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Abstract
We earlier observed that treating rat proximal tubules with concentrations of angiotensin II (ANG
II) that directly stimulate Na-K-ATPase activity changed how Na-K-ATPase subsequently eluted
from an ouabain-affinity column. In this study we tested whether ANG II increases the rate of
elution in response to ligands that trigger the decay of E2-P, which implies a change in functional
properties of Na-K-ATPase, or by decreasing the amount subsequently eluted with SDS, which
suggests a change in how Na-K-ATPase interacts with other proteins. We utilized a new digoxin-
affinity column and novel lines of opossum kidney (OK) cells that coexpress the rat AT1a receptor
and either the wild-type rat α1-isoform of Na-K-ATPase or a truncation mutant missing the first 32
amino acids of its NH2 terminus. We characterized how rat kidney microsomes bind to and elute
from the digoxin-affinity column and demonstrated that they are heterogeneous in the rate at
which they release digoxin in response to ligands that trigger the decay of E2-P. Incubating OK
cells with ANG II stimulated the ensuing elution of wild-type rat α1-subunit by increasing the
kinetic response to ligands that cause a decay of E2-P without affecting the amount later eluted
with SDS. In contrast, ANG II had no effect on the kinetic response of the truncation mutant but
decreased the amount eluted with SDS. These data suggest that ANG II regulates both the kinetic
properties of Na-K-ATPase and its interaction with other proteins by a mechanism(s) involving its
NH2 terminus.
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THE MECHANISMS BY WHICH angiotensin II (ANG II) directly stimulates the short-term activity of Na-
K-ATPase in the proximal tubule (1,2,7) are incompletely understood, which limits our
knowledge of how ANG II controls sodium reabsorption and how ANG II and angiotensin-
converting enzyme (ACE) inhibitors affect the development of hypertension and the
treatment of congestive heart failure (3,29). When cells are exposed to ANG II, at least part
of the stimulation that occurs during the first 15 min is due to the accumulation of Na-K-
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ATPase in the plasma membrane, which is triggered by an increase in the phosphorylation
of Na-K-ATPase by PKC (4,5).

ANG II may also stimulate Na-K-ATPase activity by other mechanisms. For example,
briefly (≤2 min) treating rat proximal tubules with ANG II increased the amount of Na-K-
ATPase eluted from an ouabain-affinity column with a solution containing 150 mM Na +
ATP + EDTA and decreased the amount subsequently eluted with denaturing concentrations
of SDS (39). Cardiac glycosides preferentially bind to the E2-P conformation of Na-K-
ATPase (8), and the solution containing 150 mM Na + ATP + EDTA converts E2-P to E1
(8,13). Therefore, the accelerated elution could have been due to an increase in the rate of
conversion of E2-P to E1, the rate-limiting step in the reaction mechanism of Na-K-ATPase
(14). The ratio of E2-P to E1 is one of the factors that control the apparent affinity for
intracellular sodium and extracellular potassium (16,31). Thus the effect of ANG II on
increasing the amount eluted with 150 mM Na could be related to an earlier report that ANG
II increases the affinity for intracellular sodium (1). On the other hand, the α1-isoform,
which has a low affinity for ouabain (8,26), accounts for 99.9% of Na-K-ATPase in rat
kidney (20). Thus all of the bound Na-K-ATPase could have been eluted with the first
solution without an increase in the rate of conversion of E2-P to E1. This idea led us to
consider whether all of the Na-K-ATPase on the column was equally free to transition from
E2-P to E1.

The plasma membranes of LLC-PK1 cells, a proximal tubule cell line from pig kidney,
contain pools of pumping and nonpumping Na-K-ATPase molecules, and the movement of
Na-K-ATPase molecules out of the nonpumping pool leads to an overall increase in Na-K-
ATPase activity (18). Na-K-ATPase molecules that do not pump are located in caveolae
(18), where they physically interact with other proteins as part of a signaling complex
(36,38). These proteins could in turn constrain the ability of Na-K-ATPase to change
conformation and release ouabain and thereby account for Na-K-ATPase eluted with SDS. If
this were the case, then our observation that ANG II decreased the amount of Na-K-ATPase
eluted with SDS (39) could indicate that ANG II is stimulating Na-K-ATPase activity by
causing a redistribution of Na-K-ATPase within the plasma membrane.

