn and phznotk¿a.zinU on the, ¿плЛіаЛ HJOXZ оfaATP-d&ptndznt Ca.2+ aptakz In bcuioiateAot ттЬкапгл о^ fiat duodtnum.
B a s o l a t e r a l membranes a r e p r e t r e a t e d w i t h 5 mM EGTA ( s e c t i o n 5 . 3 ) . Mean
v a l u e s a r e given + SEM with the number of o b s e r v a t i o n s i n p a r e n t h e s e s .
Phenothiazines
(10~4M)

2+
2+
ATP-dependent Ca 2+uptake (nmol Ca /min per mg p r o t e i n )
2+
0.5 uM Ca
1 .0 wM Ca
-calmodulin

+calmodulin
(10 ug/ml)

-calmodulin

+calmodulin
(10 Mg/ml)

Control

2.53+0.22(6)

3.98+0.17(6)

4.22+0.30(4)

5.04+0.45(4)

Trifluoperazine

2.10+0.06(3)

2.71+0.13(3)

2.94+0.70(3)

3.95+0.70(3)

Penfluridol

2.33+0.16(4)

2.59+0.24(4)

4.41+0.10(3)

4.56+0.26(3)

2+
2+
Ι μΜ Ca
(Ρ > 0.1, Table 5.4). However, at 0.5 μΜ free Ca , a nearly 60%
2+
increase in Ca
uptake is found (P < 0.001), suggesting an effect of cal2+
uptake system (see
modulin on the affinity rather than on V
of the Ca
max
also Fig. 5.3). The stimulation by calmodulin is completely inhibited by
trifluoperazine and penfluridol.

5.4.7. Segmental distribution of basolateral ATP-dependent Ca

2+

uEÌSÌSf_ìD_

rat_small_intestine
2+
ATP-dependent Ca
uptake has been studied in basolateral membrane vesicles isolated from duodenum, mid-jejunum and terminal ileum (Fig.5.6). The
2+
Ca -accumulation is highest (set at 100%) in the duodenum, and decreases
sharply towards the ileum, being 20% in the jejunum and only 5% in the ileum.
2+
This segmental distribution of ATP-dependent Ca
uptake is very similar to
2+
.
.
.
.
.
that of net Ca
fluxes along the small intestine, studied m intact epi2*·
thelium (Walling, 1977). In Table 5.5, ATP-dependent Ca uptake rates are com2+
pared with high-affinity Ca -ATPase activities in the various segments of
2+
...
.
.
the small intestine. The Ca

-ATPase activities are determined m

leaky

basolateral membrane fragments isolated in the presence of EDTA (section
2.2.5) in order to avoid difficulties in measuring significant stimulations
2+
by Ca
above the background ATPase (section 5.4.3). The segmental distri2+
2+
bution of Ca
uptake and Ca -ATPase activity are closely similar.

75

η m o l Ca / m g protein
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5.6
2+

Sígmcntai cLUttUbutlon о^ ATP-d&pzndíivt Ca
и^сЛгл ікот бтаМ. -tnteJiti-nal zpAXkntum.

uptake, ¿η babotatzhal

ттЬкапг

2+
Ca
uptake i s determined under s t a n d a r d c o n d i t i o n s (see s e c t i o n 5.3) a t
1 μΜ Ca . Values a r e given as means + SEM for 3 or more e x p e r i m e n t s .

Table 5.5

ΐ+~
2+
СотрапАлоп between ATP-d&pmdznt Ca aptakt and Ca -АТРале. activity
ЬабоЫіелаІ тгтЬкапел o¿ duodenum, jtjunum and iteum.

¿η

. .
2+
Initial rates of ATP-dependent Ca
uptake are determined from the data in
Fig.5.6. Ca ¿ -ATPase is assayed as described under Table 5.4. Values are
given as means + SEM with the number of observations in parentheses.
2+

ATP-dependent Ca uptake
(nmol/min mg prot)
2+
..
Ca -ATPase activity
(pmol P^/h mg prot)

DUODENUM

JEJUNUM

ILEUM

4.10+0.29(4)

0.81+0.16(4)

0.12+0.06(4)

1.10+0.21(4)

0.41+0.03(3)

0.13+0.07(4)

5.4.8. Orientation_of basolateral membrane_vesicles
The V
value of ATP-dependent Ca
max
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2+

uptake is only about 1/4 of that of

Table 5.6

ЪЦгсЛл oh AzvMal tAtouùnzYvtb on (Μα++Κ0+ )кТ алe activity
membiane. члісЛил оfaKaut duodenum at 37 C.

in ЬалоІси.глдІ

(Na +K )ATPase activities are expressed as ymol P^/h per mg prot. + SEM
with the number of experiments in parentheses. The percentage sealed vesi
+
+
cles is calculated from the stimulation in (Na +K )ATPase activity. Treat
+
+
ment of the vesicles and (Na +K )ATPase assay are described in section 5.3.
The dilution factors and concentration range giving maximal stimulation are
given in parentheses.

Treatment

(Na +K )ATPase
activity

Control

29.70+ 3.37(14)

Osmotic shock (25 - 50x)

45.14+ 6.24(12)

34

Triton X-100 (0.5-0.75 mg/mg prot)

48.71+ 4.75(21)

39

Triton X-100 + osmotic shock

53.40+^ 2.86 (3)

44

Alamethicin (0.25-0.50 mg/mg prot)

43.36+ 4.46(14)

32

Digitonin (0.05%)

71.75+10.36 (3)

59

110.01+10.27 (4)

73

Cholate (0.3 - 1.0 mM)

39.72+ 1.61 (3)

25

Deoxycholate/EDTA (2.4 тМ/З mM)

60.28+ 9.46 (3)

51

Freeze-drying

51.56

42

SDS (0.3 mg/ml)

the Ca

(1)

Percentage
resealed vesicles

2+
-ATPase activity in basolateral membrane vesicles (section 5.4.3).

In order to obtain a valid comparison of these activities we need information
2+
on the orientation of the vesicles. Only vesicles resealed for Ca
and with
their ATP-binding sites on the outside, i.e. inside-out oriented, can con2+
.
.
.
tribute to ATP-dependent Ca
uptake. Leaky plus mside-out vesicles will
2+
.
.
.
contribute to Ca

-ATPase activity. Right-side out vesicles sealed for ATP

will not contribute to either process. In Table 5.6 results are summarized
of experiments on latency of (Na +K )ATPase activity in basolateral membrane
2+
vesicles. Assuming that vesicles resealed for Ca
are impermeable to ATP
and ouabain, the (Na +K )ATPase activity of the untreated vesicles must re
flect the leaky vesicle fraction. Osmotic shock and treatment with detergents
should unmask additional latent (Na +K )ATPase activity by making the plasma
membrane permeable for ATP and ouabain. In the optimal (Na +K )ATPase assay,
i.e. at 37

С (section 2.2.1), osmotic shock, Triton X-100 and osmotic shock

plus Triton X-100 all stimulate the enzyme activity by 50 to 60%, without
a significant difference among the three treatments (P > 0.4). Treatment of
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Table

5.7

Е^гсіб о£ omotLc bhock and аеЛелдгпіо on К -¿túmuZate-d p-YvLtAophmytpkoiphcutoAz OLctiv-ütij ¿η ЬалоЬаЛнясЛ ттЬпа.ш елічіи, at 37 0C.
A c t i v i t i e s a r e expressed as umol P^/h per mg prot.jb SEM with the number
of experiments in p a r e n t h e s e s . Experimental c o n d i t i o n s a r e the same as in
Table 5 . 6 . The K + -phosphatase assay i s d e s c r i b e d i n s e c t i o n 5 . 3 . Percentage
i n s i d e - o u t v e s i c l e s i s c a l c u l a t e d from the s t i m u l a t i o n of the IC^-phosphatase a c t i v i t y .
Treatment

К -phosphatase a c t i v i t y
+ 0.26

Percentage inside-out
vesicles

Control

2.42

(3)

Triton X-I00

5.73 + 1.46 (3)

58

Alaraethicin

3.63 + 0.41 (3)

33

Osmotic shock

4.48

46

(1)

the vesicles with the channel-forming antibiotic alamethicin induces a some
what smaller stimulation of (Na +K )ATPase activity. In contrast, the deter
gents digitonin and SDS increase the (Na +K )ATPase activity 2.5- and 4-fold,
respectively. Treatment with chelate and deoxycholate/EDTA gives a stimu
lation of 35% and 100%, respectively. After freeze-drying a stimulation of
70% is observed. From these findings we calculate that the percentage sealed
vesicles varies from 25 to 73%(Table 5.6).Control experiments with leaky vesi
cles homogenized in EDTA(section 2.2.5) reveal the same effects of SDS and di
gitonin on (Na +K )ATPase activity, whereas osmotic shock and alamethicin
have no effects. These results suggest complicating side-effects of SDS and
digitonin and this makes these detergents unreliable in studies of the sidedness of the basolateral membrane vesicles. From Table 5.6 we conclude that
ca, 40% of the vesicles are resealed for either ATP or ouabain.
The sidedness of the vesicles has been studied by measuring the effects
. .
.
. .
+
of osmotic shock, Triton X-100 and alamethicin on the ouabain-sensitive К stimulated p-nitrophenylphosphatase (K -phosphatase) activity. This partial
+ +
activity of the (Na +K )ATPase system has been reported to be located on the
outer-surface of the plasma membrane (Rega et al., 1970), and latency studies
should reveal directly the inside-out oriented fraction of the vesicles. The
studies on the ouabain-sensitive К -phosphatase are described in Table 5.7.
The inside-out percentage calculated from these experiments varies from 30
to 60%, which could mean that all resealed vesicles have an inside-out
orientation.
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Table 5.8

ЕЦгсЛл 0)$ TiLton X-100 and alarmthlcAn on the. ¿atzncy oh (Na++K+)ATPaóe
and Ca¿+-ATPaAe. a.cXl\jAjtL(Lò In bcaolateAaZ ттЬнапг еліеіел at 25 0C.
Both enzyme activities are expressed as gmol P-Zh per mg prot.+^ SEM with
the number of experiments in parentheses. Experimental conditions are des
cribed in section 5.3. Detergent concentrations are the same as given in
2+
2 1
Table 5.6. Ca -ATPase is assayed at 1 wM Ca ' ' with 2.5 mM theophylline
(section 5.3).
+
Detergent

+

2+

(Na +K )ATPase activity

Control

8 . 5 4 + 0 . 3 9 (10)

Ca

-ATPase activity
1.07+0.11

(3)

Triton X-100

23.85+1.31

(10)

1.37+0.30(3)

Alamethicin

23.61 + 6.69

(3)

1.57 + 0.04 (3)

These latency studies have been repeated at the temperature of the stan
dard Ca

uptake experiments (25

C, and the results are summarized in Table

5.8. Both alamethicin and Triton X-100 increase (Na +K )ATPase activity in
the basolateral membrane vesicles to the same extent, indicating 64% resealed vesicles. No significant ouabain-sensitive К -phosphatase activity
at 25
of Ca

С can be measured. Therefore, we have studied the sidedness by means
2+
2+
-ATPase latency (Table 5.8). No significant increase in Ca

-ATPase

activity by Triton X-100 is found (P > 0.4), whereas alamethicin stimulates
the activity by almost 50% (P < 0.05). The absence of an effect of Triton
2+
X-100 is possible due to solubilization, as described for erythrocyte Ca 2+
ATPase by Scharff (1981). The observed stimulation of Ca -ATPase activity
by alamethicin seems a more reliable tool in estimating the sidedness, sug
gesting that 32% of the vesicles have an outside-out orientation.
The latency studies described in this section suggest that at 37
40% of the vesicles are sealed, and at 25

С about

С 60%. The К -phosphatase studies

suggest that all resealed vesicles must have the inside-out orientation at
37

С

at 25

In contrast, only 50% of the resealed vesicles have this orientation
C, as revealed by studies on Ca

-ATPase
-ATPase latency. This apparent dis-

crepancy will be discussed in the next section.

5.5. Discussion
The findings reported in this chapter provide strong evidence for the
2+
2+
identity of the Ca -ATPase activity and the ATP-dependent Ca
uptake
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system in basolateral membranes of duodenal epithelium. The affinity of both
2+
2+
systems for Ca
for a Ca

is identical (0.2 uM Ca

-pump, functioning at free Ca

) and this affinity is well suited
concentrations below 1 yM.

Freshly prepared, untreated membranes do not show a significant stimu2+
lation by calmodulin of the ATP-dependent Ca
uptake. We have found that
in this membrane vesicle preparation the endogeneous calmodulin content is
above 10 yg/tng prot.(not shown), which probably explains the absence of an
2+
. .
. .
effect of added calmodulin on the ATP-dependent Ca
uptake. Similar findings
2+
have been reported for Ca -ATPase in plasma membranes of smooth muscle
(Uuytack et al., 1980) and of rat corpus luteum (Verma and Penniston, 1981).
We only observe a stimulating effect of calmodulin after washing the basolateral membranes with EGTA, but the effect is relatively small compared to
those reported for erythrocytes (cf Vincenzi and Larsen, 1980) and heart
sarcolemma (Caroni and Carafoli, 1981). This small effect may be explained
by incomplete release of calmodulin by EGTA. Hypotonic as well as hypertonic shocks in the presence of EGTA have been used in studies with heart
sarcolemma to release calmodulin (Caroni and Carafoli, 1981), but these
2+
treatments make basolateral vesicles completely leaky for Ca
and thus
fail to induce greater calmodulin effects.
The effect of calmodulin on the ATP-dependent Ca

2+

uptake in EGTA-treated

basolateral membranes is similar to its stimulation of the high-affinity
Ca

-ATPase activity in the leaky EDTA-treated membrane preparation (section

4.4.4). However, in this latter preparation phenothiazines completely in2+
2+
hibit the Ca -ATPase activity and the Ca -dependent phosphorylation (Fig.
2+
4.5), while they do not effect the ATP-dependent Ca
uptake reported m
this chapter (Table 5.4). Apparently, only after osmotic shock in the pres2+
enee of EDTA (or EGTA) the association between calmodulin and Ca -ATPase
becomes susceptible to phenothiazines. The absence of an effect of R24571
2+
on the basolateral Ca -pumping system (Table 5.1) is in agreement with this
explanation. The inhibitory potency of this drug for several calmodulinactivated enzymes is directly correlated with the affinity of the enzyme
for calmodulin, i.e. with stronger association, the calmodulin-dependent
activity should be less readily antagonized by R24571 (Van Belle, 1981).
Summarizing our findings for calmodulin and phenothiazines, it is most
2+
likely that in vivo calmodulin is strongly associated with Ca -ATPase m
duodenal basolateral membranes. A role of this activator-protein in regu2+
.
.
.
lating the basolateral Ca -pump has been reported for similar systems in
other tissues. We cannot conclude such a role from our studies because of
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the high endogenous calmodulin content of the membranes. Moreover, an in
herently different mechanism could be involved in the regulation of the
2+
.
2+
duodenal Ca -pump, since active Ca
absorption is under control of the
vitamin D metabolite 1.25(OH)_D . This possibility will be discussed in
2+
.Chapter 7, where the effects of 1.25(OH)2D on the ATP-dependent Ca
up
take in basolateral membranes are described.
2+
2+
The affinity of the ATP-dependent Ca
uptake system of 0.2 yM Ca
in
the basolateral membrane vesicles seems somewhat higher than the value of
2+
2+
0.5 μΜ Ca
obtained for the Ca -ATPase activity in the leaky membrane
2+
preparation (section 3.4.1). However, these Ca -ATPase activities have
2+
been assayed m a Ca -EGTA buffer system, the composition of which was
calculated using а К

