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Quantification of Ca’*-ATPases in porcine duodenum.
Effects of 1,25(OH), D, deficiency
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Previous studies have identified a calmodulin-stimulated ATP-dependent Ca?* pump as the major Ca2* efflux
pathway in enterocytes. Here, we developed methods to quantify the number of Ca>* pumps in basolateral and
intracellular membranes from porcine duedenum. By the use of a pig strain with a genetic defect in renal
1a-hydroxylase, we were able to investigate the influence of 1,25(0OH), D ;-deficiency on the number of Ca’*-ATPases
in porcine duodenom. The amount of Ca®*-ATPase in isolated basolateral membranes was 551 0.7 ug/mg
protein, while the V,,,, of ATP-dependent Ca’* transport inte inside-out resealed basolateral membrane vesicles
was 2.6 + 0.4 nmol / mg protein per min. From these data we estimated roughly about 95 - 103 plasma membrane
Ca’* pump sites per enterocyte. In addition, the amount of intracellular Ca”*-ATPase in microsomal fractions was
0.41 + 0.02 pg/mg protein. Comparison of these parameters between contrel and rachitic animals showed that
Ca®>* pump capacities in both basolateral membranes and microsomal fractions of porcine duodenum are not
influenced by 1,25(0H),D,-deficiency. In conclusion, stimulatory effects of 1,25(0H),D, on intestinal Ca®*
transport most likely result from specific effects on apical influx and facilitation of cytosolic Ca’* diffusion by

Ca?*-binding proteins and not from an increase in Ca’?* pumping capacity in basolateral membranes.

Introduction

Net calcium absorption in the intestine is the result
of passive and active transport mechanisms. Passive
Ca2* absorption and/or secretion via the paracellular
pathway occurs along the whole small intestine, while
active transcellular abserption is restricted to the prox-
imal small intestine [1]. Active absorption is dependent
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on the level of circulating 1,23 OH),D; and consists of
Ca?* influx via the brush border, diffusion of Ca®”*
through the cytosol and active extrusion via the baso-
lateral membrane. Studies of Ca?* uptake into inside-
out-orientated basolateral membrane vesicles have
demonstrated a calmodulin-stimulated ATP-dependent
Ca?* pump as the predominant Ca>* transporst system
in mammalian small intestine [2-6]. Since Ca®*-
ATPases comprise only a minor fraction of the plasma
membrane proteins, the identification and quantifica-
tion of CaZ* pumps in epithelial cells is difficult. For
example, (i) Ca?*-dependent ATPase activities were
markedly different from ATP-driver Ca®* uptake rates
in basolateral membrane vesicles [7-9}, (i) ATP-de-
pendent Ca®* uptake activity is only present in re-
sealed, inside-out vesic'es which constitute a minor
fraction of basolateral membrane preparations, (iii)
ATP-driven Ca’* uptake activity in ducdenal basolat-
eral vesicles of vitamin D-deficient rats may be inacti-
vated during isolation of enterocytes [10].

Besides a calmodulin-dependent Ca?* pump in the
basolateral membrane, enterocytes contain intra-
cellular Ca?* pumps with similar properties as the one
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from sarcoplasmic reticulum [11-13]. Quantification of
intracellular Ca?*-ATPase in enterocytes proved diffi-
cult for similar reasons as given above [14].

In the present study, we developed competitive
ELISAs for both Ca**-ATPases and were able to
quantify the number of Ca2* pumps in porcine duode-
nal epithelium. By the use of piglets with pseudo
vitamin D-deficiency rickets type 1, a pig strain with an
inherited defect in renal 1x-hydroxylase [15], the influ-
ence of 1,25(0OH), D,-deficiency on the number of Ca®*
pumps was studied.