We hypothesized that the accelerated elution of Na-K-ATPase from the ouabain-affinity
column was due to either a modification of the intrinsic kinetic properties of Na-K-ATPase
or to a change in how the Na-K-ATPase interacts with proteins that constrain its ability to
release ouabain. The purpose of the present study was to determine whether ANG II is
stimulating the rate of release of Na-K-ATPase in direct response to ligands that trigger the
decay of E2-P or by decreasing the amount of Na-K-ATPase that remains bound and is
subsequently eluted with denaturing concentrations of SDS. Our experiments made use of
new lines of opossum kidney (OK) cells that coexpress the rat AT1a receptor and either
wild-type or mutant forms of the α1-isoform of the Na-K-ATPase. We also present and
characterize a new digoxin-affinity column. Digoxin is a cardiac glycoside that binds to rat
kidney Na-K-ATPase ∼10 times tighter than ouabain (24), which improves our ability to
detect differences in the rate at which the rat α1-subunit is releasing cardiac glycoside.

MATERIALS AND METHODS
Preparation of affinity column

To prepare the digoxin-affinity medium, we hydrated and washed1gofdry epoxy-activated
Sepharose (Amersham Biosciences) with distilled water on a sintered glass filter. The
swollen beads were added to 65 ml of 4 mM digoxin dissolved in 77% ethanol. The
suspension was incubated with mixing for ∼50 h at 45°C. Thereafter, the slurry was poured
into a chromatography column, and the ethanol mixture was allowed to drain. The remaining
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beads were washed with 20 bed volumes of 0.1 M Na2CO3 at pH 11.0. Beads were then
added to 50 ml of 1.0 M ethanolamine at pH 8.5, and the mixture was incubated with mixing
at 45°C for ∼18 h. The slurry was drained through the column, and the beads were washed
with 20 bed volumes of 0.1 M Na2CO3 at pH 11.0. The resulting affinity matrix was stored
in the dark at 4°C in the final wash solution. Sham columns were made using the same
procedure in the absence of digoxin.

General procedure for running chromatography columns with rat kidney microsomes
Rat kidney microsomes (∼2.5 mg of total protein) were suspended in ∼1 ml of a loading
buffer containing 30 mM NaCl, 3 mM ATP, 4 mM MgCl2, and 20 mM imidazole, pH 7.4,
and combined with ∼1 ml of digoxin-affinity medium in a chromatography column at 4°C.
The column was capped at both ends, laid horizontally, and rocked end to end for 60 min.
The column was positioned vertically, the caps were removed, and the column was drained
from the bottom until all the fluid reached the top of the chromatography matrix. More
loading buffer was then added to wash off unbound protein. In one experiment (Fig. 1), ∼2.5
ml of loading buffer were added. In all other experiments, ∼5 ml were added. After all the
loading buffer had entered the bed of the column, an eluting solution containing 150 mM
NaCl, 3 mM ATPNa2, 4 mM EDTA, and 20 mM imidazole, pH 7.4, was added to the top of
the column. Once the eluting solution had completely entered the bed of the column, the
columns were put at room temperature, and a solution containing 2% SDS was added. In all
experiments, the flow rate was relatively constant at ∼0.5 ml/min at both 4°C and room
temperature. Each fraction was ∼0.6 ml; thus it took ∼1.2 min/fraction.

Preparation of rat kidney microsomes
Rat kidney microsomes were prepared as previously described (40). The kidneys were
removed from the rat, minced whole on ice, and homogenized with a glass-Teflon Wheaton
Potter-Elvehjem homogenizer (1,000 rpm) in 10 vols of buffer containing 50 mM imidazole
(pH 7.4), 2 mM EDTA, and 250 mM sucrose. The homogenate was centrifuged at 6,000 g
for 20 min, and the supernatant was spun again at 48,000 g for 60 min at 4°C. The
subsequent pellet was suspended in the homogenization buffer at a final protein
concentration of ∼5 mg/ml and was stored at −70°C. Before use, all microsomes were
alternately frozen at −70°C and thawed six times to permeabilize them to ATP (21).

