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The localization of (Ca>* or Mg?*)-ATPase in plasma membranes of renal
proximal tubular cells
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Basolateral and brush-border vesicles from pig kidney cortex were prepared by differential centrifugation
followed by free-flow electrophoresis. A low-affinity (Ca’* or Mg2?*)-ATPase which co-migrated with
alkaline phosphatase was demonstrated. A considerable enrichment (by a factor of 10) of this ATPase
activity was only observed in the brush-border and not in the basolateral membrane fractions. Maximal
stimulation of this brush-border enzyme by Ca’* was achieved when the ratio of Ca>* to ATP reached a
value between 1 and 2. The enzyme was not inhibited by excess Ca>* or Mg2*. A Kinetic analysis of the
azide-insensitive (Ca>* or Mg2*)-ATPase gave a K, of 0.43 mM for Ca-ATP and of 0.14 mM for

Mg-ATP.

Introduction

A Mg?*- or Ca’*-stimulated ATPase activity
has been described in plasma membranes,
mitochondria, lysosomes and endoplasmic reticu-
lum from a variety of tissues (skeletal, cardiac and
smooth muscle, liver, lung, kidney, placenta, brain,
pancreas) [1-9].

The Mg?*- or Ca?*-ATPases of these tissues
are similar in that they are maximally stimulated
at millimolar concentrations of either magnesium
or calcium ions. In the rabbit kidney, the presence
of such a low-affinity (Ca?* or Mg?*)-ATPase
has been demonstrated along the entire nephron
by Katz and Doucet [10]. The exact localization of
the enzyme in the plasma membranes of the prox-
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imal tubular cell is still unclear. For the rat kidney
cortex, Kinne-Saffran and Kinne [11] localized a
low-affinity Ca?*-ATPase in the basolateral
plasma membranes only. In contrast, Mortl et al.
[12] described a (Ca’* or Mg2*)-dependent
ATPase in rabbit kidney brush-border mem-
branes. Finally, an azide-insensitive low-affinity
ATPase stimulated by Ca2* or Mg?* was claimed
to occur in both basolateral and brush-border
membranes of pig kidney cortex by Ilsbroux et al.
[13].

In order to evaluate these different findings we
have purified basolateral and brush-border mem-
branes with the free-flow electrophoresis method
and have compared the distribution pattern of the
azide-insensitive (Ca’* or Mg?")-ATPase with
that of typical membrane marker enzymes. By the
purification procedure reported in this paper we
could demonstrate the presence of a low-affinity
(Ca?* or Mg?*)-ATPase activity in the brush-
border membranes of pig renal cortex only.
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Materials and Methods

The sodium salts of ATP, NADP*'* and
NADPH, the lyophilized enzymes glucose-6-phos-
phate dehydrogenase and hexokinase were ob-
tained from Boehringer (Mannheim, F.R.G.).
Ouabain was purchased from Calbiochem (La
Jolla, CA, U.S.A)) and p-nitrophenyl-N-acetyl-f3-
D-glucosaminide from Serva Feinbiochemica
(Heidelberg, F.R.G.). The Bio-Rad Protein Assay
kit was obtained from Bio-Rad Laboratories
(Miinchen, F.R.G.) and all other chemicals were
from E. Merck (Darmstadt, F.R.G.) and were of
analytical grade.

Membrane preparation

Basolateral plasma membranes were isolated
from slices of pig kidney cortex by differential
centrifugation followed by free-flow electrophore-
sis. 25 g kidney cortical slices were homogenized
(1:6, w/v) in buffer I (250 mM sucrose in 4 mM
Tnis titrated to pH 7.6 with HCI) using a Sorvall
Omni-mixer for 75 s. Complete homogenization
was performed with a teflon/glass homogenizer
(0.15 mm clearance, 10 strokes at 600 rev./min).
The homogenate was centrifuged for 15 min at
2800 X g in a JA-20 rotor (Beckmann J-21B re-
frigerated centrifuge). The resultant supernatant
was centrifuged for 20 min at 24000 X g [14].
Each fluffy layer, was washed with 20 ml of buffer
I and again centrifuged at 24000 X g for 20 min.
Following this last centrifugation the fluffy layers
were resuspended in buffer I in a total volume of
15 ml (protein concentration +15 mg/ml) and
injected into a Desaga FF 48 free-flow electro-
phoresis apparatus through the port above frac-
tion 39. The electrophoresis buffer (buffer II) con-
tained 250 mM sucrose and 8§ mM Tris-HCI (pH
7.6, conductivity 500 pS/cm). In the electrode
vessels 80 mM Tris-HCl (pH 7.6) was used as a
buffer. The conditions of the run were the follow-
ing: 700 V, 70 mA, temperature 4°C, electro-
phoresis buffer flow-rate 110 ml/h, injection rate
+0.5 ml/h. After separation, all fractions were
assayed for enzyme activities and protein con-
centration.