Materials and Methods

Animals

Eight homozygote piglets with pseudo vitamin D-de-
ficiency rickets, type 1 (‘Hannover Pig Strain’) and
seven clinically normal heterozygote litter mates were
used. The piglets belonged to four different litters, and
were 50-60 days old, with body weights between 3.8
and 134 kg. The plasma calcium levels in control
animals were between 2.68 and 3.27 mM, and in the
rachitic piglets between 1.28 and 2.48 mM. The activity
of plasma alkaline phosphatase ranged from 159 to 334
U/1 (control) and from 893 to 1907 U/I (rachitic).
After a weaning period to an age of 30-40 days, the
piglets were fed a diet containing 0.8% calcium, 0.6%
phosphorus and 37.5 pg (1500 U) vitamin D/kg. The
animals were killed by stunning and bled from the
dissected carotid arteries. Immediately after bleeding,
the duodenum (proximal 20-30 cm of the small intes-
tine) was removed, flushed with cold isotonic saline
and frozen in liquid nitrogen. The frozen intestine
were siored at —80°C,

Preparation of basolateral membranes

In each experiment, membranes were prepared si-
multaneously from a rachitic and from a control piglet.
Basolateral membranes were prepared from mucosal
scrapings, according to Ghijsen et al. [8]. About 0.6-0.7
g wet weight of mucosal scrapings were vortexed with
30 ml saline and centrifuge:l at 200 X g for 10 min. The
pellet was homogenised for 1 min with a polytron
(Braun) in 15 ml of 25 mM NaCl, 1 mM Hepes-Tris
(pH 8.0), diluted with the same medium to 50 ml and
centrifuged at 600 X g for 10 min. The supernatant was
centrifuged at 100000 X g for 20 min. The resulting
pellet was resuspended in about 6 ml medium contain-
ing 250 mM sucrose, 5 mM MgCl, and 10 mM Hepes-
Tris (pH 7.4) in a Dounce apparatus by 100 strokes
with a loose-fitting pestle. The suspension was brought
to 40% sorbitol concentration by the addition of 60%
(w/v) sorbitol solution (containing 10 mM Hepes-Tris,
pH 7.4) and centrifuged at 200000 x g for 1.5 hin a
swing-out rotor. The membranes positioned between

the 40% sucrose layer and the overlay buffer were
removed with a syringe, mixed with the final uptake
medium (150 mM KCl, 1 mM MgCl,, 20 mM Hepes-
Tris, pH 7.4) and centrifuged at 100000 X g for 20 min.
The final pellet was resuspended in uptake medium.
All steps of the preparation were carried out at 0—4°C
with 1 mM dithiothreitol and 0.4 mM PMSF added to
the homogenisation and sorbitol buffers.

Preparation of microsomal membranes

To prepare a microsomal fraction, the scrapings
were vortexed with saline and centrifuged as described
above. The pellets were homogenise? in a medium
containing 250 mM sucrose, 0.5 mM EGTA, 3 mM
Hepes-KOH, 1 mM dithiothreitol and 0.4 mM PMSF
(pH 7.4). The suspension was homogenised in a Dounce
apparatus, first with 4-6 strokes of a loose-fitting pes-
tle, then with 10-15 strokes of a tight-fitting pestle.
After centrifugation at 10000 X g for 10 min, the su-
pernatant was centrifuged at 100000 x g for 60 min
and the pellet was resuspended in uptake medium.

Determination . © Ca’™ uptake in the vesicles

Ca®* uptake studies were done at 37°C by a rapid
filtration technique as described previously [4,12}. The
uptake medium for basolateral membranes contained
150 mM KCl, 0.5 mM EGTA, 0.5 mM HEEDTA, 20
mM Hepes-Tris adjusted to pH 7.2. The free Mg>*
concentration was adjusted to 1.5 mM by adding MgCl,,
and the free Ca®* between 0.01 and 5.0 4 M by adding
CaCl, in amounts calculated according to a routine
described by Van Heeswijk et al. [16). ATP was added
as Tris-ATP to a final concentration of 3 mM. The
uptake medium for microsomes contained 120 mM
KCl, 20 mM sodium oxalate when indicated, 1.2 mM
KH,HPO,, 5 mM pyruvate, 5 mM succinate, 0.5 mM
EGTA, 0.5 mM HEEDTA, 20 mM Hepes-KOH, 0.05%
BSA, 10 mM creatinine phosphate and 10 U/ml crea-
tinine kinase (pH 7.2). The free Mg?* was adjusted to
1.5 mM, the free Ca?* to 1 uM, and ATP was added
as Mg-ATP to a final concentration of 10 mM.