Measuring the amount of Na-K-ATPase
The amount of α-subunit in fractions off the columns was measured by immunoblotting (22)
and converted to absolute amounts of Na-K-ATPase by using the amount of α-subunit in rat
kidney microsomes as a standard. Immunoblot signals were quantified in arbitrary units
using a Fuji LAS-1000 System and Image Gauge version 3.3 software. For each blot, we
constructed a standard curve of arbitrary units compared with known amounts of α1-subunit,
fit the data with the equation y = (a)·ln(x) + b by using least-squares, and used the resulting
equation to calculate the amount of α-subunit in each fraction. The absolute amount of α-
subunit in the microsomes was determined by measuring Na-K-ATPase activity under
optimal conditions (6) and then calculating the amount of Na-K-ATPase that had to be
present to account for the observed activity. For this calculation, we knew that the maximum
rate of ATP hydrolysis per pump was 10,000 molecules of ATP per minute (15) and that the
functional unit was an αβ complex (23) that would have a molecular mass of ∼140 kDa. In
the rat kidney microsomes used for standards, the specific activity of the Na-K-ATPase was
2.8 ± 0.4 μmol Pi·mg−1·min−1. Assuming that all of the Na-K-ATPase was active, we
determined that the α-subunit was ∼4% of the total protein.
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Plasmid and OK cell lines
The coding sequence for the rat α1-subunit of Na-K-ATPase subcloned into the pRc/CMV
plasmid was a generous gift from Dr. J. Lingrel (37). A plasmid encoding the rat α1-subunit
of Na-K-ATPase in which the sequence encoding the first 32 amino acids was replaced by a
Myc epitope tag was generously provided by Dr. Marie-Josee Duran in the laboratory of Dr.
Thomas Pressley. OK cells that stably express the rat AT1a receptor were generously
provided by Dr. T. Thekkumkara (35) and were routinely cultured in DMEM-F12 with 10%
fetal calf serum, 50 IU/ml penicillin, and 50 μg/ml streptomycin at 37°C. For transfection,
0.5 ml of cells at 5 × 106 cells/ml in unsupplemented DMEM-F12 medium were mixed with
20 μg of plasmid DNA in a 0.4-cm gap cuvette and subjected to electroporation (260 V, 950
μF). The cells were then plated on 100-mm culture dishes with regular growth medium and
allowed to attach overnight. The next day, the cells were split onto three 150-mm plates and
cultured for 2 wk in growth medium further supplemented with either 10 or 100 μM ouabain
for selection. A pooled population was obtained. Expression of the rat α1-subunit was
confirmed by testing the ability of different concentrations of ouabain to inhibit 86Rb influx
(25). Selection with 10 μM ouabain was maintained throughout subsequent culture of the
stable cell lines.

Procedure to treat OK cells with or without ANG II, load equal amounts of protein on
digoxin-affinity columns, and subsequently elute protein using three different solutions

Cells grown on 150-mm plastic culture dishes to ∼80% confluency were brought to room
temperature, and either ANG II at a final concentration of 10 nM or an equal volume of
buffer was added to each. Five minutes later, the plates were put on ice, the medium was
removed, and the cells were rinsed three times with ice-cold Hanks’ solution without added
calcium, magnesium, or phenol red. After the Hanks’ solution was removed, 1.5 ml of ice-
cold lysis buffer containing 30 mM NaCl, 3 mM ATP, 4 mM Mg, 25 mM imidazole, 1 mM
4-(2-aminoethyl)benzene sulfonyl fluoride, 0.8 μM aprotinin, 20 μM leupeptin, 40 μM
bestatin, 15 μM pepstatin A, 14 μM E-64, 1 μM okadaic acid, 1 μM microcystin, and 5 μM
phenylarsine oxide, pH 7.4, was added to each of the plates. The cells were scraped off and
placed into centrifuge tubes, which were put on ice and rocked end to end for 5 min. The
samples were centrifuged at 4°C for 5 min at ∼800 relative centrifugal force, and the
resulting supernatant was collected. In each experiment, ∼4.9 mg of protein from control
and ANG II-treated cells were combined with 1 ml of digoxin-affinity matrix in a
chromatography tube, which was mixed end to end for 60 min at 4°C. The column was
mounted vertically, and the affinity matrix was washed at 4°C with 5 ml of a solution
containing 30 mM NaCl, 3 mM ATP, 4 mM MgCl2, and 25 mM imidazole, pH 7.4. Next, 5
ml of a solution containing 30 mM NaCl, 3 mM ATP, 4 mM EDTA, and 25 mM imidazole,
pH 7.4, were added to the top of the column, and nine fractions were collected. As the
preceding solution drained to the top edge of the chromatography media, 5 ml of a solution
containing 150 mM NaCl, 3 mM ATP, 4 mM EDTA, and 25 mM imidazole, pH 7.4, were
added to the top of the column, and nine fractions were collected. The column was put at
room temperature, 4 ml of 2% SDS were added to the top of the column, and four fractions
of equal volume were collected. The average fraction size was ∼0.6 ml, and the flow rate
was ∼0.5 ml/min at both 4°C and room temperature.