„„„. value of 10

'

according to Ogawa (1968; see

also section 2.3). The Ca

-EGTA buffers, used for the studies described
10 9
in this chapter, have been calculated with a K„ „„„,» value of 10
„LahGlA
(Scharff, 1979). Recalculation of the free Ca

concentrations in the buf

fers used in the former studies with the latter К

т,,-.™. value results in

a concentration of 0.24 μΜ instead of 0.5 μΜ, which is close to the 0.2 yM
value demonstrated in the sealed vesicles. The "true" К

t.^™« value appears

to be strongly dependent on the assay conditions (Scharff, 1979;Matsuda and
Yagi, 1980), and the different values reported are summarized in Table 2.6.
2+
2+
Thus, the precise value of the apparent К for Ca
of the basolateral Ca m
2+
pump remains unknown, but must be somewhere between 0.2 and 0.5 μΜ Ca
2+
An interesting observation is the high Ca
affinity of alkaline phos2+
phatase in basolateral plasma membranes. The theophylline-sensitive Ca 2+
induced ATP hydrolysis has а К value identical to that of the Ca -pump.
m
Previously, we have reported that intestinal alkaline phosphatase can be
2+
activated at Ca
concentrations m the micromolar range, but these effects
2
were ascribed to depletion of Zn by the EDTA isolation procedure (see sec
tion 3.5 and 4.5). Basolateral membranes used in the present study are not
2+
2+
Zn
depleted, but the stimulatory effects of low Ca
concentrations are
2+
even more pronounced. Despite the high-affinity Ca
sites and the ability
2+
to hydrolyze ATP, alkaline phosphatase is unlikely to play a role in Ca
transport, since theophylline strongly inhibits alkaline phosphatase activ2+
ity without affecting the ATP-dependent Ca
uptake in basolateral membranes.
2+
2+
Comparing the rates of Ca -induced ATP-hydrolysis and ATP-dependent Ca
2+
uptake, the stoichiometry of the basolateral Ca -pumping system can be de2+
termmed. Direct comparison of the two V
values, 5.3 nmol Ca
and 21
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nmol ATP per min per mg prot for uptake and hydrolysis respectively, is not
possible because of the inhomogeneity in vesicle population with respect to
sidedness and permeability. From the effects of detergents, osmotic shock
and freeze-drying on (Na +K )ATPase latency we calculate 40% resealing at
37

С (Table 5.6). The higher stimulation observed with digitonin and SDS

are probably due to side-effects such as solubilization, which influences
enzymatic activity. Similar effects of SDS have been reported in (Na +K ) ATPase latency studies in heart sarcolemma (Bers et al., 1980). A higher
degree of resealing is demonstrated at 25 C, i.e. 65%. Studies on the la+
tency of К -phosphatase have been proven useful in determination of the
sidedness of heart sarcolemma vesicles (Besch et al., 1976; Bers et al.,
1980). However, in our studies the effects of different treatments on this
enzyme cannot be interpreted straight-forwardly, due to the variation in
effects at 37

С and the absence of effects at 25

of alamethicin on the Ca

-ATPase activity (at 25

C. The observed effect
C) suggests that 32% of

the resealed vesicles have the inside-out orientation. A reasonable con
clusion is that about one-third of the -vesicles is leaky, one-third is
inside-out and one-third is right-side out. The same distribution was found
for basolateral membrane vesicles isolated with Percoli (Murer, personal com
munication). Very recently, Del Castillo and Robinson (1982) have reported
a population of 60% inside-out and 40% leaky for a basolateral membrane
vesicle preparation from guinea-pig intestine.
2+
2+
Correctingь the V
values of Ca -ATPase and ATP-dependent
Ca
uptake
r
max
2 +
for the orientation gives a transport ratio of 0.5 Ca
ions transported per
mol ATP hydrolysed. This ratio is still lower than the values of 1 to 2 re2+
cently reported for the erythrocyte Ca -pump (Larsen et al., 1981). How2+
ever, our V
value for the Ca -ATPase in the basolateral membrane vesimax
2+
cles may be overestimated, if theophylline does not fully inhibit Ca

-

induced ATP hydrolysis by alkaline phosphatase. Moreover, the transport ra
tio is based on the assumption that the basolateral membrane vesicles are
2+
equally sealed for Ca
as for ATP and ouabain, which is unlikely.
Notwithstanding these uncertainties, the conclusion seems justified that
the total ATP-dependent Ca -pump capacity in duodenum will be somewhere
2+
between 10 and 20 nmol Ca
per min per mg prot, which is comparable to
values reported for other tissues (Vincenzi and Larsen, 1980; Caroni and
Carafoli, 1981). This adds duodenal epithelium to a wide variety of tis2+
sues where a Ca -pump has been demonstrated in plasma membranes, viz.
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proximal tubular epithelium (Moore et al., 1974; Gmaj et al., 1979), adipocytes (Pershadsingh et al., 1980), pancreatic island cells (Pershadsingh
et al., 1980a), heart sarcolemma (Trumble et al., 1980; Caroni and Carafoli,
1981), erythrocytes (Sarkadi, 1980), smooth muscle (Wuytack et al., 1980;
Grover et al., 1980; Morel et al., 1981), squid axon (DiPolo et al., 1978),
corpus luteum (Verma and Penniston, 1981), thyroid glands (Rasai and Field,
1982) and lymphocytes (Lichtman et al., 1981).
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C H A P T E R

6

+
2+
Na -Ca
EXCHANGE IN BASOLATERAL MEMBRANES FROM RAT SMALL INTESTINAL
EPITHELIUM

6.1. Summary
+
2+
The presence of a Na -Ca
exchange system in purified basolateral mem
brane vesicles from rat small intestinal mucosa has investigated in two
types of experiments: (1) determination of the effect of Na on ATP-dependent Ca

-accumulation; (2) determination of Ca
uptake driven by a Na . .
2+
+

gradient. The inhibition of the ATP-dependent Ca

uptake by Na

is partial

ly due to competition of Na , which accumulates in the vesicles by the ac+ +
2+
2+
tivity of the (Na +K )pump, with Ca
for intravesicular Ca
binding sites.
After inhibition of the (Na +K )ATPase by preincubation with ouabain, the
...
2+
inhibition of ATP-dependent Ca
on the Na

-accumulation shows a sigmoidal dependence

concentration. Kinetic analysis suggests cooperative inter

action between counter transport of at least two Na ions for one Ca
ion.
+
2+
In basolateral membrane vesicles passively loaded with Na , Ca
uptake
is driven by a Na -gradient. This exchange is influenced by an inside pos.
.
.
.
.
+
2+
itive membrane potential. No significantly difference in Na -induced Ca
uptake is observed between vesicles isolated from duodenum, mid-jejunum and
+
2+
terminal ileum. The physiological relevance of the basolateral Na -Ca
ex+
2+
changer is suggested by the finding that Na -induced Ca
uptake occurs at
2+
Ca
concentrations as low as 0.1 μΜ.
6.2. Introduction
2+
We have demonstrated the presence of an ATP-dependent Ca -pump in baso
lateral membrane vesicles from rat duodenum (Chapter 5 ) . In an increasing
+
2+
number of tissues Na -Ca
exchange has been reported together with ATP2+
2+
dependent Ca

uptake as the active transport mechanisms for Ca

(Carafoli

and Crompton, 1978; Lamers and Stinis, 1981). In squid axon (Blaustein,
1974) and cardiac sarcolemma (Reeves and Sutko, 1979; Caroni et al., 1980)
+
2+
the Na -Ca
exchange system has been studied in detail. In these tissues
+
2+
the exchange of Na for Ca
has been shown to be electrogenic and the ex2+
change capacity exceeds greatly that of the ATP-dependent Ca -pump
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(Pitts, 1979; DiPolo et al., 1979).
+
2+
The presence of a Na -Ca
exchanger has also been suggested m

baso-

lateral membranes from kidney cortex (Gmaj et al., 1979), toad bladder
(Chase and Al-Awqati, 1981) and small intestine (Martin and DeLuca, 1969a).
There is conflicting evidence for Na -Ca

exchange in small intestine.
+
2+
Martin and DeLuca (1969a) have observed an effect of Na on Ca
efflux
to the serosa and conclude that a Na -Ca

exchange system is located at
2+
the basolateral side in duodenal plasma membranes. Studies on Ca
release
from small intestinal cells by Birge et al. (1974) suggest a requirement
+
+ +
of Na

for this process in a way which is independent of the (Na +K ) -

pump. Holdsworth et al. (1975) have reported involvement of Na

in Ca

exit from the mucosa of chick ileum. In vivo studies show no effect of in+
2+
traluminal Na on Ca
transport across rat duodenum, but there is an effect in the ileum (Behar and Kerstein, 1976). More recently, Na -dependence
2+
of cellular Ca
fluxes from mucosa to serosa as veil as from serosa to
mucosa has been reported for rat ileum (Nellans and Kimberg, 1978).
+
2+
Indirect evidence for the presence of a Na -Ca
exchange system in rat
small intestine has been provided by Hildmann et al. (1982), showing 60%
2+
+
inhibition of ATP-dependent Ca

uptake by Na

in isolated basolateral mem-

brane vesicles.
In the study described in this chapter, we have demonstrated the pres+
2+
enee of a Na -Ca
exchange mechanism in rat small intestinal basolateral
+
2+
membranes. The evidence is based on Na inhibition of ATP-dependent Ca 2+
+
accumulation and also on direct studies of Ca
uptake driven by a Na gradient.

6.3. Methods and Materials

Preparation of membranes. Basolateral plasma membrane vesicles are prepared
from duodenum, mid-jejunum and terminal ileum or from whole small intestine
as described in section 2.2.7.

Measurement of ATP-dependent Ca

-accumulation. The vesicles are suspended

in a medium containing 150 mM KCl, 5 mM MgCl

and 30 mM Hepes-Tris (pH 7.4).

The vesicles are used for experiments within 6 hours after the start of the
isolation or within 5 days after freezing in liquid nitrogen and storage at
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-80
+
Na

С, during which time intervals there is no detectable decrease in the
2+
effects. The ATP-dependent Ca

uptake is measured in a medium con

taining 150 mM KCl, 7.9 mM MgCl , 6 mM Tris-ATP, 1 μΜ free C a
0

Ca/ml) and 20 mM Hepes-Tris (pH 7.4) at 25 C . The free Ca

2+

(1.5 uCi
concentration

is buffered with 0.5 mM EGTA and 0.5 mM NTA (section 5.3). Equimolar amounts
of KCl are replaced by NaCl in order to get the desired Na

concentrations.

The membrane protein content in the uptake assay is maximally 0.2 mg/ml to
avoid ATP depletion in the presence of Na

due to activation of (Na +K ) -

ATPase. In some experiments the basolateral membrane vesicles are preincubated with 1-2 mg/ml ouabain on ice for 45 min or more prior to the Ca
2+
uptake studies. The Ca
uptake reaction is started by adding basolateral
membrane vesicles, preincubated for 5 min at 25

C, to the ATP-containing

uptake medium. At appropriate times 50 yl aliquote are removed and the mem
branes are collected by rapid filtration (section 5.3). The Na -dependence
2+
of the inhibition of Ca -accumulation is studied by measuring the initial
uptake rates by sampling after 0.5 and 1.0 min of incubation, where the Ca

2+

uptake is linear with time both in the absence and presence of Na .
+ .
2+
Measurement of Na -induced Ca
uptake. Freshly prepared basolateral mem
brane vesicles are suspended in the isolation medium described above with
150 mM NaCl instead of KCl. The suspension is kept on ice for 90 min prior
2+
+
to the experiments. Ca

uptake is started by 25-fold dilution of the Na -

loaded vesicles (5 mg/ml protein) in a medium containing 0.1 to 50 μΜ free
C a 2 + (40 uCi

Ca/ml), 2.1 mM MgCl

150 mM NaCl of KCl, 0.5 mM EGTA, 0.5

mM NTA and 20 mM Hepes-Tris (pH 7.4) at 25 0 C . NTA is present in the medium
2+
for improved buffering of free Ca
concentrations above 1 μΜ (see section
2+
2.3). Short incubations are carried out by starting the Ca

uptake re

action by mixing 5 μΐ membrane suspension with 120 μΐ incubation medium.
Rapid quenching is accomplished by addition of 1 ml ice-cold medium con
taining 150 mM KCl, 1 mM LaCl , 5 niM MgCl and 20 mM Hepes-Tris (pH 7.4)
at appropriate times (5-90 sec). The membranes are collected by rapid fil45
tration of 0.95 ml of the quenched solution and analysed for
Ca (section
5.3). When effects of ionophores are studied, basolateral membrane vesicles
are preincubated for 5 min at 25

С in the presence of the ionophore.

Ethanolic solutions of monensin and valinomycin are used and the controls
are assayed in the presence of the same amount of ethanol (< 0.1%,v/v).
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ATP-dependent Ca-uptake
(nmol / m g protein )

10-

7.5-

2.5-

Figure 6.1
+
2+
Elicti,
oft Na on tht ATP-dependent Ca. -accumixLcutiun in babolatoAoL
ттЬпапг олІсЛел afa fiat duodiinum.
2+
ATP-dependent Ca
uptake i s assayed, as d e s c r i b e d m s e c t i o n 6.3 a t 1 μΜ
+
Са^ . The Na c o n c e n t r a t i o n i s 75 mM. Ouabain e f f e c t s a r e determined a f t e r
p r e i n c u b a t i o n of the v e s i c l e s i n 2 mg/ml ouabain f o r 45 min on i c e ( s e c t i o n
6.3).

2+
2+
Enzyme assays. Ca -ATPase activity is assayed with 1 μΜ free Ca
in the
2+
Ca
uptake medium (see above) as described in section 5.3, but with 3 mM
Na.ATP instead of 6 mM and 2.5 mM theophylline and 2 mg/ml ouabain added
to suppress ATP hydrolysis by alkaline phosphatase and (Na +K )ATPase, res
pectively. Protein is assayed as described in section 2.2.1.
Materials. Monensin has been obtained from Calbiochemicals (La Jolla) and
valinomycin from Sigma (St. Louis).

6.4. Results
6 . 4 . 1 . Effects_of_Na

on_ATP3dei>endent_Ca

membrane v e s i c l e s of duodenum
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I§££yiDyi§tion_in_basolateral

+
The effects of Na

2+
on ATP-dependent Ca

uptake in basolateral membrane
2+

vesicles from duodenum are shown in Fig.6.1. The Ca

-accumulation is in

hibited by 45% in the presence of 75 mM Na . This may indicate the presence
of a Na -Ca

exchange mechanism causing exchange of accumulated Ca

against Na . Other possible explanations are inhibition of the ATP-depen
dent Ca

-pump by Na

or involvement of (Na +K )ATPase activity. The ab+
2+
sence of an effect of Na on high-affinity Ca -ATPase activity (0.94 +_
0.10 compared to 1.00 jf 0.13 umol P. per h per mg prot. (n=5) in the ab+

•'-

sence of Na ) makes the first of these alternative explanations rather un. .
2+
likely. Inhibition of Ca
uptake due to ATP depletion as a result of
(Na +K )ATPase activation, is not very likely for two reasons. Firstly,
2+
the Ca
uptake is assayed in the presence of 6 mM ATP and the inhibition
by Na

is already observed at incubation times of 1 and 2 min, when the ATP

supply is not yet exhausted (Fig.6.1). Secondly, incubation in the presence
2+
of 2 mg/ml ouabain does not have an effect on the ATP-dependent Ca
uptake.
Preincubation of the basolateral membrane vesicles with ouabain for 45
+
2+
min or longer causes a significant decrease in the Na -induced loss of Ca
from the vesicles (Fig.6.1 and Table 6.1). This effect of ouabain indicates
a role of the Na -pump in the observed Na -induced inhibition of ATP-de2+
+
+
2+
2+
pendent Ca

uptake. The presence of Na , К , ATP, and Mg

in the Ca

uptake assay provides optimal conditions for activating (Na +K )ATPase in
the basolateral membrane. Moreover, only inside-out oriented vesicles are
2+
-accumulation, which have the ATP-binding sites

involved in the observed Ca
2+
+ +
for Ca

-ATPase and (Na +K )ATPase located on the surface facing the up

take medium (section 5.8). Activation of (Na +K )ATPase established a Na 2+
gradient (inside > outside) in these vesicles. The observed loss of Ca +
2+
accumulation may partly be explained by competition between Na and Ca
for cationic binding sites inside the vesicles. This would result in a rise
2+
in the free intravesicular Ca
concentration and therefore lead to an in2+
.
2+
crease in Ca
efflux from the vesicles. Intravesicular binding of Ca
is
2+
2+
.
suggested by the effects of the Ca -ionophore A23187 on Ca -accumulation
2+
(see also Fig.5.1). In Table 6.1 it is shown that ATP-dependent Ca
uptake
is not completely inhibited by A23187. The slight increase by Na
Ca

loss due to A23187 can be explained by competition between Na

of the
and Ca

for binding sites. Ouabain abolishes this Na effect (Table 6.1). The pres3+
enee of La
in the stop and wash solution effectively removes extravesi2+
cular bound Ca , indicating that the observed effects are predominantly
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Table 6.1

Eßfecto o{\ ouabain, топгплЫ and А231&7 on Na -¿ndaczd inkib-Ltíon о^ АТРdtpzndunt Са^+ uptake, ¿η Ьаіоіаіелаі тгтЬшпг елісЛгі, (¡кот duodenum.