125} calmodulin overlay

Membrane protein was applied to a 7.5-15% gradi-
ent polyacrylamide gel according to Leammli et al. [17].
The proteins were transferred to nitrocellulose sheets
and blocked with excess BSA. Subsequently, the sheets
were incubated for 45 min in a medium containing 20
mM Tris-HC], 150 mM NaCl, 0.1 mM CaCl,, 0.5%
BSA (pH 7.4) and about 0.15 nmol '“I-calmodulin
(spec. act. 0.74 MBq/nmol). After washing three times,
the blot was dried, marked with radioactive ink, and
exposed to Kodak X-Omat film at —80°C. The ra-
dioactive band corresponding to the Ca’* pump was
cut out and counted in a multigamma counter (LKB).
Calmodulin was isolated from bovine brain according



to Gopalakrishna [18]. Jodination of calmodulin was
performed as described by Bolton and Hunter [19].

Competitive ELISAs for Ca’ *-ATPases

Ca®*-ATPase from pig erythrocytes was isolated ac-
cording to Niggli et al. [20]. Ca'*-ATPase from rat
skeletal muscle sarcoplasmic reticulum was isolated
with DEAE-chromatography after solubilisation of
membrane proteins, essentially as described by Heil-
man {21]. The Ca®*-ATPase was efuted at 100 mM
NaCl. 40 ug purified Ca’**-ATPase in Freund's com-
plete adjuvans was injected into rabbits. Each week,
the animals were boosted with the same amount of
antigen in Freund's incomplete adjuvans. After 6 weeks.
the animals were killed and bled. A competitive ELISA
was developed in the following way: (i) 30 ng purified
Ca’*-ATPase were coated to each well of a polystyrene
plate, in a total velume of 100 ul coating buffer,
containing 0.1 M Na,CO; and 3 mM NaN, (pH 9.6).
for 2 h at 37°C; (ii) 50 ul samples of purified Ca’*-
ATPase or solubilised test samples were added to each
well, followed by 50 ul antiserum. The plate was incu-
bated overnight at 4°C to reach equilibrium; Gii) 100
pl/well peroxidase-labelled goat anti-rabbit IgGs
{1:500) were added and incubated for 2 h at 20°C.
Colour was developed by adding 190 pl medium con-
taining 0.5 mg/ml o-phenyldiamine in 23 mM citric
acid, 66 mM NaH, PO, and 0.01% H,0, (pH 5.5). The
reaction was terminated by adding 100 pl/well 2 M
H,S80, and after 5 min the absorbance was deter-
mined in an ElA-reader (Bio-Rad). Antisera and anti-
gen were diluted in 10 mM Tris-HCl, 0.9% NaC(l,
0.05% Twecen-20 and 0.5% BSA (pH 7.4). Following
each step, the ELISA plate was washed four times for
2 min with 10 mM Tris-HCl, 09% NaCl and 0.05%
Tween-20 (pH 7.4). Duodenal microsomes and stan-
dard samples were brought to a concentration of +3
mg/ml and mixed with an equal volume of solubilisa-
tion buffer (130 mM KCl, 20 mM Hepes-Tris, 1 mM
MgCl,, 50 M CaCl, and 0.4% Triton X-100 (pH 7.4))
for 15 min at room temperature. After centrifugation
at 100000 X g for 5 min in a Beckman airfuge, the
supernatants were applied to the ELISA plate.

Immunoblotting

Membrane protein was applied to a 10% SDS-
PAGE, according to Laemmli et al. [17] and run in a
mini-gel apparatus (Bio-Rad). Subsequently, the pro-
teins were transferred to nitrocellulose sheets and in-
cubated overnight at rocom temperature in 10 mM
Tris-HCl, 0.9% NaCl, 0.05% Tween-20 and 1% BSA
(pH 7.4). The blot was incubated, firstly, with anti-
serum (anti-red blood cell 1:300; anti-SR 1:750) in the
same buffer for 2 h at room temperature, and secondly,
with peroxidase-labelled goat anti-rabbit IgG(H&L)
{1:500) for 2 h at room temperature in the same buffer.
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Colour was developed by incubation with 0.5 mg/mi
4-chloronaphthol in 15% methanol, 10 mM Tris-HCI,
0.9% NaCl and 0.01% H,0, (pH 7.4).