Experimental design and statistical analysis for testing the effect of ANG II
In each experiment, half of the cells were treated with ANG II and half were not. Protein
from cells treated with ANG II was put on one digoxin-affinity column. Protein from the
control cells was simultaneously put on a comparable column. Both columns were run side
by side under the same conditions. At the end of the experiment, the amount of protein in
each of the fractions was measured in duplicate in the same assay. All the data from all the
experiments performed on a given cell line were analyzed at the same time using the
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General Linear Model in SPSS, which in this case is equal to a two-way ANOVA with
repeated measures with two between-subject factors. This design was chosen to look for
differences in the amount of protein eluted in each fraction between columns loaded with
protein from control and ANG II-treated cells. The first between-subject factor accounts for
the difference between individual experiments (n = 6). The second between-subject factor
measures the difference between control cells and those treated with ANG II. If there was a
significant difference between the second between-subject factor (P ≤ 0.05), a Bonferroni
post hoc analysis was performed to determine whether there was a significant difference (P
≤ 0.05) in the amount of protein in individual fractions from control versus ANG II-treated
cells. Fractions that were significantly different from each other with or without ANG II are
indicated where appropriate.

Other procedures and sources of antibodies
Protein was determined by bicinchoninic acid assay (Pierce Biotechnology) following the
manufacturer's suggestions. The antibody to the α1-isoform of Na-K-ATPase was obtained
from Sigma (clone M8-Pl-A3).

RESULTS AND DISCUSSION
We first characterized how the rat kidney α1-isoform in rat kidney microsomes interacts
with the digoxin-affinity column as a function of ligands that change Na-K-ATPase
conformation. We then used this information and the new lines of OK cells to test whether
ANG II accelerates the rate of elution of the rat kidney Na-K-ATPase as a function of time
in response to solutions that trigger the decay of E2-P.

Binding and recovery of rat kidney microsomes requires digoxin
To characterize our new digoxin-affinity column, we first tested whether the binding of
plasma membranes to the column required the presence of digoxin. These and the following
experiments were carried out at 4°C to slow the rate at which digoxin is released from Na-
K-ATPase and, in the absence of detergents, to maintain protein-protein interactions that
could affect the rate at which Na-K-ATPase changes conformation and mimic our earlier
experimental conditions (39). Equal amounts of rat kidney microsomes were applied to
sham and digoxin-affinity columns in the presence of a solution containing 30 mM Na +
ATP + Mg, which promotes E2-P and the binding of Na-K-ATPase to cardiac glycosides
(8). In the presence of this solution, a large amount of Na-K-ATPase washed through the
sham column without binding (Fig. 1, fractions 1−4). In contrast, most of the Na-K-ATPase
applied to the digoxin-affinity column bound, and very little appeared in the subsequent
wash of the column with the solution containing 30 mM Na + ATP + Mg (Fig. 1, fractions
1−4). Adding a solution containing 150 mM Na + ATP + EDTA, which has been shown to
reverse the binding of ouabain to the human red cell Na-K-ATPase (13), removed large
amounts of rat renal microsomal Na-K-ATPase from the digoxin-affinity column (Fig. 1,
fractions 5−8) and almost no Na-K-ATPase from the sham column (Fig. 1, fractions 6 −8).
The small amount of Na-K-ATPase in fraction 5 (Fig. 1) likely represents unbound Na-K-
ATPase that was still washing off the column in the presence of the buffer containing 30
mM Na + ATP + Mg. The subsequent addition of denaturing concentrations of SDS eluted
more Na-K-ATPase from the digoxin-affinity than it did from the sham column (Fig. 1,
fractions 9−11).