2+
Effects are shown on the initial rate of Ca -accumulation and are expressed
1
as percentages of the control value (4.61 _+ 0.42 nmol Ca^" " per min per mg
prot,n=5). When ouabain effects are determined, vesicles are preincubated
with 2 mg/ml ouabain for 45 min on ice. Values are given as means +^ SEM
with the number of experiments in parentheses.
No addition
Control
+ 100 mM N a

+2 pM monensin

100
+

+10 yg/ml A23187

98.9+6.5(4)

22.6+1.1(4)

62.4+5.1(5)

74.6+4.3(9)

14.8+0.8(3)

75.7+4.3(7)

79.7+2.9(6)

22.0+2.2(4)

+

+ 100 mM N a +
2 mg/ml ouabain

2+
.
.
+ +
on intravesicular Ca
binding sites. The (Na +K )pump is able to maintain
a Na -gradient across the vesicular membrane, which is demonstrated by the
+ .
. 2 +
effect of the Na -ionophore monensin on Ca
uptake (Table 6.1). Involve2+
ment of inside-out vesicles only m the measured Ca
uptake is suggested
by the fact that the ouabain effect is only observed after prolonged pre
incubation. The extensive preincubation is necessary to allow ouabain to
reach its inhibitory site on the inner surface of the vesicles as has also
been noted for cardiac sarcolemma vesicles (Pitts, 1979; Philipson and
Nishimoto, 1982).
Addition of 75 mM Na

or К
2+

actively loaded with Ca

to ouabain-preincubated membrane vesicles,
2+

for 5 min, causes an initial rapid efflux of Ca

from the vesicles (Fig.6.1). The Ca

efflux induced by Na

and reaches the same level as observed when Na
2+
ning (Fig.6.I). The Ca

-leak

is more rapid

is present from the begin+

induced by addition of К

appears to di

minish within a few minutes. This effect of KCl is probably due to an os
motic shock.
The effects of various Na concentrations (10-100 mM) on the rate of
2+
ATP-dependent Ca -accumulation in ouabain-pretreated vesicles are shown
+
2+
in Fig.6.2. At 10 mM Na
tween 15 and 20 mM Na

no decrease in Ca
a sharp rise in Ca

-load is observed, while be
efflux out of the vesicles is

observed. A plateau is reached between 50 and 100 mM Na , and about 20% of
2+
.
+
the accumulated Ca
is lost. The sigmoidal relationship between Na con2+
centration and inhibition of ATP-induced Ca
uptake suggests a cooperative
+ .
.
2+ .
interaction between transport of two or more Na ions with one Ca
ion,
90

% inhibition of
ATP - d e p e n d e n t C a - u p t a k e
30 η

Figure 6.2
2+
+
гргпагпсе. о^ ÁTP-induczd Ca wptakz on Na concinfiatLon
bcaoZatzAot ттЬлапгл.
Ca2+

by duode.na¿

Results
are expressed
as percent
inhibition
of ATP-dependent
2 + uptake
uptake
is determined
in vesicles
pretreated
with ouabainC a(see
Fig.6.1)
+
after 1 min incubation in the presence of N a . Mean values are given +_ SEM
for 3-4 experiments.

with a Na -affinity of about 20 шМ Na .
+
2+
6.4.2. Na_;de|>endent_Ca
УЕ£§ЬЁ_І5_!2§§0І5£ЁЕ§1_5£3*>Е§5Ё_ Ёаі£Іе5_2^_^У2І
denum
+
2+
One of the characteristics of a Na -Ca
exchange transport system is
+
2+
that it is a synmetrical carrier, promoting Na uptake by a Ca -gradient
2+
+
(inside > outside) and Ca
uptake by a Na -gradient (inside > outside).
+
2+
In the preceding section we show induction by Na of Ca
efflux from ac2+
tively Ca -loaded basolateral membrane vesicles. In this section we report
Na -induced Ca

uptake in basolateral membrane vesicles of duodenum.

The vesicles are passively loaded with Na

and diluted 25-fold in an
2+
equimolar NaCl or KCl medium containing 50 yM free Ca . In Fig.6.3 the
2+
.
+
.
.
time-course of Ca
uptake in Na -loaded basolateral membrane vesicles in
NaCl or KCl is shown. After 5 sec there is already a significantly higher
2+
2+
Ca

uptake in KCl-diluted vesicles (P < 0.05). The difference in Ca

up

take appears to be maximal at 15 sec and is negligible after 90 sec in-
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Ca-uptake
( n m o l / m g protein)
1.00-1

0.75-

0.50 •

А К
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о K+monensin
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Figure 6.3

uptakí -in Na -¿oade.d ЬалоІаХелаІ тетЬллие

Efánct o & Na -gnadimt on Ca

2+
z+
.
¿+
Ca
uptake is determined at 50 μΜ Ca
(section 6.3). Means of 3-4 exper
iments are given. At 15 and 30 sec incubations the SEM is shown, which does
not exceed 5% over the entire time range.

cubation. This 'overshoot' effect in the presence of a Na -gradient suggests
that the Na -gradient (inside > outside) is dissipated after 90 sec. During
2+
+
the first 45 sec the increase in Ca
uptake due to a Na -gradient is abol2+
ished by monensm. This strongly suggests that the extra Ca
uptake is
driven by a Na -gradient.
We have also studied whether the presence of a potential difference could
influence the Na -driven Ca

uptake. When an electric potential drives
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Table 6.2
EfäzcZi OjJ vcüU.nomycU.n and К on Ca uptakz in Ha -loadzd
Ьалоіаіелаі
mmbhane. глісіго ο ζ duodznum.
. .
+
2
+
Experimental c o n d i t i o n s a r e d e s c r i b e d i n s e c t i o n 6 . 3 . Na -dependent Ca
uptake i s c a l c u l a t e d by s u b t r a c t i n g t h e c o n t r o l v a l u e . Values a r e given as
means +_ SEM with t h e number of experiments i n p a r e n t h e s e s .
2+
+
Ca
uptake
Na -dependent
Ca + uptake
Uptake medium
(nmol Ca per 15 sec per mg prot)
150 mM NaCl (control

0.59 + 0.02 (4)

150 mM KCl

0.71+0.03(5)

0.12

150 mM KCl + 10 ug/ml valinomycin

0.87 + 0.06 (4)

0.28

+ "2+
Na -Ca exchange, as in squid-axon (Mullins and Brinley, 1975) and cardiac
sarcolemma (Caroni et al., 1980), then an inwardly-directed К diffusion
potential, created by addition of valinomycin and К to the Na -loaded
2+
vesicles should stimulate the Ca uptake. In Table 6.2 the effect of vali+
2+
nomycin on Na -dependent Ca uptake in basolateral membrane vesicles is
shown. Valinomycin stimulates the Na -induced Ca uptake 2-fold, indicating
+
2+
a charge separation during the Na -Ca exchange.
+
2+
.
6.4.3. Distribution_of Na -Ça_ _exchange cagaciίγ along the small intestine
2+
and_its affinity for Ca
+
2+
In Fig.6.4 the segmental distribution of Na -induced Ca

uptake along

the small intestinal tract is shown. Under conditions creating a favourable
electrochemical driving force for Na (presence of KCl and valinomycin, sec+
2+
tion 6.4.2), no significant difference in Na -gradient driven Ca uptake
is observed between duodenum, mid-jejunum and terminal-ileum (P > 0.3).
+
2+
These results on Na -Ca exchage are in sharp contrast with the segmental
2+
.
.
.
.
distribution of the ATP-dependent Ca -pumping system, which is highest m
the duodenum and decreases sharply towards the ileum (section 5.4.7).
The Na -driven Ca uptake is measured in the presence of 50 μΜ Ca
2+ .
A physiological role of this carrier implies an affinity for Ca
in the
2+
.
+
micromolar range. In Fig.6.5 the Ca concentration dependence of Na 2+
induced Ca
uptake in basolateral membrane vesicles is shown between 0.1
2+
2+
+
2+
and 50 μΜ Ca . At 0.1 μΜ Ca
the Na -gradient dependent Ca uptake amounts
2+
to 40% of the level reached at 50 μΜ Ca . Although the kinetic analysis
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Ca-uptake in Na+-loaded vesicles
(nmol Ca/ 15sec, mg prot)
О.Зп

0.2-

0.1

duodenum

jejunum

ileum

Figure 6.4
+
2+
Segmentai cUò&Ubutlon of, Na -gfiadlmt dnAvm Ca uptake In baiolatenaZ
тетЬшпе еліеіеь оfa¿mttí ¿nteittnat
epÁthetium.
Na -induced Ca uptake is determined at 50 yM Ca
(section 6.3) in the
presence of 10 yg/ml valinomycin. Values are given as means + SEM for 3
or more experiments.
Na+-induced Ca2+uptake (%)
125 Ί
100

75-

10.0

Free Ca

50.0

Figure 6.5
+
2+
Ca
eoneentSLotton
dependence
o^
Na
-ghadient
duiven
Ca
uptake.
Ca2+
2+
uptake is measured at 0.1, 1.0, 10 and 50 yM free Ca
(section 6.3)
in basolateral membrane vesicles from whole small intestine in the presence
of 10 yg/ml valinomycin. Values are given as mean percentages of the Ca
uptake at 50 yM Ca 2 + + SEM for 4 or more experiments.
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can only be qualitative in view of the few concentrations used, the curve
depicted in Fig.6.5 indicates a Ca

affinity of ca.0.2 μΜ for the Na -Ca
2+
exchanger, which is close to that of the ATP-dependent Ca -pumping system
(section 5.4.3).

6.5. Discussion
+
2+
In this chapter we report evidence for the existence of a Na -Ca exchange system in basolateral membrane vesicles from rat small intestine.
+
2+
The Na -induced inhibition of ATP-dependent Ca -accumulation as well as
+
.
.
2+
the Na -gradient driven Ca
uptake strongly suggest the existence of a
+
2+
Na -Ca
exchanger m these membranes.
2+
+
The 45% inhibition of ATP-dependent Ca

uptake by Na

in the absence

of ouabain is in close agreement with values recently published by Hildmann
et al. (1982). These authors did not observe an effect of ouabain present
+
2+
in the incubation assay on Na -induced inhibition of the ATP-dependent Ca
uptake. In our experiments we observe such an effect only after prolonged
preincubation of the vesicles with the drug. This is most probably due to
the limited permeability of the vesicular membrane for this glycoside. An2+
other possible explanation for the higher inhibition of ATP-dependent Ca
uptake by Na , reported by Hildmann et al. (1982) is that they used baso
lateral membrane vesicles isolated from duodenum and jejunum instead of
duodenum alone. The similarity between the ouabain and monensin effects in
dicate that in our basolateral membrane vesicles (Na +K )ATPase is able to
maintain a Na -gradient across the vesicular membrane (inside > outside).
+
2+
This Na -gradient should lead to additional Ca -accumulation, in excess of
2+
. . . .
that caused by the ATP-dependent Ca -pump. The observed inhibition suggests
2+
.
+
that dissociation of Ca
from intravesicular binding sites by Na , fol2+
lowed by Ca
efflux, is the dominant process. This has also been suggested
recently for rat myometrium membrane vesicles (Grover et al., 1981a). Com+
2+
petition between the binding of Na and Ca
to the cell surface of heart
tissue has been reviewed recently by Langer (1982). Additional evidence for
+
2+
effects of accumulated Na on intravesicular Ca
binding is provided by
2+
2+
the identical effects of Na
on vesicular Ca
content in the presence of
2+
+
. . . .
A23187. The Ca
efflux from the vesicles induced by Na after inhibition
of the (Na +K )pump by ouabain appears to reflect Na -Ca
exchange activ2+
ity, although displacement and release of bound Ca
by passively entering
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Na

ions cannot be ruled out.

+
2+
Direct evidence for the existence of a Na -Ca
exchange system is de+
2+
rived from the Na -dependent Ca
uptake studies. The effect of monensin
+
2+
strongly suggests a Na -gradient as the driving force for the extra Ca
uptake seen after dilution of Na -loaded vesicles in the KCl medium. Under
conditions where the (Na +K )pump is not active (absence of ATP) the Na gradient across the vesicular membrane appears to dissipate within 90 sec
(see Fig.6.3). The increase in Na -dependent Ca

uptake in the presence

of valinomycin and an inwardly-directed К -gradient is due to an extra
driving force for Na -exit out of the vesicles by an inside-positive elec+
2+
trie potential, 3 Na

ions being exchanged for 1 Ca

sigmoidal shape of the curve describing the Na
of inhibition of Ca
two or more Na

. I n addition, the

concentration dependence

-accumulation suggests a cooperative exchange between

ions with one Ca

stoichiometry of about 3 Na

ion (see Fig.6.2), in agreement with a

per Ca

reported for the Na -Ca

exchanger

in cardiac sarcolemma (Pitts, 1979; Kadoma et al., 1982). An apparent К
m
+
+
. . . .
2+
of about 20 mM Na for the Na -induced inhibition of Ca -accumulation
closely resembles values of 22-31 mM Na , recently obtained for Na -de2+
pendent Ca
efflux in cardiac sarcolemnal vesicles (Kadoma et al., 1982),
but is somewhat higher than а К of 12.5 mM Na reported by other authors
m
(Philipson and Nishimoto, 1981).
+
2+
+
When we want to compare values of Na -Ca
exchange obtained by the Na 2+
2+
dependent inhibition of ATP-induced Ca

uptake (section 6.4.1) and by Ca

uptake driven by a Na -gradient (section 6.4.2), we have to realize that
different membrane vesicle populations are involved in the two assays.
Whereas in ATP-dependent Ca

uptake studies only inside-out oriented vesi

cles can be involved, both right-side out and inside-out vesicles partici+
2+
pate in Na -driven Ca
uptake. Assuming that one-third of the total vesi
cle population is right-side out and one-third inside-out (section 5.4.8),
+
2+
we calculate total Na -Ca
exchange capacities of 3 and 1.8 nmol per m m
+ .
2+
+
per mg prot, respectively, for the Na -induced Ca
efflux and the Na 2+
gradient dependent Ca
uptake. The difference between the two values may
be due to several factors. As mentioned above, the observed inhibition of
ATP-dependent Ca
between Na

and Ca

uptake by Na

may be partially caused by competition

for intravesicular Ca

-binding sites, even in the

presence of ouabain. This would lead to an overestimation of the actual
+ 2 +
.
. . .
Na -Ca
exchange activity when measuring in this way. Moreover, some cau+
2+
96
tion must be considered in interpreting the velocities of Na -induced Ca

uptake in basolateral membrane vesicles reported in this study. The values
obtained may be unreliable by the limited time resolution of the filtration
2+
assay used. With a continuous monitoring assay with the Ca -sensitive dye
Arsenazo III, more accurate values were estimated for initial rates of the
+
2+
.
.
Na -Ca