Enzyme assays

Na*/K*-ATPase, succinate dehydrogenase (SDH),
alkaline phosphatase {AP) and NADPH-cytochrome-c
reductase activities were determined, as previously de-
scribed [12}. The ortentation of the basolateral vesicles
was deiermined by measuring the Na*/K*-ATPase
activity in the absence and presence of 0.5 ug digitonin
per mg protein and 0.1 mM ouabain for 15 min at
37°C. Medium containing digitonin gives the total
Na*/K*-ATPase activity. Na* /K*-ATPase in inside-
out orientated vesicles is not ouabain-sensitive within
short incubation periods (up to 15 min), since ouabain
penetration into the vesicle is slow. The basolateral
membrane preparation contains 15+ 3% (n=4) in-
side-out resealed vesicles. Protein was determined with
the Coomassic blue method (Bio-Rad) in the presence
of 0.1% Triton X-100, using bovine y-globulin as stan-
dard.

Pata are presented as the mean + S.E. and statisti-
cal significance was tested using Student’s ¢-tests.

Chemicals

EGTA, NTA, HEEDTA, Tris-ATP, Mg-ATP,
PMSF, pB-glycerophosphate and peroxidase-labelled
goat anti-rabbit IgG (H& L) were cobtained from Sigma
(St. Louis). **CaCl, and '*1 were purchased from New
England Nuclear {(Dreieich, Germany), [y-**PIATP
from Radiochemicai Centre (Amersham, U.K.), ruthe-
nium red from Merck (Darmstadt, Germany), and
sodium orthovanadate from ICN {(Plain View, NY,
U.S.A.). Bithiothreitol, calcium ionophore A23187 and
calf intestinal alkaline phosphatase were purchased
from Bochringer (Mannheim, Germany). All other
chemicals were of the purest grade.

Resulis

Immunology and calmodulin binding

Basolateral membrane vesicles from pig enterocytes
were purified 5-fold in Na*/K*-ATPase activity. The
microsomal vesicles were purified 3-fold with respect
to NADPH-cytochrome-¢ reductase. No differences in
purification factars between duodenal preparations
from rachitic and control piglets were observed (Table
I).

Although Ca’?*-ATPase in basolateral membranes is
calmodulin-dependent, attempts to purify this Ca®*-
pump using calmodulin-affinity chromatography were
unsuccessful. Calmodulin depletion of the membrane
fraction before solubilisation is a prerequisite for
calmodulin-affinity chromatography, but the abun-
dantly-present, and tightly-bound calmodulin in intesti-
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TABLE I

Enrichment factors for marker enzymes in basolateral and microsomal
membranes from control and rachitic piglets

Values are the means +S.E. for five animals. Control and rachitic
animal preparations are not significantly different (all P values

nal membrane fractions could not be removed with
methods used to deplete Ca?*-ATPase from red cells
or heart plasmalemma [5,20]. Since purification of ba-
solateral Ca**-ATPase was not possible, an indirect
methaod for quantifying this pump was developed.

> 01.05). Firstly, polyclonal antibodies were raised against the

purified Ca®*-ATPase from pig red cell membranes

at/K* i Alkaji NADPH-cyt.- . . o e
2.‘;.]4:: g:;;:‘r‘:f ph(,::::_ c reducws?t and from rat sarcoplasmic reticulum. Both antibodies
genase lase were specific for their own antigen illustrated in Figs.
Basolateral 1A and B by means of Western blotting. Using a
control 49406 LO+(01  26+04 16+0.3 competitive ELISA, it was shown that the antibodies
rachitic 5705 08102 24104 13102 against pig red cell Ca?*-ATPase did not recognise the
Microsomal intestinal plasma membrane Ca®*-ATPase (Figs. 2A
control 15403  03+01 13+03 35+06 and B). In contrast, antibodies against rat sarcoplasmic
rachitic 1.3+0.2  04+01 15404 30105 reticulum Ca®*-ATPase exhibited good cross-reactivity
with intestinal microsomal Ca®*-ATPases (Figs. 3A
[
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Fig. 1. Western blots of antisera against porcine erythroeyle Ca’*-ATPase (A) and rat sarcoplasmic reticulum Ca’®*-ATPase (B). (A) Lane I: |

g porified porcing erythrocyte Ca®*-ATPase; lane 2: 25 pg porcine erythrocyte ghost: lane 3: | pg purified potcine sarcoplasmic teticulum