It was difficult to tell from the experiment shown in Fig. 1 how much Na-K-ATPase was
being eluted from the digoxin-affinity column in response to the SDS, because Na-K-
ATPase was still coming off the digoxin-affinity column in response to the buffer containing
150 mM Na + ATP + EDTA (Fig. 1, fractions 7 and 8). Therefore, we repeated the
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experiment using a much larger volume of the solution containing 150 mM Na + ATP +
EDTA. The digoxin and sham columns were loaded with rat kidney microsomes, and all the
unbound protein was washed off the columns with the solution containing 30 mM Na + ATP
+ Mg (data not shown). The subsequent addition of the solution containing 150 mM Na +
ATP + EDTA eluted a distinct peak from the digoxin-affinity column (Fig. 2A, fractions
1−9, closed symbols) and little Na-K-ATPase from the sham column (Fig. 2A, fractions
1−9, open symbols). After this peak, little additional Na-K-ATPase was eluted (Fig. 2A,
fractions 9 −16, closed symbols). Nevertheless, a distinct peak of Na-K-ATPase was eluted
from the digoxin-affinity column by the subsequent addition of SDS (Fig. 2A, fractions
18−20, closed symbols). In contrast, a much smaller amount of Na-K-ATPase was eluted
with SDS from the sham column (Fig. 2A, fractions 18−20, open symbols). The data in Fig.
2A show that the presence of digoxin on the affinity column greatly increased the recovery
of rat kidney microsomes in response to both the solution containing 150 mM Na + ATP +
EDTA and the solution containing SDS. These data support the hypothesis that plasma
membranes bind to the column via the digoxin, and not to the column matrix. Likewise,
these results are consistent with the conclusion that rat kidney microsomes contain a
population of Na-K-ATPase molecules that are readily eluted from digoxin by ligands that
trigger the decay of E2-P and a population that is resistant to elution.

The pattern of elution seen by measuring the total protein (Fig. 2B, fractions 1−20, closed
symbols) is consistent with the pattern observed with the α-subunit (Fig. 2A, fractions 1−20,
closed symbols) and is more straightforward to quantify. When equal volumes of each
fraction are measured by immunoblotting, one must run each fraction at multiple dilutions to
obtain a signal that is in the responsive range of the antibody, which is a nonlinear function
of the amount of Na-K-ATPase. Therefore, in subsequent experiments with rat kidney
microsomes, we measured the amount of protein to estimate the amount of eluted Na-K-
ATPase.

Capacity of the digoxin-affinity column
The total protein that is specifically recovered from the digoxin-affinity column is the sum
of the protein that is eluted by ligands causing the decay of E2-P and that eluted with SDS
(Fig. 2). The amount of protein eluted from the digoxin-affinity column increased in a linear
fashion as the amount of loaded protein increased from 0.5 to 2.5 mg (Fig. 3). Over this
same range there was little protein recovered from the sham columns (Fig. 3). When the
amount of protein loaded onto the columns was increased to 5 mg, the amount of protein
recovered from the digoxin-affinity column began to saturate and significantly more protein
eluted with SDS from the sham columns, which indicates nonspecific binding.

Over the linear range of binding (0.5 to 2.5 mg), we recovered 30−80% of the applied
protein (Fig. 3), consistent with approximately one-half of the applied protein being in apical
membranes devoid of Na-K-ATPase. The maximum amount of rat kidney microsomes that
specifically bound to the digoxin-affinity column was ∼1.5 mg protein/ml bed volume (Fig.
3), which contained ∼400 μg of α-subunit (Fig. 2). Under the experimental conditions used
in Fig. 3, the binding capacity of the ouabain-affinity column was ∼4 μg rat kidney α-
subunit/ml bed volume (data not shown). This value is very close to our previous report that
the ouabain-affinity column bound ∼5 μg rat kidney α-subunit/ml bed volume (40). Thus the
digoxin-affinity column binds ∼100 times more rat kidney α-subunit than the ouabain-
affinity column, which is more effective in isolating low-abundant Na-K-ATPase with a
high affinity for ouabain (11).
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Evaluating how the α1-subunit in rat kidney microsomes releases digoxin
Based on the work of Huang and Askari (13), we earlier assumed that solution containing
150 mM Na + ATP + EDTA eluted Na-K-ATPase (39) by stimulating the decay of E2-P to
E1 via the accepted steps in the reaction mechanism of Na-K-ATPase: E2-P → E2 → E1 →
E1·ATP → Na·E1·ATP. Under normal physiological conditions, ouabain dissociates after
phosphate is lost (8,30,32), and for most forms of Na-K-ATPase, the rate at which ouabain
is subsequently released is very slow in the absence of ligands that promote the formation of
E1 (8,13). The rat α1-subunit, however, releases ouabain at a much faster rate (26). To slow
the rate of dissociation and to increase the amount of Na-K-ATPase that bound to our
ouabain-affinity column, we conducted our experiments at 4°C (39,40). At this colder
temperature, it is possible that the solution containing 150 mM Na + ATP + EDTA was
eluting Na-K-ATPase by the Hofmeister effect, in which sudden jumps in salt concentration
convert E2-P to E1-P (27), a conformation to which cardiac glycosides do not bind (8).