exchange system in cardiac sarcolemma vesicles (Carom et al.,

1980; Kadoma et al., 1982). In addition, the Na -gradient existing during
the 15 sec incubation period, is not constant due to leakiness of the baso
lateral membrane vesicles for Na . However, a 25-fold Na -gradient is ap
plied in these experiments, which is far in excess above the gradient exis
ting _in_vivo across the basolateral membrane (10-15 fold). Therefore, even
after dissipation of half the Na -gradient within 15 sec, a physiological
relevant gradient remains. The proposed involvement of different vesicle
+ .
2+
populations in the observed Na -induced Ca
uptake (see above) may gener
ate an extra problem. However, no difference could be observed in Na 2+
dependent Ca
uptake between inside-out vesicles and the total vesicle
population in studies with cardiac sarcolemma (Philipson and Nishimoto,
1982).
+
2+
Although the exact Na -Ca
exchange capacity is uncertain, the impor+ 2 +
. 2 +
tance of Na -Ca
exchange in Ca
extrusion across duodenal basolateral
membranes is minimal when compared with heart sarcolemma. Addition of 75
+
2+
Ca
mM Na to basolateral plasma membrane vesicles of duodenum loaded with Ca
2+
in the presence of ATP, causes a loss of only 20% of the accumulated Ca
(Fig.6.I), whereas there is a complete and instantaneous release of vesi2+
cular Ca
in the case of heart sarcolemma vesicles (Caroni and Carafoli,
2+
1980). A different relation between the two Ca -transporting mechanisms
in basolateral membranes exists in the more distal parts of small intestine,
2+
viz. jejunum and ileum. Whereas the ATP-dependent Ca -pumping activity
+
2+
sharply declines in jejunum and ileum (section 5.4.7), the Na -Ca
ex
change capacity is nearly the same in the three segments. This means that
in jejunum, and even more so in ileum, the Na -Ca
exchanger is important
2+
in transporting Ca
out of the enterocyte (see also Fig.8.1).
+
2+
Additional support for possible physiological relevance of the Na -Ca
+
.
.
2+
exchanger was given by the presence of a Na -gradient driven Ca
uptake
2+
2+
at Ca
concentrations as low as 0.1 μΜ (Fig.6.5). An affinity for Ca
of
+
2+
.
.
.
2+
the Na -Ca
exchanger in the submicromolar range suggests that this Ca
2+
transport system is able to maintain'low intracellular Ca
levels. In the
2+
.
2+
duodenum ATP-dependent Ca -pumping appears the primary mechanism for Ca
extrusion (see section 5.4.7). In more distal parts of small intestine
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this transport system has a relatively low capacity and its function may
increasingly be taken over by Na -Ca
exchange. The rather low capacity
2+
of the latter Ca
transport system, suggested by the studies described
2+
m this chapter, could be in agreement with the general idea that Ca
uptake in ileum is mainly passive (Avioli and Birgé, 1978; Koller and Binswanger, 1982). However, it should be borne in mind that our studies were
done under artificial conditions, i.e. with isolated membrane vesicles
2+
.
+
loaded with Ca
or with Na to show unidirectional fluxes of the counter
2+
+
ion. In vivo transmembrane gradients for both Ca
and Na are directed
in the same way (outside > inside) and the exact relationship between reg2+
ulation of intracellular Ca
concentration by the two transport systems
remains to be established.
+
2+
In conclusion, the existence of a Na -Ca
exchange system in basolateral
membranes of rat small intestinal epithelium has been demonstrated. The
segmental distribution of this transport system suggests an increasing importance of Na -Ca

antiport in total basolateral Ca

duodenum to more distal parts of the small intestine.
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transport from

C H A P T E R

EFFECTS OF la.25-DIHYDROXY-VITAMIN D

7
ON ACTIVE C a 2 + TRANSPORT MECHANISMS

IN BASOLATERAL MEMBRANES OF SMALL INTESTINAL EPITHELIUM

7.1. Summary
2+
The effects of 1.25(0H)„D on ATP-dependent Ca
uptake, high-affinity
J
2+
. .
+
2+
Ca -ATPase activity and Na -Ca
exchange have been studied in basolateral
membranes of rat duodenum. Repletion of vitamin D.-deficient rats with
2+
2+
1.25(OH) D , results in an increase in ATP-dependent Ca
uptake and Ca ATPase activity by 75%. In addition, 1.25(OH),D increases the ATP-dependent
2+
Ca
uptake in the terminal ileum, whereas no effect m mid-jejunum is observed. The vitamin D_-metatolite affects primarily the V
and not the
3
2+
2+max
+ +
affinity for Ca . It has no effect on ATP-dependent Ca
binding, (Na +K ) ATPase activity and D-glucose space of the vesicles. This indicates that
2+
it is a rather specific regulation of the ATP-dependent Ca
transport sys+ .
2+
.
2+
tem. The Na -induced inhibition of ATP-dependent Ca -accumulation and Ca
uptake driven by a Na -gradient are not influenced by 1.25(OH) D_, suggest+
2+
ing that vitamin D does not regulate the Na -Ca
exchange mechanism in
the basolateral plasma membranes of small intestinal epithelium.

7.2. Introduction
Active Ca

2+

absorption in the small intestine is regulated by the seco-

steroid hormone la.25-dihydroxy-vitamin D_ (1.25(0H)-D ) , a metabolite of
vitamin D, (see section I.A.3). Walling (1977) reported a stimulatory ef2+
feet of 1.25(OH)_D_ on net Ca
absorption in different segments of intact
small intestinal epithelium. The precise mechanism by which 1.25(OH)„D2+
.
.
regulates Ca

absorption in the snail intestine is, however, still unknown.

As briefly sunmarized in section 1.4.3, it is generally thought that
1.25(OH)_D« acts on three different sites when stimulating small intestinal
2
+
2
+
Ca
transport: (1) the Ca
permeability of the brush border membrane which
2+
determines passive Ca
influx is regulated by-1.25(011)„D_ (see for review
Bikle et al., 1981; (2) a cytosolic calcium binding protein (CaBP), induced
by 1.25(0H)„D

(Wasserman and Taylor, 1966), which may play a role in in2+
tracellular Ca
buffering and transport through the cytosol (Spencer et
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al., 1978; Morrissey et al., 1978); (3) active Ca

2+

extrusion across the

basolateral membrane (see Chapter 5) which may be stimulated by 1.25(OH) D
(Bikle et al., 1981; Wasserman et al., 1982), although there is no direct
evidence for such an effect.
In studies with everted sacs of the duodenum. Schachter et al. (1961;
1966) concluded that vitamin D is required for active Ca

extrusion.

In vivo studies (Urban and Schedi, 1970) and in vitro perfusion studies of
whole intestinal segments (Holdsworth et al., 1975) support this conclusion.
Calculations by Urban and Schedi (1970) suggest that vitamin D exerts its
2+
primary action on the active Ca
transport step at the basolateral side
2+
of the cell. More recently, an effect of 1.25(OH) D on the Ca -ATPase activity in isolated basolateral membranes of rat duodenum has been reported
by Mircheff et al. (1977). However, they did not distinguish between the
. .
2+
2+
high-affimty transport Ca

-ATPase and the low-affinity Ca

-induced ATP

hydrolysis due to alkaline phosphatase (see Chapter 3 ) .
In this chapter we describe our studies of the effects of 1.25(OH).D,
on the two active transport mechanisms in basolateral plasmamembranes, the
ATP-dependent Ca

-pump and the Na -Ca

exchanger.

7.3. Methods and Materials
Preparation of vitamin D-deficient rats. Male rats are raised for 7-8 weeks
on a vitamin D-deficient diet slightly modified from Walling (1977), described in detail in section 2.4. A short period on Ca

-free diet is neces-

sary to deplete the endogeneous vitamin D. stores. At the start of the experiments the animals are 8-9 weeks old and weigh 150-190 g. The vitamin Ddeficient status of the rats is verified by determining the Ca

levels

immediately before isolation of the basolateral membrane fractions. Serum
Ca is analyzed by titration with EGTA, using calcein as indicator, by means
of a Corning calcium analyzer (type 940). Only rats with serum Ca concentration below 1.7 mM are qualified as vitamin D-deficient and are used for
the experiments. Rats are injected intraperitoneally with 160 ng 1.25(OH)„Dor solvent (ethanol: propanediol, 1:1, v/v) 48 and 24 h prior to the experiment .
Isolation of basolateral membranes. Basolateral membrane vesicles are isolated from 10 cm lengths of proximal duodenum, mid-jejunum or terminal
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ileum (section 2.2.7). After isolation, basolateral membranes are suspended
in 150 mM KCl, 5 mM MgCl

and 20 mM Hepes-Tris (pH 7.4), and are used for
+
2+
uptake experiments within 3 h. For Na -Ca
exchange studies the membranes
are suspended in the same medium with 150 mM NaCl instead of KCl (section
6.3). For some experiments leaky basolateral membranes are used, prepared
in the presence of EDTA (section 2.2.5).
2+
Transport assays. ATP-dependent Ca
uptake is determined in a medium con
taining 150 mM KCl, 5 mM MgCl , 3 mM Tris-ATP, 0.5 mM NTA, 20 mM Hepes-Tris
(pH 7.4) and 0.05-5 uM free Ca . Ca
uptake is assayed with
Ca by means
of a filtration technique (section 5.3). When Na effects are studied, 75
+
2+
mM KCl is replaced by 75 mM NaCl. For Na -Ca
exchange studies, basolateral
membrane vesicles are loaded for 60-90 min with 150 mM NaCl, present in the
+
2+
above isolation buffer. Na -Ca
exchange is determined in a medium con
taining 2.1 mM M g C U , 50 uM free C a 2 + (40 pCi 4 5 C a / m l ) , 150 mM KCl or NaCl,
0.5 mM EGTA, 0.5 mM NTA and 20 mM Hepes-Tris (pH 7.4) at 25 0 C (section 6.3).
D-glucose uptake is studied by incubating 150 ug membrane-protein in 300 yl
3
of a medium containing 0.1 mM D-glucose (20 pCi H-D-glucose), 150 mM KCl,
10 mM Hepes-Tris (pH 7.4), 5 mM MgCl», 5 mM NaN . At appropriate times (290 min) 50 ul aliquote are quenched in 1 ml of an ice-cold solution con
taining 150 mM KCl, 5 mM MgCl , 5 mM NaN , 10 mM Hepes-Tris (pH 7.4) and
1 mM HgCl- according to Mircheff et al. (1980). The membranes are collected
45
by rapid filtration as described for
Ca uptake studies (section 5.3).
2+
Enzyme assays. Ca

2+

2+

-ATPase activity is assayed at 1 μΜ free Ca

in the Ca

uptake medium (see above) containing 2.5 mM theophylline at 37

С (section

5.3). (Na +K )ATPase is assayed as described in section 2.2.1. Alkaline
phosphatase is measured under optimal conditions in a medium containing 5
mM MgCl , 0.25 піМ CaCl , 0.2 mM ZnCl , 50 mM Tris-maleate (pH 9.0) and 5 mM
p-nitrophenylphosphate according to Mircheff and Wright (1976). The reaction
is stopped with 1 N NaOH and p-nitrophenylphosphate hydrolysis is measured
at 410 um. Protein is analysed as described in section 2.2.1.
Materials, la.25(OH)«D_ (Rocaltrol) was generously provided by Hoffman la
Roche (Basle) by courtesy of Dr. Penders and Dr. Pijper (Mijdrecht).
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Table 7.1

СотралАлоп оfa¿слит Ca сопсг*ФісиЫ.опі о^ nxvtb mcUnicilníd. on іЛатіп Vdz^idiznt and nomai
diztA.
The conditions of feeding
tions are measured in 8-9
determination of serum Ca
Values are given as means
theses .

are described in section 2.3. The Ca concentra
weeks old rats. Repletion with 1.25(ОН)20з and
are carried out as described in section 7.3.
+_ SEM with the number of experiments in paren

Diet

Serum Ca concentration (mM)

Normal standard diet

2.73+0.06

Vitamin D-deficient with normal Ca

2.96 + 0.24 (4)

Vitamin D-deficient with Ca

-free period

1.37 + 0.03 (54)

Vitamin D-deficient with Ca

-free period

after repletion with 1.25(0H) D

(4)

2.45 + 0.04 (51)

7.4. Results

7.4.1. Studies_on_vitamin_D-deficienc^
When two weeks old rats are fed a non-rachitogenic vitamin D-deficient
diet containing adequate Ca

(1.1 Ζ, w / v ) , as described in detail in sec

tion 2.4, no significant decrease (P > 0.3) in serum Ca concentration is
observed compared to rats fed a normal vitamin D-containing standard diet
(Table 7.1). Subsequently, a Ca

-free period has been included in the

vitamin D-deficient regimen to deplete the vitamin D stores (Walling, per
sonal communication). When rats receive this diet for 2-2.5 weeks, they
display a severe hypocalcemia with plasma Ca levels less than 1.4 mM (Table
7.1), which indicates the vitamin D-deficient status of the animals (Wal
ling, 1977; Halloran and De Luca, 1981). When repleting these rats with
1.25(0H)9D_ 48 and 24 hours before sacrifice, the plasma Ca concentration
increases almost 2-fold to normal levels.
2+
7.4.2. Effect_of_K25(OH) D
membrane vesicles

on_ATP-de2endent_Ca

u£take_in_basolateral

Fig.7.1 shows the effect of repleting vitamin D-deficient rats with
1.25(OH)„D, on ATP-dependent Ca
uptake in duodenal basolateral vesicles.
2+
The Ca -accumulation is almost doubled in basolateral membranes of animals
repleted with 1.25(OH)_D . The Ca
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concentration dependence of the initial

ATP-dependent Ca-uptake
nmol / m m . mg protein
17.5

12.5-

7.5-

2.5
r
10
Time (min)
Figure 7.1

Е^гсХ о^ líplttion
with J.Z5[OH)2V^ on the. ATP-dependent CaZ+ uptake in
bcu>o¿ateÁ£L¿ membnane мелісЛеь ofa Kat duodénum.
2+
2+

Ca
uptake is determined at 1 μΜ Ca
+ SEM for 5 or more experiments.

(section 7.3). Mean values are given

2+
rate of ATP-dependent Ca
uptake in duodenal basolateral membranes from
vitamin D-deficient (-D) and vit.D-repleted (+D) rats is shown in Fig.7.2.
2+
At Ca
concentrations as low as 0.05 yM, a stimulatory effect of 1.25(OH)?D
2+
on Ca
accumulation is observed. In basolateral membranes of both (-D) and
2+
2+
(+D) rats the Ca
concentration dependence of the Ca
uptake is about
2+
equal and reaches a plateau between 0.25 and 5.0 uM fг ее Ca . Kinetic anal
ysis of the data of Fig.7.2 has been performed by means of double reciprocal
2+
plots (Fig.7.3). The apparent Кm values, i.e. 0.10 +_ 0.01 (A) uM Ca for
2+
(-D) rats and 0.14+0.02 (3) цМ Ca
for (+D) rats, respectively, do not
differ significantly (P > 0.1). The V

values are, however, significantly

шЗ.Х

л

decreased from A.82 +_ 0.38 (+D) to 2.76 + 0.23 (-D) nmol Ca
mg prot.(P < 0.01).
In Fig.7.4 we compare the effect of 1.25(0H)2D

per min per

on the ATP-dependent Ca

uptake rate in basolateral membrane vesicles from duodenum with those on
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2+

ATP-dependent Ca-uptake
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g i v e n a s means ;+ SEM f o r 3-4 e x p e r i m e n t s .
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uptakz In Ьало-

ATP-dependent Ca-uptake
nmol / m i n . m g prot.
5-1

•
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Duodenum
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Figure 7.4

Efáiict oi 1.2S[0H)2Vyn.zp¿<it¿on on bcuolateAol KTV-dzpmdznt
in dÁ^zAi-nt ¿>e.Qmzntb о^ Kaut omoüUL ¿nt&ittm.

Co.2+ uptake.

Initial rates are given as means +_ SEM for 4 or more experiments. Ca
take is determined at 1 uM Ca
(section 7.3).

up-

vesicles from mid-jejunum and terminal ileum. In duodenum and ileum, the
2+
Ca -accumulation is increased significantly (P < 0.01) by 75%, whereas in
jejunum no effect is found (P > 0.4).