Ca*~ATPase. The blots were incubated with 300x diluted antiserum against purified porcine erythrocyte Ca**-ATPase. (B) Lane 1: 1 pg

purified porcine erythrocyte Ca®*-ATPase: lane 2: | g purified porcine sarcoplasmic reticulum Ca®*-ATPase; lanc 3: 1 pg purified rabbit

carcoplasmic reticulum Ca”*-ATPase: lane 4: | pg purified rat sarcoplasmic reticulum Ca®*-ATPase: lane 5 2 pg purified rabbit renal
Na* /K*-ATPase The blots were incubated with 750X diluted antiserum against purified rat sarcoplasmic reticulum Ca®*-ATPase.
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F;g 2. {A) Comperitive ELISA for purified porcine red cell Ca”*-ATPase. Each well was coated with 50 ng purified porcme red cell
Ca®*-ATPase (see Methods for further details). (B) Competitive ELISA: Competilion between 50 ng purified porcine red cell Ca**-ATPase and

varying amounts of red cell ghost (o Q) or basolaterai membranes from porcine duodenun; epithelium (e ®) (see Methods for
further delails).
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Fig. 3. (A) Competitive ELISA for purified rat sarcoplasmic reticu-

lum Ca® *-ATPase. Each well was coated with 30 ng purified Ca”'-

ATPase (see Methods for further details). (B) Competitive ELISA:

Competition between 50t ng purified rat sarcoplasmic reticulum

Ca®*-ATPase and varying amounts of microsomes membranes from
porcine duodenum (see Methods for further details).

and B). Secondly, with the '“ILcalmodulin overlay
technique, a quantitative relationship between the
amount of ghost protein or intestinal membrane pro-
tein and the radioactivity on blots could be obtained
(Fig. 4). Hence, the amount of Ca’*-ATPase in pig
intestinal basolateral membranes can be expressed in
equivalent pig ghosts. Using the competitive ELISA for
pig ghost Ca’*-ATPase, the equivalent pig ghosts can
then be converted into the actual amount of Ca’*-
ATPase per mg basolateral membrane protein. The
results of the Zl-calmodulin overlay technique and
the competitive ELISA for the basolateral Ca’*-

cpm

¢
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Fig. 4. Calibration curve for the **l-calmodulin overlay technique.

Porcine red blood czll ghost is subjected to SDS-PAGE in increasing

amounts and subsequently blotted onto nitrocellulose paper {.x-axis).

After incubation with l-calmodulin and after washing, bound

1B5L.calmodulin is counted (y-axis). Linear regression yields: y =
2.67x {r = 0.99).
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TABLE i1

Quantification of Ca® * -ATPuse in basolateral membranes from porcine
duodenum

100 g pig ghost protein binds 267 cpm '**1-calmodulin (Fig. 5). Pig
ghost contains 1.73+£0.06 pg Ca’*-ATPase/mg protein (Fig. 3B.
n=3) cpm '“I-calmodulin bound to blots were determired in
triplicate for each intestine. ATP-dependent **Ca uptake was mea-
sured for | min at 1 M free Ca®* (37°C) and corvected for
ATP-independent uptake. Values are the means +S.E. with the
number of experiments in parentheses. Controd and rachitic animals
are not significantly different. P values > 0.05.

Control Rachitic
13 -calmodulin bound
{cpm /50 ug protein) 426+ 56(5)  422+50(5)
Pig ghost equivalents /mg protein 32+04 32+04
ag Ca**-ATPase /mg protein 55407 5.5+06
ATP-dependent **Ca uptake
(nmol Ca** /mg protein per min}  2.6+04(5} 32+04(6)

ATPas~ for control and for rachitic piglets are pre-
sented in Table 1. No differences between rachitic and
control duodena were observed. The results of the
competitive ELISA for sarcoplasmic reticulum Ca®*-
ATPase in the microsomal preparation are given in
Table I11, and again, there was no difference between
control and rachitic animals.