For re-electrophoresis the selected fractions
were pooled, centrifuged at 24000 X g for 30 min.
The precipitate was resuspended in buffer II to a

final protein concentration of about 10 mg/ml
and subjected to re-electrophoresis under the same
conditions as above.

Brush borders of pig kidney cortex were pre-
pared by differential centrifugation in isotonic
sucrose medium (250 mM sucrose, 4 mM Tris-HCl
(pH 7.6)) as described by Ilsbroux et al. [13]. The
microsomal pellet was resuspended in 2.5 ml of
buffer II (protein concentration + 50 mg/ml) and
injected in the free-flow electrophoresis apparatus
at a rate of about 0.5 ml/h. The other conditions
of the run were the same as above.

For re-electrophoresis, the selected fractions
were pooled, centrifuged at 105000 X g for 1 h.
The precipitate was resuspended in a minimal
volume of buffer II (protein concentration +7
mg,/ ml) and injected at a rate of about 1.5 ml/h.

Enzyme and protein determination

For the determination of alkaline phosphatase
(EC 3.1.3.1) the method of Cathala et al. [15] was
used. (Na*+ K™*)-ATPase (EC 3.6.1.3) was de-
termined according to Kinne et al. [16] with minor
modifications. A higher buffer concentration (125
mM Tris) and MgCl, instead of MgSO, was used.
Trehalase (EC 3.2.1.28) was measured as described
by llsbroux et al. [13]. Succinate dehydrogenase
(EC 1.3.99.1) activity was measured as described
by Earl and Korner [17]. Glucose-6-phosphatase
(EC 3.1.3.9) was assayed by the method of Bagin-
ski et al. [18]. B-N-Acetylglucosaminidase (EC
3.2.1.30) was measured by the method of Stirling
[19]. The azide-insensitive (Ca®* or Mg?*)-ATPase
activity was assayed as follows: the assay medium
contained 320 mM Tris-HCl (pH 8.5), 7 mM
CaCl, or 5 mM MgCl,, 5 mM NaN; as an
inhibitor of mitochondrial ATPase and 5 mM
Na,ATP in a final volume of 1 ml. Variations of
this composition will be presented in the figure
legends. Incubation at 37°C was started by the
addition of 100 p1 membrane suspension to 900 pl
concentrated assay mixture. Care was taken that
less than 10% of the substrate present was hydro-
lyzed during the incubation. Inorganic phosphate
was determined by an adaptation of the method
of Lebel et al. [20] as described by Ilsbroux et al.
[13]. Protein was measured by the method of
Bradford, using the Bio-Rad Protein Assay Kit,
with bovine y-globulin as a standard.



Electron microscopy

Pooled fractions obtained after re-electrophore-
sis were spun down at 24000 X g for 20 min for
the basolateral membranes, and at 105000 X g for
1 h for brush borders. The pellets were fixed with
glutaraldehyde (2.5%) in 0.1 M sodium cacodylate
buffer (pH 7.2) and postfixed in 1% OsO, in the
same buffer at 4°C. Specimens were dehydrated
and embedded in SPURR medium. Ultrathin sec-
tions were cut with a Diatome diamond knife on a
Reichert OMU4 Ultramicrotome and were subse-
quently stained with saturated uranyl acetate in
50% ethanol and 0.4% lead citrate. The specimens
were viewed with a Philips E.M. 301G.