7.4.3. Specificity of the 1.25(OH)_D -induced stimulation of the baso2+
.
lateral ATP-degendent Ca
uptake in duodenum
The specificity of the observed effects of 1.25(0H)9D_ on ATP-dependent
2+
Ca
uptake in basolateral membranes has been demonstrated in several ways.
Table 7.2. summarizes results of studies on the effects of 1.25(OH)„D_ on
several enzyme activities. The enzyme activities are determined in leaky
basolateral membrane fragments (section 2.2.5) to avoid enzyme latency due
2+
to inaccessible sites. Ca -ATPase activity increases to the same extent
2+
as ATP-dependent Ca
uptake after repletion with 1.25(0H)2D3 (P < 0.02).
+ +
However, basolateral (Na +K )ATPase activity shows no difference between
vitamin D-deficient and -repleted animals. Alkaline phosphatase activity

105

Table 7.2

ЕІ&геЛі 0)5 fizptztion о^ vitamin V-dziicLant fuvti with ÌΛ5(0Η)„Ό. on
iUvzuaZ гпгутг activÁJxzA in Izaky baAolatzAal тетЬкапи.
Enzyme activities are assayed as described in section 7.3 at 37 C. Mean
values are given +^ SEM with the number of observations in parentheses.
Ca 2+ -ATPase

(Na + + K + ) ATPase

Vitamin D-deficient rats

2.08+0.38(4)

23.5+3.7(4)

33.52+1.13(3)

1.25(OH)2D3 repleted rats

3.66+0.23(4)

25.9+4.3(4)

54.98+1.68(3)

^ ™
phosphatase
(umol P./h per mg prot)

Table 7.3

ЕЦгсХл oi Kvplztion oi vitamin V-di^iciznt MUU with 1.2S[0H)„V, on
бг елаі aativitizi
in іеаіга ЬаАоІаХелаЛ тгтЬкапг VÍO-LC^ÍO.

2+
ATP-independent Ca
uptake is assayed in the standard uptake medium at
+
1 μΜ Ca2 in the absence of ATP. Enzyme activities are assayed at 25 0 C
as described in section 7.3. Mean values are given + SEM with the number
of experiments in parentheses.
, + +.
2+
ATP-independent
(Na +K )ATPase
Ca -ATPase
Ca*+ uptake
(mnol/min per mg prot)
(μιηοΐ P./h per mg prot)
Vitamin D-deficient rats

1.21+0.13(12)

8.8+0.7(9)

0.60+0.06(4)

1.25(OH) D -repleted rats

1.22+0.15(12)

9.5+1.0(9)

1.31+0.19(4)

is increased by 60% after 1.25(OH)„D

treatment, comparable to the obser

vations of Mircheff et al. (1977) in the same membrane preparation.
Table 7.3. shows control experiments with sealed basolateral membrane
2+
vesicles. There is no difference in ATP-independent Ca
uptake, suggesting
2+
that 1.25(0H)9D does not affect non-specific Ca
binding to the membranes.
+ +
The absence of an effect of 1.25(OH) D -repletion on the (Na +K )ATPase
activity suggests no difference in vesicle orientation between the two pop2+
ulations (section 5.4.8). The stimulation of Ca -ATPase activity m the
vesicles of the repleted rats supports the findings in the leaky membrane
fragments, shown in Table 7.2. Fig.7.5 shows D-glucose uptake in basolateral
membrane vesicles from duodenum of vitamin D-deficient and 1.25(0H)„D repleted rats. There are no differences between the two populations at in
cubation times up to 90 min. The -;e results indicate that the effects of
I 06

D- glucose uptake
(nmol / m g protein)
0.3

0.2

0.1

Figure 7.5
Е^гсХ oó ].ZS(OH)і уКгрІгіхоп on V-gZucoòe. uptake, ¿η bcu>o¿a¿eAa¿ mmbfime.
г&іеЛел iiom duodmum.
D-glucose uptake is determined as described in section 7.3. Values are given
as means + SEM for 3-4 experiments.

1.25(OH) D

on Ca

2+
-accumulation are not due to differences in size of the

two vesicle preparations.
In summary, the studies described in this section strongly suggest a
2+
rather specific effect of l.25(OH)2D on the basolateral Ca -pump and that
this is not a pleiotrophic effect, as recently suggested for the brush bor
der membrane by Putkey et al. (1982a).

7.4.4. Effect of 1.25(Ш)

D on_Na_-Ça
2 3
vesicles from duodenum

A possible role of 1.25(ОН)Л)

êï£ÎÎËSËË_iD_bâS2Îâ£ËE§i_!îS5^I§SË

in regulation of Na -Ca

2+ exchange across

the basolateral membrane has been studied by estimating the effects of re
pletion on Na -induced inhibition of ATP-dependent Ca
uptake and on Na 2+
gradient driven Ca
uptake (see Chapter 6 ) . The inhibition of the ATP2+
+
dependent Ca
uptake by 75 mM Na is determined in basolateral membrane
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E^ec^t o{¡ v-ùtamln V-itatuò
^кот Kout duadznum.

Table 7.4
+ 2+
on Να -Ca
exefomge ¿η oa4o£ateAa¿ ттЬшпел

+ . . . .
2+
.
.
Na -inhibition of ATP-dependent Ca
uptake is determined with ouabainpretreated vesicles in a medium containing 75 mM NaCl, 75 mM KCl and 1 μΜ
2+
+
Ca
(section 7.3)· Na -dependent Са^* uptake is determined in Na -loaded
+
vesicles, and is expressed as the difference between Ca^ uptake at 15 sec
after dilution with 150 mM KCl + 10 yg/ml valinomycin and 150 mM NaCl (sec
tion 7.3). Values are given as means + SEM with the number of experiments
between parentheses.
Na -induced inhibition of
Na -dependent
2+
2+
ATP-dependent C a
uptake
Ca
uptake
(nmol Ca^/min per mg prot) (nmol Са2 + /15 sec per
mg prot)
Vitamin D-deficient rats

0.55 +_ 0.08 (4)

1.25(OH)2D -repleted rats

0 . 7 7 + 0 . 0 7 (4)

0.22 + 0.03 (3)
0 . 1 7 + 0 . 0 4 (3)

vesicles preincubated with 2 mg/ml ouabain in order to minimize competing
effects of Na

with intravesicularly bound Ca
(section 6.4.1). Na de2+
creases the Ca -accumulation by 17.6 +_ 2.4 and 14.3 +_ 1.3% (n=4) in vita
min D-deficient and -repleted rats, respectively. There is no difference be+
. .
2+
tween the Na -sensitive part of the Ca

-accumulation of (-D) and (+D) vesi

cles (P > 0.05, Table 7.4). Assuming that the Na -induced inhibition of
2+
+ 2 +
Ca

uptake is related with a Na -Ca

exchanger, it would seem that this

transport system in duodenal basolateral membranes is not influenced by
1.25(OH)„D_. However, this assumption has not been proven beyond doubt (see
.
.
.
. 2 +
Chapter 6 ) , and more direct evidence has been obtained from studies on Ca
uptake driven by a Na -gradient. Na -loaded basolateral membrane vesicles
are diluted in either a Na -free or a Na -containing uptake medium with 50
2+
μΜ Ca , and the difference m uptake rates at 15 sec is taken as the
+
2+
Na -Ca
exchange activity (section 6.4.2). Table 7.4. shows that no sig2+
nificant difference exists between the Ca
uptake rates in basolateral
membranes from vitamin D-deficient and 1.25(OH)„D -repleted rats (P > 0.3).
+
2+
These results support the conclusion that the Na -Ca
exchange is not
regulated by vitamin D .

7.5. Discussion
The studies described in this chapter show that 1.25(0Н)Л)_ regulates
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2+
-pump in basolateral plasraamembranes. This effect is
+
2+
rather specific, since no effects of 1.25(0H)„D on the Na -Ca
exchange
the ATP-dependent Ca

and several other parameters are noticeable.
2+
The parallel increase in basolateral ATP-dependent Ca

2+
uptake and Ca

-

ATPase activity after repletion of vitamin D-deficient rats with 1.25(0H)9Dq
provides further evidence for the conclusion that these activities are ex2+
pressions of the same Ca
transporting mechanism (see also Chapter 5 ) .
+ +
-4The absence of an effect on (Na +K )ATPase activity suggests that tfio
1.25(OH)?D_ effect is not of a general trophic nature. This result is in
contradiction with a report on the same basolateral membrane preparation
by Mircheff et al. (1977), who concluded an increase in (Na +K )ATPase activity after administration with 1.25(OH) D . However, recent studies of
Putkey et al. (1982) with chick basolateral membranes Confirm our results
on (Na +K )ATPase. Less directly, the absence of an effect of 1.25(OH) D
+ +
on basolateral (Na +K )ATPase activity is in agreement with the suggested
+
2+
absence of an effect on Na -Ca
exchange (Table 7.4), which is driven by
a Na -gradient maintained by this enzyme. Recently, Fuchs et al. (1982)
have reported a stimulation of Na -dependent solute transport by vitamin
D, with a parallel decrease in Na -permeability in studies with brush border vesicles of chick jejunum. They explained these effects as a vitamin
D-induced stabilization of the Na -gradient across the luminal membrane.
Our findings on (Na +K )ATPase together with the virtual absence of Na dependent solute transport in basolateral membranes (Hopfer et al., 1976;
Mircheff et al., 1980; Del Castillo and Robinson, 1982) would be in agreement with such an explanation.
The increase in basolateral alkaline phosphatase activity after repletion
with 1.25(OH)„D, (Table 7.2) is in agreement with results on similar preparations from rat (Mircheff, 1977) and chicken (Putkey et al., 1982). In
addition, vitamin D-induced stimulation of brush border alkaline phosphatase activity has been reported by Holdsworth (1970) and Mircheff et al.
(1977). In Chapter 5 we have shown that association of this enzyme with
2+
active Ca
transport in duodenal basolateral membranes is unlikely, but
the real function of the enzyme is still unknown (see also section 8.3).
2+
The segmental distribution of ATP-dependent Ca
uptake in basolateral
membrane vesicles is strikingly similar to the distribution of CaBP reported by Thomasset et al. (1981). In the same study no difference in calmodulin content between the three segments has been observed. Similar find2+
ings have been made for the segmental distribution of active Ca
absorp-
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tion in intact small intestine (Walling, 1977; see also section 5.4.7).
2+
These findings suggest a regulation of small intestinal Ca
transport by
vitamin D,, which does not involve calmodulin. Our finding that the high
. .
2+
affinity of the basolateral Ca
uptake is not changed by repletion with
1.25(OH)_D, (Figs.7.2 and 7.3) supports this conclusion. Our findings for
.
.
2+
the distribution of the effect of 1.25(OH)„D

on ATP-dependent Ca

uptake

in duodenum and ileum agree with those of in vitro studies by Walling et
al.*1974) and of in vivo studies by Petith et al. (1978). They support the
idea that only the most proximal and distal segments of small intestine res2+
pond to I.25(OH)-D. with respect to Ca
absorption (Lee et al., 1981). The
apparent absence of an effect of this vitamin D metabolite on basolateral
2+
. . . . .
.
Ca
transport in jejunum is in agreement with studies of the effects of
2+
the other metabolite 25(OH)-D on active Ca
transport in intact small
intestinal segments by Walling et al. (1974). These authors suggested that
2+
the latter metabolite may be only partly related to jejunal Ca
transport,
but more to phosphate transport which is highest in the jejunum (Walling,
1977; Peterlik and Wasserman, 1978). However, subsequently Walling (1977)
2+
reported an induction of net Ca
absorption by 1.25(OH)„D- in rat jejunum
as well.
The absence of I.25(OH)_D

effects on D-glucose uptake and (Na +K ) -

ATPase activity in basolateral membrane vesicles suggest that the two vesi
cle populations are similar with respect to size and orientation. From the
D-glucose equilibrium uptake an apparent intravesicular space could be cal
culated of about 2.5 μΐ/rag prot (see Fig.7.5). Comparable glucose and ala
nine spaces have been reported by Mircheff et al. (1980) for a similar baso
lateral membrane preparation, whereas with vesicles prepared with Percoli
a somewhat lower value was obtained by Del Castillo and Robinson (1982).
The studies described in this chapter provide strong evidence for a
2+
specific regulation of the basolateral ATP-dependent Ca -pump in duodenum
by 1.25(0H)oD , although the molecular mechanism of this action is not yet
2+
.
clear. An effect of 1.25(OH) D on the conformation of the Ca -pump is
2+
.
rather unlikely, since no changes in Ca
affinity are observed (Fig.7.3).
2+
The increase of the apparent V
of the Ca -pumping system by the vitamin
D- metabolite suggests that it either increases the number of pump-sites
or the turnover rate of the pump. As mentioned above, a role of calmodulin
2+
in the 1.25(OH) D -induced stimulation of ATP-dependent Ca
uptake is
unlikely. Another important question is, does 1.25(OH)9D, interact directly
2+
.
.
with the basolateral Ca -pump, or indirectly, e.g. via the vitamin D_-
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dependent CaBP? A role of CaBP in transepithelial Ca

2+

absorption is still

uncertain (Nellans and Kimberg, 1979; Bikle et al., 1981). Recently, Wasser2+
man et al. (1982) suggested requirement of CaBP synthesis for Ca
transfer
across the basolateral membrane (see also section 8.7.2).
The vitamin D-deficient status of the rats used in our study was verified
by extremely low serum Ca levels (Table 7.1). Low blood Ca induces enhanced
2+
secretion of parathyroid hormone (PTH) to restore the Ca
homeostasis
2+
(section 1.2). Altered Ca -pump activities in basolateral membranes by
direct effects of PTH, rather than by 1.25(OH) D

cannot be excluded by our
2+
experiments. Birge et al. (1974) reported a stimulation of Ca
release from
intestinal mucosa by PTH and suggested possible effects of PTH on baso2+
lateral Ca
transport. However, there is no evidence for a direct effect
2+
of PTH on small intestinal Ca
transport (Bikle et al., 1981). If such effect exists, it may be due to stimulation by PTH of the 1.25(OH) D, production in the kidney (section 1.2).
2+
Freedman et al. (1977) suggested an effect of vitamin D on Ca
transport in isolated basolateral membranes. However, they used a leaky membrane
preparation, which was isolated in the presence of EDTA according to Mir2+
cheff and Wright (1976). This preparation showed neither Ca
transport
2+
2+
(Mircheff, 1976) nor ATP-dependent Ca

uptake. At the high Ca

concen-

tration (0.5 mM) used in the uptake assay, the observed effect of vitamin
2+ .
2+
D-deficiency was probably on Ca
binding rather than on Ca
transport.
2+
Our finding that 1.25(OH)„D- does not change non-specific Ca
binding to
2+
basolateral membranes (Table 7.3) is probably due to the low free Ca
concentration in our experiments (1 uM) and to different membrane properties
as a result of the absence of EDTA during isolation.
2+
.
.
.
The stimulation of the ATP-dependent Ca

-pumping system in small in-

testine by 1.25(OH)-D- implies a third site of regulation by this vitamin
D. metabolite in addition to the brush border and cytosolic compartments.
However, the relative importance of the basolateral membrane in regulating
2+
.
.
.
transcellular Ca

transport will have to be assessed in the intact epi-

thelium. The effects of I .25(OH) ,,0.. on the brush border membrane, the cyto2+
'
solic Ca -buffering systems and the basolateral membrane must be closely
2+
balanced in order to increase the transcellular flux of Ca , while the
2+
.
.
.
.
free Ca
concentration in tho tvtosol must remain fairly constant.
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C H A P T E R

8

GENERAL DISCUSSION

8.1. Introduction
Calcium transport in the small intestine is of wider importance than for
the epithelium where it occurs. As briefly outlined in Chapter 1, regulation
2+
of small intestinal Ca
absorption is an important factor in the calcium
2+
homeostasis of the body. Since the discovery of Ca
requirement for heart
contraction by Ringer (1882), involvement of this cation in the regulation
of many cellular processes have been documented (reviews: Rasmussen and
Goodman, 1977; Carafoli and Crompton, 1978; Kretsinger, 1979). The impor2+
tance of small intestinal Ca
absorption is also demonstrated by the fact
that this process is regulated by the vitemin D

metabolite 1.25(OH)JD-,

and indirectly by parathyroid hormone (see section 1.2).
2+
From a thermodynamic point of view, transport of Ca
from the intestinal lumen across the brush border membrane into the mucosal cells should be
2+
passive. In contrast, Ca
exit across the basolateral membrane should require energy (see section 1.4.1). This consideration led us to study the
2+
mechanism of active Ca
transport across the basolateral membrane. Our
study provides strong evidence for the existence of a high-affinity ATP2+
dependent Ca -pumping system in this plasma membrane, which is regulated
by 1.25(0H)9D- and is primarily located in the duodenum. In addition, the
+
2+
presence of a Na -Ca
exchange system has been demonstrated, which is not
2+
regulated by 1.25(OH) D and which may be important for Ca
transport in
the more distal parts of the small intestine.
In this chapter various aspects of our studies will be discussed. The
2+
characteristics of the active Ca
transport system in the basolateral membranes of rat small intestine will be summarized and considered in the
2+
light of recent findings on basolateral Ca
transport from other labora2+
+
2+
tones. The relative importance of ATP-dependent Ca
uptake and Na -Ca
2+
exchange in basolateral Ca
transport in different intestinal segments
2+
will be discussed. Finally, these basolateral Ca -transporting systems
will be, together with other regulatory sites, viz.brush border membrane
2+
and cytosol, interpreted in terms of Ca
absorption across whole small
2+
intestinal epithelium and a model of transcellular Ca
transport will be
developed.
113

8.2. Studies with isolated plasma membranes of small intestinal epithelium
In studies on intact small intestinal epithelium in the 1960's it became
2+
clear that Ca
absorption from lumen to serosa was an energy-consuming process (see section I.A.2). In order to understand the molecular mechanism of
the intestinal Ca
transport, it was necessary to isolate brush border and
basolateral membranes. In 1968, purified brush border membranes became
available (Forstner et al., 1968), and one year later Martin et al. (1969)
2+
postulated a role of vitamin D-dependent "Ca -ATPase" activity in brush
2+
borders from rat small intestine in Ca
transport. In subsequent years some
attempts were made to isolate basolateral plasma membranes (section 2.2).
Mircheff and Wright (1976) succeeded in separating and purificating brush
border membranes and basolateral membranes to a reasonable extent. In subsequent studies of this group the purity of basolateral membranes was further improved (Mircheff et al., 1978; 1979; 1979a). This work inspired us
2+
to study Ca
transport in isolated plasma membranes from small intestinal
epithelium and the experience of the Los Angeles group was gratefully applied in the isolation of these membrane fractions in our study (see section
2.2).