ATP-dependent Ca’* uptake

The ATP-dependent Ca’* uptake in pig duodenal
basolateral membrane vesicles is shown in Fig. 5. Addi-
tion of the Ca’*-ionophore A23187 to vesicles which
had reached steady-state Ca®>* uptake resulted in the
release of accumulated **Ca. ATP-dependent Ca*
uptake in pig intestinal microsomal membranes is stim-
ulated in the presence of 20 mM oxalate (Fig. 6), which
is typical for endoplasmic reticulum membranes
[11,12,14]. The kinetics of ATP-dependent Ca>* up-
take in basolateral membranes were determined in
three control and three rachitic duodena. The K,
values {mean + S.E.) in control and rachitic prepara-
tions were 68 + 15 and 55 + 12 nM Ca®”, respectively.
The V.. values are given in Table I1. In microsomal
preparations, ATP-dependent Ca®™ uptake was mea-

TABLE 1
Quantification of intracellular Ca’ *-ATPase in porcine duodenum

ug Ca®"-ATPase /mg protein was measured as shown in Figs. 4A
and B. ATP-dependent ¥'Ca uptake was measured over 10 min at
37°C in the presence of 20 mM oxaiate and corrected for ATP-inde-
pendent uptake. Values are the means +3.E. with the number of
experiments in parentheses. P values > 0.05.

Control Rachitic

0.41:002(5) 0.36+0.04(5)

u @ Ca* *-ATPase-mg protein
ATP-dependent **Ca uptake

(nmol Ca>* min per mg protein) 1.2 +0.2(5} 14 +03(4)
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Cal* uptake (nmol/mg protein)
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Fig. 5. ATP-dependent Ca?* uptake in basolateral membranes from
porcine duodenum. Time course of **Ca-uptake in the absence
(e ®), and presence of ATP (o o). (D 0o;
+ATP, + A23187 after 10 min.) *Ca uptake was measured at 1 pM
free Ca®* (37°C) (for further details see Methods).

sured in the presence of oxalate and the activities are
given in Table 11I. There were no statistically signifi-
cant differences in Ca* transport rates between con-
trol and rachitic preparations.

Discussion

To study effects of 1,25(0OH),D; on intestinal
Ca?*-absorption, vitamin D-deficient animals are re-
quired. So far, this has been achieved with rafs or
chicks raised on vitamin D-deficient diets, while being
housed in dark rooms. The advantage of using piglets

Ca?* uptake (nmol/mg protein)

12 1 a
10
8_

6 u/'
e
ol

0 2 4 6 8 ] 12
Time (min)
Fig. . ATP-dependent Ca®* uptake in microsomes from porcine
duodenum. Time course of *Ca-uptake in the presence of ATP+0.1
mM vanadate (O ©), in the presence of ATP (#———#») and
in the presence of ATP+20 mM oxalate (D 0). **Ca uptake
was measured at 1 uM free Ca?* and 37°C. (For further details see
Methods).
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with pseudo vitamin D-deficiency rickets type 1 is that
no special conditions are required to obtain rachitic
controls, since the low levels of 1,25(0OH),D, are
caused by lack of renal 1a-hydroxylase activity. Previ-
ously, Ghijsen and Van Os [22] showed that in vitamin
D-deficient rats the activity of the plasma membrane
Ca?* pump was reduced. Bowever, this reduction was
not due to a lack of 1,25(0H),D;, but was shown to be
induced by inactivation of Ca®*-ATPase during entero-
cyte isolation procedures [23]. Differences in fatty acid
composition in the sphingomyelin fraction of basolat-
eral membranes, induced by vitamin D-deficient diets,
were most likely responsible for this instability of the
basolateral membrane Ca?* pump [24]. In the present
study, porcine duodenum proved a more convenient
model, since enterocyte isolation procedures did not
reduce basolateral membrane Ca?* pump activity in
1,25(OH), D-deficiency.

The present study confirms that vitamin D-de-
ficiency does not affect Ca?*-ATPase activities in duo-
denum when this activity is measured as the ATP-de-
pendent “*Ca uptake in basolateral membrane vesicles.
However, using competitive ELISAs and '*I-calmodu-
lin binding, our work has now aflowed the determina-
tion of the number of pump sites and has been able to
show that pump density was not influenced by vitamin
D-deficiency.

The present results imply that the efflux of Ca?*
across the basolateral membrane is not the rate-limit-
ing step in transcellular Ca®* transport. It is known,
however, that 1,25(OH),D, increases Ca?* influx
across the brush border and the amount of calbindin-
Dy in the cytosol [25]). Considering the high calbindin
concentration in the duodenal enterocyte, it is antici-
pated that calbindin markedly enhances the diffusional
flux of Ca?* through the cytosol [25,26]. Consequently,
in the presence of a sufficient pump capacity in the
basolateral membrane, there would be no need to
increase the number of CaZ* pumps.