For negative staining of the brush borders,
samples of the free-flow electrophoresis fractions
were directly stained with 2% phosphotungstic
acid pH 7.6 (droplet method) and examined with
a Philips E.M. 400.

Results

Localization of the azide-insensitive (Ca’* or
Mg’ " )-ATPase

In the fluffy layer obtained by differential
centrifugation the specific activity of (Na* + K™)-
ATPase (marker enzyme for basolateral plasma
membranes) is higher than in the microsomal pel-
let. (Na™ + K*)-ATPase is enriched by a factor of
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4.9 in the fluffy layer and in the microsomal pellet
by a factor of 1.2 as compared to the homogenate.
The total amount of (Na* + K*)-ATPase activity
is also higher in the fluffy later (26% of the total
activity in the homogenate) than in the micro-
somal pellet (9.2%). Moreover, the contamination
by brush-border membranes 1s lower in the fluffy
layer (12.6% of the total activity in the homo-
genate) than in the microsomal pellet (26%). How-
ever, there is no considerable difference between
the enrichment of alkaline phosphatase (marker
enzyme for brush-border membranes) in the fluffy
layer (3.1-fold) and in the microsomal pellet (3.9-
fold). For these reasons the fluffy layer was used
to purify basolateral membranes whereas the mi-
crosomal pellet was used as the starting material
for the preparation of the brush-border mem-
branes.

In Fig. 1A the distribution of alkaline phos-
phatase, (Na®™+ K*)-ATPase and azide-insensi-
tive (Ca®* or Mg?*)-ATPase after free-flow elec-
trophoresis of a fluffy layer is shown. The distri-
bution of alkaline phosphatase is similar to that of
trehalase, another brush-border marker (results
not shown). The fluffy layer is subdivided by
free-flow electrophoresis into brush-border micro-
villi and basolateral plasma membranes. But par-
tial cross-contamination of the basolateral mem-
brane fractions by brush-border membranes does
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Fig. 1. (A) Distribution of (Na* + K* )-ATPase (a), alkaline phosphatase (M) and azide-insensitive Ca*-ATPase (®) after free-flow

electrophoresis of a fluffy layer of pig kidney cortex. The activity of each enzyme is expressed as a percentage of the maximal activity.

(B) Distribution of (Na* + K% )-ATPase (a), alkaline phosphatase (W) and azide-insensitive Ca?*-ATPase (®) after re-electrophoresis

of the basolateral membrane fractions. After the first free-flow electrophoresis (Fig. 1A), the basolateral membrane fractions (8-14)

were pooled, concentrated and re-electrophorized under the same conditions. For every enzyme the relative specific activity
(compared to the homogenate) in each fraction is given.
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occur as indicated by the overlapping enzyme
activities. The azide-insensitive (Ca?* or Mg?*)-
ATPase follows the distribution of alkaline phos-
phatase. To prove that no appreciable (Ca®* or
Mg?*)-ATPase activity is localized in the baso-
lateral membranes, fractions 8§-14 were pooled
and re-electrophorized. The results are shown in
Fig. 1B. The relative specific activity for (Na* +
K *)-ATPase in both peak fractions has a value of
16. This indicates that these fractions consist
primarily of basolateral membranes. The relative
specific activities of the other subcellular marker
enzymes are only slightly increased, indicating that
contamination by other cellular components is low
(Table I). Since the relative specific activity for
(Ca’* or Mg?*)-ATPase did not increase during
the re-electrophoresis (Fig. 1B) in contrast with
the relative specific activity for (Na*+ K™)-
ATPase, the (Ca®* or Mg?*)-ATPase activity does
not represent a basolateral membrane bound en-
zyme.

Examination of these basolateral membrane
fractions by electron microscopy revealed the
presence of closed membranous vesicles of various
sizes, open sheets of membranes and some
amorphous material. Other recognizable cell par-
ticles such as lysosomes and mitochondria were
not detected (Fig. 2).

TABLE 1

ENRICHMENT OF MARKER ENZYMES IN THE
BASOLATERAL AND BRUSH-BORDER MEMBRANE
PREPARATION

The activities of the marker enzymes were determined in
pooled (4-9) basolateral membrane fractions (Fig. 1B) and in
pooled (18-23) brush-border membranes (Fig. 3B), obtained
after re-electrophoresis. For every enzyme the relative specific
activity (compared to the homogenate) is given.