8.3. Role of alkaline phosphatase in the small intestine
Although not the primary aim of our study, some interesting aspects of
alkaline phosphatase in small intestine have emerged from our investigations.
This enzyme, located in the brush border as well as in the basolateral mem2+
brane, is activated by Ca
concentrations in the micromolar range, its ap. .
2+
2+
parent affinity for Ca
being comparable to that of high-affinity Ca ATPase in the basolateral membrane (see Chapters 3 and 5 ) . This high sen...
2+ .
.
.
.
sitivity to Ca
ions can be ascribed to reactivation of the enzyme after
2+
its being partly inactivated through Zn
depletion by EDTA used during mem2+
brane isolation or by EGTA present in the Ca -buffers. We managed for the
2+
first time to make a clear distinction between Ca -ATPase and alkaline
phosphatase by studying substrate specificity, sensitivity to inhibitors and
formation of phosphorylated intermediates (Chapters 3 and A ) . Several in2+
vestigators have used different pH and substrates in the assays for Ca ATPase and alkaline phosphatase in order to dissociate between the two enzymes (Haussler et al., 1970; Lane and Lawson, 1978; Skillen and RhabaniNobar, 1979). However, alkaline phosphatase hydrolyses a variety of sub-
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strates including ATP (section 3.4.2), and the substrate affinity appears
highly dependent on pH, with a higher affinity at lower pH (Fernley and
Walker, 1967; Seargant and Stinson, 1979).
The function of the alkaline phosphatase of the small intestine is still
unknown. Its stimulation by 1.25(OH) D (see section 7.4.3) and the high
2+
.
2+
affinity for Ca
(section 3.4) would suggest a role in Ca
transport of
the small intestine. However, the absence of an effect of the alkaline phos2+
phatase inhibitor theophylline on ATP-dependent Ca
uptake in basolateral
membranes makes such a role unlikely (section 5.4.1). In addition, alkaline
phosphatase does not appear to be directly involved in inorganic phosphate
transport in brush border vesicles of kidney tubules and small intestine
(Storelli and Murer, 1980; Tenenhouse et al., 1980; Matsumoto et al., 1980;
Shirazi et al., 1981). It might, however, play an indirect role by producing a high inorganic phosphate level near the transport site by its
hydrolysis of phosphate esters (Shirazi et al., 1981). The enzyme may also
play a role in regulating cellular nucleoside concentrations by dephosphorylation of the corresponding nucleotides (Jensen, 1981). In any case the
high substrate affinity of the enzyme at neutral pH will favour its physiological function.

8.4. Properties of high-affinity Ca

-ATPase and Na -Ca

exchange

2+
Here we summarize our findings on the ATP-dependent Ca -pump and the
+
2+
Na -Ca
exchanger in the basolateral membrane, described in the preceding
chapters, and compare them with the properties of similar systems in other
tissues.
In Table 8.1 we compare some important characteristics of duodenal baso2+
2+
lateral Ca -ATPase and erythrocyte Ca -ATPase. In general, both systems
have similar properties. The Hill coefficient calculated from ATP-dependent
2+
.
.
Ca

uptake kinetics (Fig.5.3), amounts to 0.68, which is in agreement with

the stoichiometry of 0.5 Ca/ATP, obtained after correction for vesicle
orientation (section 5.4.8). The difference in calmodulin-sensitivity be2+
tween the two Ca -ATPases may only be apparent and be due to the high endogeneous calmodulin content of our basolateral membrane preparations (sections 4.5 and 5.5). However, an entirely different regulatory mechanism of
2+
the Ca -pump in duodenal basolaterals, viz.by 1.25(OH).D_, may exist (see
2+
section 7.5). The close similarities of the basolateral ATP-dependent Ca -
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2+

Сотралілоп о{) Ca
елуіі іосуіел.

Table

8.1

-dependen-t АТРалг-і о^ duodenal baòolateAaZ тгтЬкапгі and

Data for e r y t h r o c y t e s a r e o b t a i n e d from Sarkadi (1980) u n l e s s o t h e r w i s e
dicated.
Basolateral
Ca^-ATPase

Parameter
2+

К for C a
(μΜ)
m
V
(nmol Ca/min mg prot)

0.2-0.5
+ 15
~~

ГОЭ-Х

a

in

_
E r y t h r o c y t e Ca

-ATPase

0.5-5.0
10-25°

-

Hill coefficient

0.68

1.3 (cited by Pershadsingh and
McDonald, 1980)

Stoichiometry (Ca/ATP)

0.5

1-2 (Larsen et al., 1981)

Activation energy (kcal/mol)

14.8-14.9

14-19

Calmodulin stimulation

1.6 χ

4 χ (Vincenzi and Larsen, 1980)

e

70 e (Hinds et al., 1981)

Phenothiazine inhibition (%)

35

Phosphorylated intermediate

acylphosphate acylphosphate

a
.
.
2+
Dependent on the K„ „„„,. value used in the calculation of free Ca
concen.
/
.
CaEGTA
trations (section
2.3).
Value corrected for vesicle orientation at 25 C, i.e. one-third inside-out
and one-third right-side out (section 5.4.8).
сE
о
Determined at 37 C.
d
cCalculated from a Hill plot of the data in Fig.5.3 (n=0.943),
Effects on membranes treated with EDTA or EGTA

2+
.
. . . .
pump and Ca -pumps in other tissues support the wide distribution of this
2+
system in the body for the purpose of keeping intracellular Ca
at submicromolar levels.
+
2+
Our knowledge of the Na -Ca
exchange system in basolateral membranes
2+
is rather limited, when compared to the ATP-dependent Ca -pump. However,
the studies described in Chapter 6 strongly suggest the existence of an
+
2+
.
.
Na -Ca

exchange in these membranes. The strongest evidence is supplied

by the studies on Na -induced Ca

uptake in Na -loaded vesicles. This Ca

uptake is driven by a Na -gradient, is dependent on the membrane potential
and has a Ca

affinity comparable to that of the ATP-dependent Ca

-pump.

Moreover, indirect studies on Na -induced inhibition of ATP-dependent Ca
accumulation suggest a cooperative exchange between at least 2 Na with 1
2+
Ca
ion. These properties are in agreement with those of the extensively
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-

+
2+
studied Na -Ca
exchange systems in squid axon (DiPolo and Beaugé, 1980)
and cardiac sarcolemna (Langer, 1982). Further studies are needed to char2+
actenze this Ca
transport system in basolateral membranes in a more
quantitative way.

8.5. Relative importance of ATP-dependent Ca
uptake and Na -Ca
exchange
2+
in basolateral Ca
transport along the small intestinal tract
Two main conclusions can be drawn from our studies on the active Ca
2+
transport across the basolateral membrane: (1) ATP-dependent Ca -pumping
+
2+
and Na -Ca
exchange differ in their distribution along the small mtestin2+
al tract; (2) in duodenum, 1.25(0H)9D regulates the ATP-dependent Ca J
+
2+
pumping, but not the Na -Ca
exchange. These observations may have important
physiological implications. The ATP-dependent Ca

uptake is highest in the

duodenum and strongly declines towards the ileum (section 5.4.7). In contrast,
the Na -Ca

exchange activity does not change from the duodenum towards the
+
2+
ileum (section 6.4.3). Although the capacity of the Na -Ca
exchange system might be underestimated in our studies (see section 6.5), comparison of
our values with those obtained for heart sarcolennna (cf Caroni and Carafoli,
+
2+
1980) suggests that the Na -Ca
exchanger can play only a minor role in
2+
Ca
transport across duodenal basolaterals (section 6.5).
2+
In Fig.8.1 we compare the segmental distribution of net Ca
absorption
in intact small intestinal epithelium (adapted from Walling, 1977), of baso2+
+
2+
lateral ATP-dependent Ca
uptake and of basolateral Na -Ca
exchange. The
2+
values for the active Ca
transporters in the basolateral membrane are corrected for the heterogeneity of the vesicle population with respect to orientation and leakiness (section 5.4.8). The relative distribution of net
2+
2+
Ca
transport and ATP-dependent Ca
uptake are strikingly similar, which
2+
suggests that in the duodenum the basolateral ATP-dependent Ca -pump is
2+
the major regulating system in transepithelial Ca ' absorption. The regula2+
tion of the duodenal Ca -pump by 1.25(OH)_D supports this conclusion. On
+
2+
.
the other hand, the Na -Ca
exchange capacity in the duodenum is rather low
2+
when compared to the ATP-dependent Ca
uptake, but its importance for the
2+
.
.
.
.
.
.
.
.
Ca
transport is higher in the jejunum and especially in the ileum. The re+
2+
quirement of Na

for the Ca

efflux across the basolateral membrane in the

ileum is suggested by studies on intact intestinal epithelium of chick
(Holdsworth et al., 1975) and rat (Nellans and Kimberg, 1978). This differ-
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2+
enee m the r e g u l a t i o n of Ca
a b s o r p t i o n by the small i n t e s t i n e i s con2+
sistent with the ideas about different Ca

transport mechanisms in duodenum

and more distal parts of the small intestine proposed by Avioli and Birge
(1978).

2+
8,6. Recent findings on basolateral Ca
transport in isolated membranes
Recent studies by Nellans and Popovitch (1981) and Hildmann et al. (1982)
2+
on ATP-dependent Ca
uptake have employed basolateral membrane vesicles
prepared from the proximal half of the small intestine (duodenum and jejunum)
2+
with Percoli. They find much lower ATP-dependent Ca -accumulation values
than we do, which can be explained either by their use of a different seg
ment of the small intestine or by the use of a Percoll-isolation technique.
2+
Nellans and Popovitch (1981) report an apparent Ca
affinity of the ATP2+
dependent Ca
transport system one order of magnitude higher than our
value. However, these authors use a rather high apparent К
calculating the free Ca

сртд

va

l u e for

concentrations in their uptake assay, resulting
2+
in an underestimation of the actual free Ca
concentration. They report a
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2+
slight stimulation (30%) of the basolateral ATP-dependent Ca
uptake by
2+
. .
calmodulin with a 2-fold increase in Ca
affinity by this protein. Since
they have not attempted to deplete their membranes of calmodulin, a regu2+
latory function of calmodulin in basolateral Ca -pumping remains uncertain
at this time (see also sections 5.5, 7.5 and 8.4).
Hildmann et al. (1932) report up to 60% Na -induced inhibition of ATP2+
dependent Ca
uptake m basolateral membrane vesicles, which they ascribe
+
2+
to the presence of a Na -Ca
exchange mechanism. Similar studies described
in section 6.4.1 suggest that at least part of the Na -induced inhibition
. .
+ .
2+
.
.
2+
may be due to competition of Na with Ca
for intravesicular Ca -binding
+
2+
sites as discussed in section 6.5. Hence, more direct studies of the Na -Ca
2+
+
exchange by measuring Ca
uptake driven by a Na -gradient are more reliable
(see section 6.4.2).

8.7. Different steps in Ca

2+

transport across small intestinal epithelium

The studies described in this thesis are mainly focussed on Ca

2+

efflux

across the basolateral membrane of the enterocyte. 'Then discussing trans2+
cellular Ca
transport, two other transport processes must be considered:
2+
2+
(1) Ca

influx across the brush border membrane; (2) Ca

transport through

the cytoplasm. We shall summarize our current knowledge of each of these
processes. This information will subsequently be used in formulating a
2+
model for transcellular Ca
transport in the small intestine.
8.7.1. Ca

2+

ІБ£ІУ5_§££255_£'2£_^ІУ5Ь_^2£^£І_3§2^Е§2Ё

2+
Passive entry of Ca
across the brush border membrane has been suggested
. . .
2+
by studies on initial kinetics of Ca
uptake in intact duodenal epithelium
(Walling and Rothman, 1973; O'Donnell and Smith, 1973). This would be in
2+
agreement with a downhill movement of Ca
driven by an electrochemical gra2+
dient (section 1.4.1). A stimulating effect of vitamin D on Ca
uptake
across the brush border membrane in rat duodenum has been reported (Martin
and DeLuca, 1969; Walling and Rothman, 1973). In studies with isolated brush
2+
border membrane vesicles from chick duodenum, a saturable Ca

uptake sys

tem has been observed, which is stimulated 2.5- to 5-fold by la-hydroxyvitamin D, (Rasmussen et al., 1979). Similar studies with brush border vesi
cles from rat and rabbit duodenum have shown stimulations of only 30% by
2+
1.25(OH)2D3 on Ca
uptake (Murer and Hildmann, 1981; Miller and Bronner,
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1981). Interpretation of the data of these latter studies is complicated by
2+
the considerable binding of Ca
to the vesicle interior, discussed by Murer
and Hildmann (1981).
The molecular mechanism of 1.25(OH)„D.-induced stimulation of Ca

2+

uptake

in brush border membranes is not clear at this time. Rasmussen et al. (1979)
have shown that the 1.25(OH)-D -induced effect is independent of protein
synthesis, and suggest an effect on the membrane lipid structure. However,
a recent study of Putkey et al. (1982) does not support a role of alter
ations in fatty acid composition or lipid fluidity of brush border membranes
2+
in vitamin D-mediated intestinal Ca
transport. Kowarski and Schachter
(1980) have reported the presence of a vitamin D-dependent calcium-binding
protein complex in brush border membranes of rat duodenum, which is distinct
from cytoplasmic calcium-binding protein (CaBP). The affinity of this pro
tein-complex for Ca

is almost one order of magnitude higher than that of

the soluble CaBP. A role of the intrinsic membrane protein in translocation
2+
of Ca
from the intestinal lumen to the cytosol has been postulated by
Kowarski and Schachter (1980).