To determine whether the solution containing 150 mM Na + ATP + EDTA was eluting Na-
K-ATPase by pulling Na-K-ATPase toward E1 or by means of the Hofmeister effect, we
tested how the presence and absence of Mg affected the elution of Na-K-ATPase. As before,
rat kidney microsomes were bound in the presence of 30 mM Na + ATP + Mg. Under these
conditions, we would expect that removing the free Mg in the continued presence of 30 mM
Na and ATP would trigger the spontaneous decay of E2-P to E1 and lead to the release of
digoxin. The rate constant for the spontaneous decay of E2-P at 0°C is 0.06 s−1 (28).
Therefore, it should take ∼17 s for the original amount of E2-P to spontaneously decay to
37% of its original value at 4°C. Instead, we found that replacing the Mg with EDTA eluted
only ∼10% of the bound protein during the first ∼6 min at 4°C (Fig. 4A, fractions 1−5,
hatched bars). The peak response was in fraction 3, which occurred ∼4 min after the free Mg
was reduced (Fig. 4A), much slower than the expected rate of spontaneous decay. After the
column was eluted for 20 min with the Mg-free solution, 75% of the protein that originally
bound to the column was eluted with SDS (Fig. 4A, fractions 17−20, hatched bars). In
contrast, no protein was eluted when the Mg was maintained in the presence of 30 mM Na
and ATP (Fig. 4A, fractions 1−16, solid bars), and more protein was eluted with denaturing
concentrations of SDS (Fig. 4A, fractions 17−20, solid bars).

To determine how Na-K-ATPase was being eluted when the ionic strength was increased in
the presence of ATP + EDTA (Fig. 1 and 2), we tested how the presence and absence of Mg
affected the elution of protein when the NaCl was increased to the intermediate values of 90
and 120 mM Na in the presence of ATP. We reasoned that if Na + ATP was eluting Na-K-
ATPase by pulling E2-P to E1, then we would expect that Mg should prevent elution by
maintaining Na-K-ATPase in the E2-P conformation. In these experiments, rat kidney
microsomes were bound to the digoxin-affinity column in the presence of 30 mM Na + ATP
+ Mg, and unbound protein was removed. We then added elution buffers containing either
90 mM + ATP + EDTA or 90 mM Na + ATP + Mg. Both solutions eluted much more
protein (Fig. 4B, fractions 1−5, hatched and solid bars) than the solution containing 30 mM
Na + ATP + EDTA (Fig. 4A, fractions 1−5, hatched bars). Slightly less protein was eluted
with the solution containing 90 mM Na + ATP + Mg (Fig. 4B, fractions 1−5, solid bars)
compared with the absence of Mg (Fig. 4B, fractions 1−5, hatched bars). Thus, at 90 mM
Na, it appears that most of the protein was being eluted by the increase in ionic strength.
When the columns were eluted with solutions containing 120 mM, there was a further
increase in the amount of protein initially eluted compared with 90 mM Na (Fig. 4B,
fractions 1−5) and no difference with or without Mg (Fig. 4C, fractions 1−5, solid vs.
hatched bars). We conclude that increasing the NaCl from 30 to 150 mM ATP + EDTA was
primarily eluting protein by means of the Hofmeister effect.
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Heterogeneity in the elution of Na-K-ATPase
How does one account for the observed heterogeneity with which the Na-K-ATPase (Figs.
1, 2, and 4) eluted from our affinity columns (39)? First, it is important to appreciate that
Na-K-ATPase that is eluted with SDS does not just represent nonspecific binding, because
little Na-K-ATPase was eluted from sham columns (Fig. 2). Second, in the absence of
detergents, distinct populations of Na-K-ATPase likely reside in separate membrane
structures, likely to be in either closed or open vesicles.