Enzyme Relative specific activity
basolateral ~ brush-border
membranes  membranes

Alkaline phosphatase 2.0 8.8

Trehalase 1.5 11.0

(Ca* or Mg?* )-ATPase 2.8 10.0

(Na* +K*)-ATPase 11.2 0.1

B-N-Acetylglucosaminidase 1.1 1.0

Succinate dehydrogenase 0.5 0.3

Glucose-6-phosphatase 2.0 34

Fig. 2. Electron micrograph of pig renal basolateral mem-
branes in re-electrophoresis fractions (4-9). Thin sectioned
preparation.

In the experiment presented in Fig. 3A, a resus-
pended microsomal pellet was used for free-flow
electrophoresis. The distribution pattern is similar
to the one obtained with the fluffy layer (Fig. 1A).
However, the absolute activity of (Na*+ K™)-
ATPase in the alkaline phosphatase peak fraction
is only 20% of the activity in the corresponding
fraction of the first experiment (Fig. 1A). This
means that the brush-border peak fraction is much
less contaminated with basolateral membranes
after free-flow electrophoresis of a microsomal
pellet as compared to a fluffy layer. To obtain a
higher purification of the brush-border mem-
branes, fractions 15-22 were pooled and re-elec-
trophorized. As shown in Fig. 3B the distribution
of (Ca®* or Mg2*)-ATPase correlates very closely
with the distribution of alkaline phosphatase and
nearly the same enrichment is achieved for both
enzymes. Almost no (Na* + K*)-ATPase activity
can be detected in the brush-border membrane
fractions. In the pooled fractions (18-23) the
specific activities of alkaline phosphatase, treha-
lase and (Ca’* or Mg?*)-ATPase increased by a
factor of respectively 8.8, 11.0 and 10.0 relative to
the homogenate (Table 1). Glucose-6-phosphatase
is enriched 3.4-fold, indicating a small contamina-
tion of the preparation by endoplasmic reticulum.
In contrast, the contamination by basolateral
membranes, mitochrondria and lysosomes is
minimal (Table I). These results indicate that the
(Ca®* or Mg?*)-ATPase is localized in the brush-
border membranes of the renal tubular cells.
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Fig. 3. (A) Distribution of (Na* + K* )-ATPase (a), alkaline phosphatase (W) and azide-insensitive Ca2*-ATPase (@) after free-flow

electrophoresis of a microsomal pellet of pig kidney cortex. The activity of each enzyme is expressed as a percentage of the maximal

activity. (B) Distribution of (Na*+K™*)-ATPase (a), alkaline phosphatase (W) and azide-insensitive Ca?*-ATPase (®) after

re-electrophoresis of the brush-border membranes. After the first free-flow electrophoresis (Fig. 3A), the brush-border membrane

fractions (15-22) were pooled, concentrated and re-electrophorized under the same conditions as the first run. The relative specific
activity (compared to the homogenate) for every enzyme in each fraction is given.

Ultrathin sections were obtained from re-elec-
trophorized material (Fig. 4A). Spherical vesicles
of different sizes and a few elongated structures
with an electron-opaque content can be observed.
The former probably represent vesiculated brush-
border membranes, the latter the original micro-
villi. The vesicles in the luminal membrane pre-
paration seem to be more homogeneous in size
and usually smaller than in the antiluminal mem-
brane preparation. As is already evident from the
enzymatic characterization, contamination with

other cellular membranes is very low; the only
organelles found are occasional lysosomes, as indi-
cated by the presence of some small electron-dense
vesicles. In negatively stained specimens, many
elongated structures were found typical for the
presence of microvilli (Fig. 4B).