8.7.2. Ca

2+

£Ε§22Ε2ί£_£ΪΐΕ21ίΕί!_£^§ £ï to £2i

2+
Two mechanisms have been proposed for the regulation of Ca
transport
2+
through the cytosolic compartment: (1) Ca -accumulation in intracellular
2+
organelles; (2) Ca -buffering by vitamin D-dependent CaBP. The role of
2+
mitochondria in intracellular Ca
transport has been studied by Bikle et
2+
al. (1980). An extensive ATP-dependent Ca -accumulation in isolated mito2+
.
-5
chondria from chicken could be observed at a Ca
concentration of 10 M,
2+
which exceeds the concentration normally existing in the cytosol. This Ca sequestration is not dependent on the vitamin D-status of the animal. Bikle
2+
et al. (1980) suggested that a possible increase in the mitochondrial Ca
2+
content by 1.25(0H)9D_ would be due to the increased intracellular Ca
concentration rather than to the increase in 1.25(0H)9D_ concentration. Freed2+
man et al. (1977) proposed a role of the Golgi apparatus in cytosolic Ca
translocation, which is regulated by vitamin D. Further studies of this
2+
group (Freedman et al., 1981) showed a carrier-mediated Ca
transport in
^n
isolated Golgi membrane vesicles, followed by intravesicular binding of Ca
2+
However, a physiological function of the Golgi apparatus in Ca
transport
2+
remains to be established. Davis et al. (1979) reported Ca -sequestration
in lysosomes of chick duodenal mucosa, and proposed a role of these organ-
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2+

elles in cellular Ca

2+

transport.

2+
The role of vitamin D-dependent CaBP in Ca
transport across small intestinal epithelium has been studied extensively (see for review Bikle et
al., 1979). The concentration of CaBP along the small intestine correlates
2+
with the capacity for absorbing Ca
(Thomasset et al., 1981). Biosynthesis
of this cytosolic protein is induced by 1.25(OH)_D- (cf Freund and Bronner,
2+ .
1975), and the apparent association constant of CaBP for Ca
is around 1
uM (Bredderman and Wasserman, 1974). In studies on the correlation between
2+
effects of 1.25(OH)9D on small intestinal Ca
absorption and CaBP syn7
2+
thesis, the increase in Ca
uptake preceded the appearance of CaBP (Spencer
et al., 1978; Morrissey et al., 1978; 1978a). Inhibition of CaBP synthesis
2+
does not block the 1.25(OH)„D„-induced increase in Ca
transport across
2+
duodenal epithelium (Bikle et al., 1978) or the Ca
uptake in brush border
2+
membrane vesicles (Rasmussen et al., 1979). However, the Ca
uptake by
cells of cultured chick embryonic duodenum is totally abolished by inhibitors
of protein synthesis (Franchesi and DeLuca, 1981). Recently, Wasserman et
al. (1982) have reported the absence of a stimulating effect of 1.25(OH) D
2+
on mucosal Ca -accumulation in the presence of CaBP. They propose that the
2+
Ca
entry-step may not require protein synthesis, whereas this is probably
2+
.
.
.
required for Ca
exit across the basolateral membrane. This hypothesis is
2+
in agreement with a role of CaBP as a Ca -buffer to prevent the initial in2+
crease in the intracellular Ca
concentration after 1.25(OH)„D--stimulated
2+
Ca
entry across the brush border, as suggested by Bikle et al. (1979).
In evaluating the molecular mechanism of action of CaBP, the structural
characterization of this protein may be important. Although a member of the
same family as calmodulin and troponin-C, CaBP from bovine small intestine
is structurally different from the former calcium-binding proteins and has
2+
only 2 high-affinity Ca -binding sites instead of 4 (Szebenyi et al., 1981).
An interesting observation is the close structural resemblance between CaBP
and parvalbumin (Szebenyi et al., 1981). For both proteins it has been sug2+
gested that they have a function in regulation of intracellular Ca
con2+
.
.
2+
centration or Ca

transport rather than activating enzymes, i.e. Ca

-ATPase,

like calmodulin does (Kretsinger, 1979). Such difference in molecular function should be in agreement with the observed difference in relative distribution of CaBP and calmodulin along the small intestinal tract (Thomasset
et al., 1981).
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8.7.3. Ca

2+

2+
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efflux_ä£ross the basolateral membrane

Transport of Ca

2+

out of the cell across the basolateral membrane requires
2+
energy (section 1.4.1). Our studies indicate the presence of two active Ca transporting systems in the basolateral membrane. In duodenum, the ATP-de2+
pendent Ca -pump is the main transporting mechanism and this activity is
regulated by 1.25(OH)-D. (see Chapters 5 and 7 ) . Na -Ca

exchange across

the basolateral membrane is not effected by 1.25(OH)_D-, and appears to be
important in the jejunum and the ileum (Chapter 6 ) .

8.7.4. A_model_of_transcellular_Ca
The information on Ca

2+

2+

trâ3sE2E£_ii}_5!5êi^_iDÏSË£iSêi_52i£ÎîfІіШ?

transport in the different cellular compartments

summarized in the preceeding sections, is assembled in a model of transcel2+
2+
lular Ca
transport in Fig.8.2. Ca
influx across the brush border membrane
2+
is a passive process, and the Ca
permeability of this membrane is regulat2+
ed by 1.25(0H)9D_. The free Ca
concentration in the cytosol is thought to
be 0.1 uM or less (Rasmussen and Gustin, 1978; Kretsinger, 1979). Several
. 2 +
mechanisms for maintaining such low cytosolic Ca
levels have been described.
Intracellular organelles, viz. mitochondria, smooth endoplasmic reticulum,
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2+
Golgi apparatus or lysosomes, are thought to sequester Ca . Buffering of
2+
2+
cytosolic Ca
seems to be regulated by a vitamin D-induced CaBP with a Ca 2+
affinity between 0,5-2.5 μΜ Ca
(Bredderman and Wasserman , 1974; Bikle et
?+
al., 1979). This affinity is less than that of the basolateral Ca" -pump
2+
.
2+
(0.2 uM Ca ) , but higher than that of mitochondrial Ca -sequestration (10
uM; Rasmussen and Gustin, 1978). This suggests an effective buffering of
2+
2+
the cytosolic Ca
level by CaBP and a regulation by this protein of Ca
translocation from intracellular organelles through the cytosol towards the
2+
2+
ATP-dependent Ca -pump of the plasma membrane. Ca
efflux across the duo+
2+
denal basolateral membrane may also be regulated by Na -Ca
exchange at
2+
high intracellular Ca
levels, such as appears to occur in the squid axon
(DiPolo and Beaugé, 1980) and cardiac sarcolemma (Carafoli, 1981). In more
+
2+
distal parts of the small intestine, particularly in the ileum. Na -Ca
2+

exchange may be the main active Ca
branes (see Chapter 6 ) .

transport system in basolateral mem-

2+
8.8. Thermodynamic considerations about active Ca
transport across small
intestinal epithelium
2+
From the values for Ca
activities and electric potentials shown in
2+
Fig.8.2, the free energy of the electrochemical Ca -gradient across the
small intestinal cell membrane can be calculated with the equation:
aCa
àuCa = RT.ln - ^ - + Ζ.Ρ.Δψ
i

(1)

In this equation Δμ
is the standard free energy change, aCa and aCa. are
*
Ca
ο
ι
the Ca
activities outside and inside the cell respectively, R the gas con
stant, Τ the absolute temperature, Ζ the ionic charge, F the Faraday constant
and Δψ the electrical potential difference. This yields a standard free
energy change of 8.0 kcal/mol. Hydrolysis of ATP in ADP and P. generates a
free energy between 7.2 and 12.0 kcal/mol, depending on the cellular con
centrations of ATP, ADP and P. (Slater, 1979). Comparison of the standard
1
2+
. .
free energies of the electrochemical Ca -gradient and of ATP hydrolysis in2+
dicates that the ratio of Ca
transported by ATP split may vary from 0.67
to 1.1. This means that hydrolysis of 1 mol ATP would generate enough energy
2+
to extrude 1 mol Ca2+ as has also been concli
to extrude 1 mol Ca
as has also been concluded for the erythrocyte Ca
pump (Schatzmann, 1973; Larsen et al., 1978),
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If Na -Ca

exchange would constitute the only active Ca
transport
2+
the basolateral membrane, the energy for Ca
efflux would derive

system m

solely from the Na -gradient across the membrane. If Δυ„ = 3 Ди І , the
Ca
Na
aCa. achieved by the exchanger can be calculated with the equation:
aCa

aNa

.

(

e

ΡΔψ/κτ

(2)

iciT • ΪΝΪ7 > 1

1

In this equation, which is valid for the steady-state situation (Blaustein,
1974), aNa

and aNa. are the Na
0

activities outside and inside the cell,

1

respectively. The other symbols are the same as used in eq. (1). At a Na
activity ratio of 10 (Blaustein, 1974) and a membrane potential of -50 mV
2+
(Fig.8.2), the Ca
activity ratio would be about 7000. This implies that
2+
+
2+
at an extracellular Ca
concentration of 1.5 mM (Fig.8.2), the Na -Ca
2+
exchanger would be able to maintain the intracellular Ca
concentration at
0.2 uM. A somewhat steeper Na -gradient of 13-15 (Godfraind-De Becker and
2+
Godfraind, 1980; Langer, 1982) would result in a free intracellular Ca
concentration of 0.1 μΜ or less, which is close to the expected Ca

con2+
the ileum Ca

centration in the cytosol. These calculations show that m
+
2+
efflux by Na -Ca
exchange alone may be theoretically possible. Moreover,
the theoretical capacity of this transport system to keep the intracellular
2+
.
.
.
.
Ca

concentration around 0.1 uM would be in accordance with the high af

finity for Ca

obtained with studies on Na -gradient driven Ca

uptake

in basolateral membrane vesicles (Fig.6.5).

8.9. Clinical disorders related to impaired small intestinal Ca

2+

absorption

Calcium absorption in the small intestine is an important regulatory
2+
process for calcium homeostasis m the body. The vital role of Ca
in many
2+
physiological and biochemical processes implies that impairment of Ca
ab
sorption in the small intestine may cause a wide variety of clinical dis
orders. Several disorders characterized by malabsorption or hyperabsorption
2+
of Ca
have been recently summarized by Avioli and Birge (1978).
2+
One of the most intensively studied disorders involving defective Ca
absorption in the small intestine is chronic renal failure. This condition
results in insufficient production of 1.25(0H)_D., in kidney mitochondria
2+
(Favus, 1981), leading to a decreased Ca
absorption in the small intestine
2+

(see section 1.2). Ca

.

.

.

•

absorption in the duodenum of uremic rats is marked124

ly impaired, but in the ileum this is only the case in severe

renal fail

ure and after depletion of the 1.25(011)„D -level by a low-Ca diet (Koller
and Binswanger, 1982). These observations can be explained by the segmental
2+
2+
distribution of Ca

transport (Fig.8.1)'. In the duodenum active Ca

ab

sorption is highest and this process is regulated by 1.25(OH) D.. In the
2+
ileum the active Ca
transport capacity is much lower, but is still reg
ulated by 1.25(OH) D_ (section 7.4.2). These results also suggest that uremia
2+
primarily impairs active ATP-dependent Ca
transport at the basolateral side
of the enterocyte, and that this process is probably rate-limiting in trans2+
epithelial Ca
absorption.
2+
Recently, a relationship between impairment of Ca
absorption in the
small intestine and the formation of renal calcium stones has been reported
2+
(Сое and Favus, 1980). In absorptive hypercalciuria Ca
absorption in the
2+
small intestine is abnormally high. The resulting rise in serosal Ca
con2+
centration causes an increased filtered Ca -load in the renal tubules and
a decreased secretion of PTH (see section 1.2), which normally stimulates
2+
.
2+
renal Ca
reabsorption. The combination of high filtered Ca -load and
2+
. . . .
lowered Ca
reabsorption lead to hypercalciuria, which in turn may lead to
formation of calcium stones. Another metabolic disorder causing hypercal2+
c i u n a is primary defective tubular Ca
reabsorption. In that case second
ary hyperparathyroidism occurs and the renal production of 1.25(OH)„D is
2+
.
stimulated. The subsequent rise in intestinal Ca
absorption causes an in2+
creased Ca
load m the kidney tubules.
2+
There is also a relationship between hypertension and duodenal Ca
ab2+
sorption. Whereas active Ca
absorption in the rat small intestine normal2+
ly decreases with age, due to the reduced Ca
requirement in adult rats
(Arrabrecht et al., 1979), hypertensive rats at 12 weeks of age have about
2+
the same Ca
absorption activity as young growing rats of 5 weeks old
2+
(Toraason and Wright, 1981). In the hypertensive rats active Ca
absorp
tion is rather insensitive to 1.25(OH)„D_, while in normotensive animals
2+
this substance stimulates Ca
absorption to the level existing in hyper
tensive rats. Obviously, the hypertensive state is associated with abnormal
2+
.
2+
Ca
metabolism and the small intestinal Ca
absorption is adapted to the
2+
increased requirement for Ca
(Toraason and Wright, 1981). Similar adapta2+
tions of small intestinal Ca
absorption have been reported as a response
to changes in dietary Ca (Nellans and Kimberg, 1978; Armbrecht et al., 1979).
Studies with isolated plasma membranes, as described in this thesis, may
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provide a better understanding of the mechanism of adaptive changes in small
2+
.
.
.
.
intestinal Ca
absorption, which may have possible clinical benefits.
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S U M M A R Y

The small intestine has an important function in the calcium homeostasis
2+
of the body. Ca
absorption across the small intestinal epithelium is an
active transport process, regulated by l.n ,25-dihydroxy-vitamin D
(I.25(OH)?D ) . It proceeds via two pathways: a transcellular and a paracellular pathway. Transport via the paracellular pathway is passive and is in
dependent of vitamin D . Therefore, it is thought that the regulatory event
2+
in small intestinal Ca
transport occurs during the transcellular movement
2+
2+
of Ca . The electro-chemical gradients for Ca
in the intestinal cells
2+
indicate that Ca
entry across the brush border membrane is passive, where
as Ca
extrusion across the basolateral membrane requires an active trans2+
port system. Since the precise mechanism of active Ca
absorption across
the small intestinal epithelium was poorly understood, we have investigated
this mechanism in purified plasma membrane isolated from rat small intes
tinal mucosa.
In our studies several preparations of brush border and basolateral mem
branes have been used, the isolation procedures of which are outlined in
Chapter 2. The resulting membrane fractions are characterized by recoveries
and purification of different marker enzymes, which indicate that our mem
brane preparations are comparable to those used by other investigators.
2+
. . . .
We have first defined the high-affinity Ca -ATPase activity in isolated
brush border and basolateral membranes. Alkaline phosphatase activity pres2+
ent in these membranes is stimulated by micromolar Ca
concentrations and
2+
is capable of hydrolyzing ATP. In Chapter 3 the Ca -ATPase and alkaline
phosphatase activities are dissociated by means of substrate specificity
and sensitivity to certain inhibitors. These studies show that the high2+
affinity Ca -ATPase is exclusively located in the basolateral part of the
plasma membrane, while the Ca

-induced ATP hydrolysis in the brush border

membrane is entirely due to alkaline phosphatase activity.
2+
Studies on the phosphorylated intermediates of Ca -ATPase and of alka
line phosphatase, resulting from phosphorylation of the two membrane prep32
2+
arations with [γ- P]ATP, confirm this distribution of Ca -ATPase and
2+
alkaline phosphatase (Chapter 4 ) . In the basolateral membrane a highly Ca sensitive phospho-intermediate (mol wt 115,000-120,000) with an acylphosphate character is found,inaicating that this is an ATPase intermediate.
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Two other phospho-intermediates (mol wt 65,000 and 84,000) are observed in
both brush border and basolateral membranes. Their phosphorylation is rather
insensitive to micromolar Ca

concentrations, and they have been identified

as phosphorylated monomeric subunits of alkaline phosphatase.
2+
In basolateral membrane vesicles ATP-dependent Ca

.