The present study allows the calculation of several
parameters relevant to transcellular Ca?* transport in
the duodenum, such as the number of Ca?* pump
molecules per enterocyte, the turnover number of in-
testinal Ca®*-ATPase and the maximum Ca®* absorp-
tion rate per cm? of tissue. Assuming 10% cells/cm? in
pig as in rat duodenum [27], of which roughly 50% are
involved in active Ca?* absorption since the lower
villus and crypt regions do not absorb Ca?* [4,25,28],
and assuming that 1 cm? of pig duodenum equals 2 mg
cell protein as in the rat [25], we calculate about
95-10° plasma membrane Ca** pump sites/entero-
cyte.

The turnover number for the basolateral Ca*>* pump
can be calculated by combining the data in Table 1. A
Viax value of 3 amol Ca?*/min per mg in membrane
vesicles of which only 15% are resealed inside-out



leads to a turnover number of roughly about 500 Ca’*
ions /pump site per min at 37°C. This is a factor of 2
lower than the turnover number reported for the red
blood cell Ca2*-ATPase [29]. From the pump density
and the turnover number, we estimate that under V,
conditions the basolateral Ca?* pump can remove Ca’*
from the cells with a rate of roughly about 500 nmol
Ca®*/h per cm® duodenum. Realizing that porcine
duodenal transcellular Ca®*-transport does not exceed
70 nmol Ca’*/h per ecm? (Kaune, unpublished obser-
vation), there is ample Ca’* pump capacity to prevent
the enterocyte from being flooded with Ca’* entering
the cells via the brush border membrane, under the
influence of 1,25(0OH),D,. Although the above calcula-
tions provide physiologically realistic values they are
based on several assumptions, hence its uncertainty has
to be acknowledged.

The competitive ELISA developed in this study for
porcine erythrocyte Ca’*-ATPase reached a similar
sensitivity as the previously-reported competitive inhi-
bition radioimmunoassay for purified human erythro-
cyte Ca’?*-ATPase [30). The lack of immunological
cross-reactivity of porcine intestina! Ca’*-ATPase with
anti-porcine erythrocyte Ca’*-ATPase serum was un-
surprising, since Verma et al. [30] had already demon-
strated a weak cross-reactivity of rat and rabbit ery-
throcyte Ca’>*-ATPase with anti-human erythrocyte
Ca?*.ATPase. However, we have showed that the com-
bination of a competitive ELISA and the '¥I-
calmodulin overlay technique provides a sensitive assay
for quantifying plasma membrane Ca”*-ATPase in ep-
ithelial tissues. Recently, Borke et al. [31,32] described
a monoclonal antibody, SF10, raised against the human
erythrocyte Ca®* pump, which binds to a Ca** pump
epitope in rat kidney and intestine. We have produced
six monoclonal antibodies against porcine erythrocyte
Ca?*.ATPase, but no cross-reactivity with other tissues
could be observed. The intracellular Ca’*-ATPase in
porcine duodenum exhibited a good cross-reactivity
with anti-rat skeletal muscle sarcoplasmic reticulum
Ca?*-ATPase. This was anticipated since anti-rabbit
SR Ca®*-ATPase sera have been shown to exhibit good
cross-reactivity with other tissues, even among differ-
ent species [32,34]. The data in Table I1I demoastrate
clearly that the Ca®*-ATPase activity in enterocyte
endoplasmic reticulum is of several orders of magni-
tude less than that in skeletal muscle cells {35]. There
also appears to be more Ca’*-ATPase activity in the
plasma membrane than in intracellular membranes in
porcine duodenal enterocytes, which is similar to the
situation in rat enterocytes and rat kidney cortex {14).

In conclusion, we found that the vitamin D status of
the animal is not reflected in Ca* pump capacities in
the enterocyte. Therefore, the stimulatory effect of
1,25(0H), D, on intestinal Ca** transport must be due
1o specific effects on brush border entry and on facili-
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tation of Ca’™ diffusion, mediated by Ca*-binding
proteins, through the cytosol.
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