Kinetic properties of the (Ca’* or Mg’™*)-ATPase

(Ca®* or Mg?*)-ATPase activities were de-
termined at various concentrations of calcium ions
and ATP. Fig. SA shows that maximal activity is

Fig. 4. Electron micrograph of pig renal brush-border membranes in re-electrophoresis fractions (18-23). (A) Thin sectioned
preparation. (B) Negative stained preparation.
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achieved when the ratio of Ca’" to ATP reaches a
value above 1. This suggests that the brush-border
(Ca’* or Mg®")-ATPase attacks a Ca— ATP
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Fig. 5. (A) Effect of ATP and Ca®* concentration on ATPase
activity of brush-border membranes. Brush-border membranes
were obtained as described in Fig. 3C. ®, The ATPase activity
was tested at a constant ATP concentration (5 mM) and
varying concentrations of Ca2* (from 0.25 to 15 mM). m, The
ATPase activity was tested at a constant Ca2* concentration (5
mM) and varying concentrations of ATP (from 0.25 to 15
mM). (B) Effect of Ca®* and Mg2* concentration on ATPase
activity of brush-border membranes. Brush-border membranes
were obtained as described in Fig. 3C. Assays were in the
presence of equimolar concentrations of Na, ATP and either
CaCl, (®) or MgCl, (O). (C) Lineweaver-Burk plots of the
Ca®*-ATPase and Mg>*-ATPase activities in brush-border
membranes. The ATPase activities were tested in the presence
of equimolar concentrations of Na, ATP and either CaCl, (®)
or MgCl, (O).

complex as its true substrate. The enzyme is not
inhibited when the concentration of calcium ions
exceeds the ATP concentration. On the other hand,
there is an inhibitory effect when the ATP level
exceeds the calcium level. Fig. 5B indicates that
both Ca-ATP and Mg-ATP are effective sub-
strates. But Ca-ATP is much more effective (50%)
than Mg-ATP in promoting the ATPase activity.
The optimal concentration of both substrates is 5
mM. With Ca-ATP as substrate, a K value of
0.43 mM could be calculated from Lineweaver-
Burk plots. The K, for Mg-ATP was 0.14 mM
(Fig. 5C).

Discussion

Several investigators have described the ex-
istence of a membrane bound non-mitochondrial
(Ca®* or Mg2*)-ATPase activity in renal plasma
membranes [13], but the localization of the en-
zyme is still doubtfull. In this study we have tried
to elucidate this problem by purification of baso-
lateral and brush-border membranes.

Depending on the membranes we wished to
obtain, homogenates of renal cortex tissue were
subjected to two different centrifugation proce-
dures. For the purification of brush-border mem-
branes, a microsomal pellet was fractionated by
free-flow electrophoresis as described by Ilsbroux
et al. [13]. We used such a pellet because it con-
tains a high concentration of brush-border mem-
branes, and because contamination by basolateral
membranes is low.

To purify basolateral membranes, a fluffy layer
prepared according to the procedure of De Smedt
et al. [14] was subjected to free-flow electrophore-
sis. The content of basolateral membranes in this
fraction 1s higher than in a microsomal pellet.
Moreover, the ratio of basolateral over brush-
border membranes is much more favourable.

From the data obtained with the free-flow elec-
trophoresis technique, it is clear that the azide-in-
sensitive (Ca®* or Mg?*)-ATPase activity coin-
cides with that of alkaline phosphatase. The co-
purification of these enzymes strongly suggests
that the brush-border plasma membranes of renal
tubular cells contain a low-affinity (Ca’* or
Mg?2*)-ATPase that is intensitive to azide. There
is no indication for the presence of this enzyme in



the basolateral membranes, since ATPase is not
enriched during purification of these membranes.

Furthermore the possibility of an inactivation
of the enzyme can be excluded since recoveries of
upto 90% were consistently obtained after free-flow
electrophoresis.

Our results do not agree with the findings of
Kinne-Saffran and Kinne [11] who demonstrated
the presence of a low-affinity Ca?*-ATPase in
basolateral membranes of rat kidney cortex. How-
ever, these authors did not suppress the
mitochondrial ATPase by addition of azide to the
assay medium.

Furthermore we can not confirm the study of
Ilsbroux et al. [13] who located an azide-insensi-
tive (Ca?* or Mg?*)-ATPase in both basolateral
and brush-border membranes. For the preparation
of basolateral membranes by free-flow electro-
phoresis, these authors used a microsomal pellet
as starting material, which had a very unfavoura-
ble ratio of basolateral over brush-border mem-
branes, It is our experience that a sufficiently high
purification of basolateral membranes can not be
reached from such a pellet by free-flow electro-
phoresis. Consequently no definite conclusion can
be made about the exact localization of the (Ca?*
or Mg2*)-ATPase from their experiments.