2+

"accumulation and Ca

induced ATP hydrolysis have been demonstrated and characterized (Chapter 5 ) .
The properties of these two activities have been compared. They have the
2+
2+
same affinity for Ca
(0.2 μΜ), but the V
of the Ca -ATPase is 4 times
„max
as large as that of the ATP-dependent Ca

uptake. This apparent discrepan

cy in specific activity of the two systems has been explained by the hetero
geneity of the basolateral membrane vesicle population with respect to
2+
orientation and tightness for Ca . The close correlation between their
segmental distribution, along the small intestine and their similar temp
erature sensitivities indicate that they are expressions of the same trans
port system.
In addition to the ATP-dependent Ca -pump, Na -Ca
exchange has been
2+
transport system in several tissues. In Chapter

reported as an active Ca

6 we report the occurrence of such a system in babolateral membranes of
small intestinal epithelium. In the presence of Na , ATP-dependent Ca
accumulation is partly inhibited. This inhibition is due at least in part
to competition between Na , accumulated in the vesicles by the (Na +K ) 2+
2+
for Ca -binding sites. However, after inhibition of the

pump,and Ca

(Na +K )pump, a rest Na -induced inhibition of Ca -accumulation may reflect
+
2+
Na -Ca
exchange activity, as suggested by the cooperative exchange be
tween at least two Na ions with one Ca
ion.
+
2+
More direct evidence for the presence of a Na -Ca

-exchanger in baso

lateral membranes has been obtained from studies on the Na -gradient driven
Ca

uptake in Na -preloaded vesicles. This Na -induced Ca

uptake appears

to be electrogenic and it has the same activity in duodenum, jejunum and
ileum. This is in sharp contrast to the segmental distribution of the ATP2+
2+
+
2+
dependent Ca
uptake. The fact that the affinity for Ca
of the Na -Ca
2+
exchange system is comparable to that of the ATP-dependent Ca
uptake in
dicates that the former system can play a physiological role in the active
Ca
transport in the small intestine, particularly in the distal segments.
The regulatory effect of 1.25(OH) D

on the active Ca

absorption in

the small intestine has been studied by determining the effects of
1.25(OH) D -repletion of vitamin D -deficient rats on basolateral ATP-
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dependent Ca -pumping and Na -Ca
exchange (Chapter 7 ) . ATP-dependent
2+
Ca
uptake is stimulated by 1.25(OH)„D_ and the effect is greatest in
2 ò
2+
the duodenum.Ca -ATPase activity increases to the same extent after
1.25(OH)9D repletion. The effects of 1.25(0H),D on the ATP-dependent
¿ J
J
2+
Ca
uptake are rather specific, and are not of a general trophic nature.
On the other hand 1.25(OH) D -repletion does not have any effect on the
+
2+
..
Na -Ca
exchange activity. In conclusion, the specific regulation of ATP2+
dependent Ca -pumping by I.25(OH)„D, is in agreement with the main ef2+
fects of this vitamin D metabolite on transepithelial Ca
absorption
in the duodenum reported in studies on the intact tissue.
2+
In Chapter 8 the main properties of the ATP-dependent Ca -pump and
+
2+
Na -Ca
exchanger, obtained from our studies, are summarized and compared to those of similar transport systems in other tissues. The relative
importance of both active transport systems in the basolateral Ca
transport along the small intestinal tract is discussed. Integration of our
2+
findings on the basolateral Ca
transport with our current knowledge of
2+
Ca
transport in other cellular compartments, has led us to a model of
transcellular Ca

transport in the small intestine. Energetics of the

ATP-dependent Ca

transport and the Na -Ca

exchange are considered
2+
taking into account the electro-chemical gradients for Ca
across the

enterocyte plasma membranes. Finally, the possible relevance of our
. . .
.
.
.
2+
studies to clinical disorders involving small intestinal Ca
absorption
are briefly discussed.
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ALGEMENE SAMENVATTING

Calcium is een belangrijk ion voor tal van processen in ons lichaam,
Ongeveer 99% van het calcium is ingebouwd in het skelet. Daarnaast speelt
calcium een belangrijke rol bij spiercontractie, impulsoverdracht in zenuwen en bloedstolling. Het is dan ook van groot belang dat de hoeveelheid
calcium in ons lichaam op peil gehouden wordt. De opname van calcium uit
ons voedsel vindt voornamelijk plaats in de dunne darm. Al naar gelang de
calciumbehoefte van ons lichaam, wordt het transport van calcium vanuit
de dunne darm naar het bloed zeer nauwkeurig geregeld. De voornaamste regulator van de calciumabsorbtie in de dunne darm is het "vitamine D", dat
onder invloed van ultraviolette straling in onze huid wordt aangemaakt.
Een verband tussen kalkhuishouding in het lichaam en de blootstelling aan
zonlicht werd reeds gelegd 400-500 v.Chr. Bij onderzoek op een slagveld
van de schedels van gesneuvelde Egyptenaren en Perziërs door de Griekse
geschiedschrijver Herodotus, bleek dat de schedels van de Perziërs veel
breekbaarder waren dan die van de Egyptenaren. Herodotus schreef dit toe
aan de verschillen in kleedgewoontes tussen beide volken, waarbij het lichaam van de Egyptenaren meer aan zonlicht werd blootgesteld dan dat van
de Perziërs. Het duurde echter nog tot het begin van deze eeuw, voordat men
ontdekte dat het vetoplosbare vitamine D van groot belang was voor normale
verkalking van het skelet. In de zeventiger jaren werd duidelijk dat het
vitamine D, en met name een metabool produkt daarvan,de calciumabsorbtie
in de dunne darm bevorderde. Nader onderzoek wees uit dat aan de gevreesde
"Engelse ziekte" bij kinderen een tekort aan dit metaboliet van vitamine D
ten grondslag lag.
Bij absorbtie van calcium vanuit de dunne darm naar het bloed passeert
dit ion een cellaag welke deel uitmaakt van het zgn. darmepitheel. Het transport door die cellen is waarschijnlijk de regulerende stap in het hele proces, maar het mechanisme van die regulatie is nog niet bekend. Onze kennis
van calciumtransport in de dunne darm en de invloeden van vitamine D daarop is afkomstig uit studies met intakte stukjes darm van tal van proefdieren.
De studie, beschreven in dit proefschrift dient om het mechanisme van het
calciumtransport door die epitheelcellen op te helderen. Hierbij dient onderscheid gemaakt te worden tussen de manier waarop calcium de cel instroomt
vanuit het darm-lumen, en de manier waarop calcium uit de cel wordt gepompt
naar de bloedbaan. Voorts is het van belang dat in de cel de concentratie

145

aan vrije calciumionen zo laag mogelijk, blijft, ongeveer 1000-10.000 maal
zo laag als in het extracellulaire milieu. De intree van calcium zal "passief" verlopen in de richting van de elektrische- en concentratie-gradiënt
voor calcium. Daarentegen zal de uittree van calcium energie vergen omdat
het tegen de bestaande gradient in getransporteerd wordt. Voor het aktief
calciumtransport zijn in cellen van tal van weefsels twee "pompmechanismen"
beschreven in de membraan die de cel omhult, de plasmamembraan. Deze twee
processen zijn: (1) calciumtransport afhankelijk van de afbraak van de ener. . . .
2+
gierijke verbinding ATP, het zgn. Ca -ATPase; (2) uitwisseling van calcium
+
2+
tegen natrium, de Na -Ca
exchange, afhankelijk van de natriumgradient over
de membraan.
De eigenschappen van de plasmamembranen betrokken bij passief, respektievelijk aktief calciumtransport in de darm, verschillen van samenstelling.
Dit maakt het gebruik van geïsoleerde plasmamembranen van de dunne darm
epitheelcel voor ons onderzoek noodzakelijk. In hoofdstuk 2 is de scheiding
en zuivering beschreven van plasmamembranen van de aan het darmlumen grenzende "borstel zoom" membraan en aan de bloedbaan grenzende "basolaterale"
membraan. De rat werd als proefdier gebruikt. In hoofdstuk 3 en 4 is de
2+
"Ca -ATPase"-aktiviteit in beide plasmamembranen gekarakteriseerd. Uit de2+
ze studies blijkt dat een specifieke Ca -ATPase-aktiviteit alleen aanwezig
is in de basolaterale membraan en dat de aktiviteit in de brush border door
een ander aspecifiek enzym, het alkalisch fosfatase, wordt veroorzaakt.
In hoofdstuk 5 is in membraanblaasjes, zgn. vesicles, van de basolaterale membraan calciumtransport aangetoond dat afhankelijk is van ATP. Deze
ATP-gestimuleerde calciumopname treedt vooral op bij lage calcium concentraties die normaliter in de cel voorkomen. Dezelfde hoge affiniteit voor cal2+
ciumionen werd beschreven voor het Ca -ATPase (hoofdstuk 3 ) . Bovendien blijkt
2+
. . .
zowel de ATP-afhankelijke calciumopname als de Ca

-ATPase-aktiviteit de-

zelfde verdeling langs de dunne darm te hebben: de grootste aktiviteit in
het eerste stukje, het duodenum en een sterke daling in aktiviteit verderop in de dunne darm. Uit deze resultaten kan geconcludeerd worden dat in
de basolaterale membraan van dunne darm epitheelcellen een ATP-afhankelijke
calciumpomp aanwezig is, die veel gelijkenis vertoont met soortgelijke systemen beschreven in andere weefsels.
Studies beschreven in hoofdstuk 6 tonen aan dat het tweede calciumpomp+ 2 +
.
.
.
.
mechanisme, de Na -Ca

exchanger, eveneens aanwezig is in de geïsoleerde

basolaterale membraan. De aktiviteit van dit systeem blijkt in het duodenum
veel kleiner dan die van de eerdergenoemde ATP-afhankelijke calciumpomp.
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Maar in de verderop gelegen delen van de dunne darm lijken beide calciumpomp-systemen vergelijkbare capaciteiten te hebben. In het allerlaatste
+
2+
stukje dunne darm, het ileum, it, de aktiviteit van de Na -Ca
exchange
groter dan die van de calciumpom;·'. Oeze bevindingen wijzen erop dat de ΑΤΡafhankelijke calciumpomp van groot belang is voor het aktief transport van
calcium in het duodenum en dat in het ileum deze funktie mogelijk overge+
2+
nomen wordt door de Na -Ca
exchanger.
De regulatie door vitamine D van beide aktieve calciumtransport mechanis
men is bestudeerd met behuln v;in vitamine D-arme ratten welke vlak voor het
experiment het in de dunne darm werkzame afbraakprodukt
vitamine D

1.25-dihydroxy

kregen toegediend. Uit deze studies, beschreven in hoofdstuk

7, blijkt dat dit vitamine D. metaboLiet uitsluitend de ATP-afhankelijke
.
+ 2 +
calciumpomp reguleert en niet de Na -Ca
exchange.
In hoofdstuk 8 zijn de beschre^ en aktieve calciumtransport-mechanismen
in de basolaterale membraan vergeleken met gegevens uit de literatuur om
trent calciumtransport over het intakte dunne darm epitheel. De verdeling
van de basolaterale ATP-afhankelijke calciumpomp-aktiviteit langs de dunne
darm blijkt nauw verwant te zijn aan de verdeling van het calciumtransport
over het hele epitheel. Dit sug^oreert dat in het duodenum de ATP-afhanke
lijke calciumpomp een belangrijke rol speelt in de totale calciumabsorbtie
over dunne darm epitheel. De regulatie door vitamine D van zowel totaal cal
ciumtransport als de ATP-afhankelijke calcium uittree uit de cel onderstreept
het fysiologisch belang van dit aktief transportmechanisme.
De resultaten van het onderzoek beschreven in dit proefschrift geven meer
inzicht in het mechanisme van de regulatie van calciumabsorbtie in dunne
darm epitheel. Zij kunnen van belang zijn bij de bestudering van afwijkingen
van dit proces die kunnen leiden tot storingen in allerlei lichaamsfunkties
waarbij calcium een rol speelt, zoals botontkalking, nierstenen en hypertensie.
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STELLINGEN

1. De door calcium gestimuleerde ATP hydrolyse in de brush border membraan
van dunne darm epitheelcellen wordt veroorzaakt door het alkalische
fosfatase.

[cUX. pfwzfachKiút,

hoo^ditakkín

3 tin 4)

2. Het aktief transport van calcium door dunne darm epitheel wordt in het
duodenum voornamelijk verzorgd door de ATP-afhankelijke calcium pomp
en in het ileum door de uitwisseling van calcium tegen natrium.

(diX. pnozfadrVvLht, hoo^ditakkzn

5 en 6)

3. Het vitamine-Dß metaboliet 1 .25-dihydroxy vitamine-D-j reguleert de ATPafhankelijke calcium pomp maar heeft geen invloed op de natrium-calcium
uitwisseling in basolaterale membranen van dunne darm epitheelcellen.
[dut ph.ozhiiChfu.ht, hooficUtuk 7)
4. De door Kuwayama en Kanazawa geconcludeerde afwezigheid van een gefosforyleerd intermediair van het calcium-geaktiveerde ATPase in hart
sarcolemma is waarschijnlijk een gevolg van niet optimale condities in
de fosforyleringsexperimenten.
(Кшшуаш, H. and Kcmazœm, T. 11982) J.Biochm.
91, 1419-1426; Oe. Jonge.,
H.R., GkÌjòm,
W.E.J.M. and Van Об, C.H. (79SÎ) B>LOckím.B¿ophy¿.Acta 647,
140-149).
5. De door Liedtke en Hopfer aangetoonde chloride conductantie in brush
border membranen van dunne darm epitheelcellen is waarschijnlijk een
gevolg van de door deze auteurs gebruikte calcium-precipitatie methode
voor de isolatie van deze membranen.
(Uectófee, C.M. and Нор^ел, U. ¡1982) ктгк.З.УкуьіоІ.
242, G272-2S0;
Gtwot, J.A. [1982) Тіггбіл. ИуіА гмлАХу oh Kmòt&idam)
6. Bij de discussie over kunstmatige toediening van vitamine D aan de voeding dient in aanmerking genomen te worden dat het werkzame bestanddeel
van dit vitamine een hormoon is.
(Schulpm,
T.W. [1982) Wed.T.Geneen. 126^, 610-613)
7. De computer-simulatie van ion-transport over het epitheel van de speekselafvoerbuis zoals opgezet door Cook en Young kan niet discrimineren
tussen ion-kanalen of elektroneutrale uitwisselingsprocessen in de
plasmamembranen.
(Cook, Ό. and Voung, J.A. (1981) ImEpltheZiat
Ton and blat&n. ТиаплропХ,
Uacknlght,
A.P.C, and іедаел, J.P., ectò, pp 221-234, Raven Ркглі, Wew
Volk)
8. Gezien het belang van calmoduline in de regulatiemechanismen op cellu
lair niveau is het te verwachten dat de ontdekker, Wai Yiu Cheung,
hiervoor in de toekomst een Nobelprijs zal verwerven.
(Cheung, W.V. (1967) Blochzm.Blophyb.ReA.Commun.
29_, 478-482)

9. De conclusies van Pitts en Okhuysen betreffende de oriëntatie van hart
sarcolemma vesicles zijn niet in overeenstemming met de experimentele
resultaten.

[PUtò,

B.J. and Okhuyòzn, C.H. [1960] Ann.N.V.Ac.Sci.

35S_, 357-35S]

10. De redakties van wetenschappelijke tijdschriften zouden bij opname van
een "personal communication" een schriftelijke instemming van de aldus
aangehaalde auteur dienen te vereisen.
11. Gezien de verwachte leegstand op de nederlandse universiteiten zal de
woningnood binnen enkele jaren zijn opgelost.
12. Het door wetenschappelijk onderzoek verkregen beeld van de complexe
bouw van ons lichaam wekt bewondering; de vraag naar het ontstaan daarvan wekt eerbied.
13. Het is bedenkelijk dat volgens de nieuwe wet op het basisonderwijs 4 en
5 jarigen niet meer beschouwd worden als "kleuters" maar als "leerlingen".
IA. Het feit dat verschillende volkeren ter wereld nog steeds in oorlog verkeren, duidt aan hoe weinig de mens van zijn geschiedenis heeft geleerd.
15. Het in praktijk brengen van de uitspraak van Goethe: "Welche Regierung
die Beste sei? Diejenige die uns lehrt uns selbst zu regieren", zou een
oplossing zijn voor de problemen van onze verzorgingsstaat.
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