On the other hand Mortl et al. [12] identified a
non-mitochondrial (Ca®* or Mg?*)-ATPase in
brush-border membranes of rabbit kidney cortex.
This is in accordance with our findings.

It 1s highly improbable that the low-affinity
(Ca** or Mg?*)-ATPase activity in our brush-
border preparation is due to enzymes from other
subcellular components. Mitochondrial ATPase in
both solubilized and membrane bound form was
completely inhibited by using azide [21]. A contri-
bution by the lysosomal (Ca®* or Mg?*)-ATPase
[2] is unlikely since the enrichment of B-N-
acetylglucosaminidase, a lysosomal marker, is
negligible in contrast with the high enrichment
factor of (Ca?* or Mg2?*)-ATPase in the
brush-border preparation. The possibility that the
measured enzyme activity is associated with the
endoplasmic reticulum [3] can also be ruled out
since both basolateral and brush-border mem-
brane preparations show a similar, rather small
enrichment for glucose-6-phosphatase whereas
only the brush-border preparation is highly en-
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riched in (Ca?* or Mg?*)-ATPase activity.

Since alkaline phosphatase is not considered to
be a very specific brush-border marker [22] we
also measured the trehalase activity. The enrich-
ment for this enzyme in the brush-border prepara-
tion was even higher than for alkaline phos-
phatase. From these results and from electron
microscopic observations we conclude that we have
prepared a highly enriched brush-border fraction
and that the ATPase activity is due to a
brush-border membrane bound enzyme.

The (Ca?" or Mg?*)-ATPase activity found in
our brush-border fractions is not specific for renal
tubular cells. A (Ca%* or Mg?*)-ATPase with very
similar properties was also found in low-density
vesicles isolated from brain, lung, heart, liver,
spleen, skeletal muscle and adipose tissue [8]. By
kinetic analysis of (Ca** or Mg2*)-ATPase from a
purified brush-border fraction, a K, of 0.14 mM
for Mg-ATP was found in our study. This is
exactly the same value as in the study of Busse et
al. [6]. This value is also comparable with those
reported for other cell types [8]. With Ca-ATP as
the substrate, the K, value was 0.43 mM. Similar
K, values have been published for the (Ca** or
Mg?*)-ATPases from rabbit kidney brush-border
and T-tubular membranes of skeletal muscle
{12,23].

Optimal conditions for the azide-insensitive
low-affinity (Ca?* or Mg2*)-ATPase are obtained
when the ratio of divalent cation to ATP exceeds a
value higher than 1, indicating that the enzyme
accepts the cation-ATP complex as its true sub-
strate. This is also in agreement with the study of
Busse et al. [6].

Substrate inhibition of the ATPase is observed
when the ratio of cation to ATP is lower than 1.
On the other hand no significant inhibition is
noted when the Ca?* concentration exceeds the
ATP concentration. Therefore the inhibition ob-
served is not caused by the Ca-ATP complex but
is due to free ATP. The same inhibition was
observed by Hidalgo et al. {23] in their study on
(Ca®* or Mg2")-ATPase of transverse tubule
membranes.

The low specificity of the ATPase towards diva-
lent cations and nucleoside triphosphates (results
not shown) resembles the (Ca?* or Mg2*)-ATPase
identified in pancreatic cells [9] and skeletal muscle
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[8] which are assumed to be ecto-enzymes [24,4].
Further study is needed to prove that the renal
brush-border enzyme is also an ecto-ATPase.

The physiological role of the (Ca’* or
Mg?*)-ATPase in kidney cortex is not known yet.
An involvement in the secretion of protons into
the lumen of the proximal tubule, as recently
proposed by Kinne-Saffran and Kinne [25], is an
intriguing possibility. Proof that the low- affinity
(Ca** or Mg?*)-ATPase is the molecular entity
responsible for proton transport in the renal brush
border will be obtained only after reimplantation
of the isolated enzyme into liposomes.
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