We estimated the amount of Na-K-ATPase in closed versus open vesicles by doing Na-K-
ATPase measurements. The original rat kidney microsomes had a Na-K-ATPase activity of
0.27 ± 0.05 μmol Pi·mg protein−1·min−1, as measured at optimal concentrations of Na, K,
Mg, and ATP. Freezing and thawing these microsomes, which was always done before they
were applied to the column, increased Na-K-ATPase activity to 0.53 ± 0.09 μmol Pi·mg
protein−1·min−1. The increase in activity demonstrates that the freeze-thaw procedure
opened closed vesicles. Nevertheless, treating frozen-thawed membranes with SDS in the
presence of BSA, which is known to permeabilize membranes much more effectively than
freezing and thawing (6), further increased the specific activity to 1.3 ± 0.22 μmol Pi·mg
protein−1·min−1. Thus approximately half of the Na-K-ATPase in our frozen-thawed
membranes was in closed vesicles. Theoretically, closed vesicles could be in either the right
side-out or inside-out configuration. However, only vesicles in the right side-out
configuration should bind to the column. Inside-out vesicles should pass through without
binding, because the binding site for cardiac glycosides is on the inside of the vesicle.

On the basis of the above considerations, we conclude that half of the protein in basolateral
membranes that bound to the column would have been in structures permeable to Mg and
ATP, and the other half would have been in closed right side-out vesicles. Therefore, it is
possible that some of the observed heterogeneity in the elution of Na-K-ATPase from the
column could be due to the presence of trapped ligands in the right side-out vesicles. On the
other hand, half of the bound protein would have been in permeable structures. Therefore,
we expected that at least half of the bound protein would be rapidly eluted in response to
ligands that cause a decay of E2-P. Instead, we found that only 10% or less was eluted over
the expected time course when the free Mg was reduced (Fig. 4A, fractions 1−5, hatched
bars). Therefore, a significant proportion of Na-K-ATPase that was in permeable structures
must have stayed bound to the column for a much longer period of time for reasons other
than the occlusion of pump ligands. Thus vesicle heterogeneity can account for some, but
not all, of Na-K-ATPase that is eluted with SDS.

There is certainly evidence for functional heterogeneity in the reaction mechanism of Na-K-
ATPase in animal cell membranes (10,34). For example, the turnover of the
phosphointermediate in dog kidney demonstrates both fast and slow components (34), and
there are rapid and slow components to the release of occluded Rb (10). Heterogeneity in the
rate at which Na-K-ATPase releases cardiac glycosides might also be explained by the
extent to which Na-K-ATPase in the plasma membrane interacts with other proteins. Part of
Na-K-ATPase in the kidney is localized in caveolae (38), and the binding of ouabain to Na-
K-ATPase alters how it interacts with other proteins (36). We would expect that the binding
of Na-K-ATPase to other proteins could stabilize its binding to cardiac glycosides and
theoretically help account for a population of Na-K-ATPase that was slow to release bound
digoxin. Thus our data and subsequent analysis support the hypothesis that there could be
two populations of Na-K-ATPase molecules in rat kidney microsomes that vary in the rate at
which they release cardiac glycosides, which leaves open the option that ANG II increased
the rate of elution from the ouabain-affinity column by decreasing the amount of Na-K-
ATPase that was eluted with SDS (39).
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Binding and elution of rat kidney Na-K-ATPase from the lysates of OK cells
To study how ANG II regulates Na-K-ATPase activity, the wild-type rat α1-subunit was
expressed in OK cells that stably express the rat AT1a receptor (T35 cells) and selected for
growth by maintaining the cells in medium that contained 10 μM ouabain (MATERIALS AND

METHODS). In cells transfected with the wild-type rat α1-subunit and selected for growth (E10A
cells), the rat α1-subunit accounts for 75% of the total Na-K-ATPase and the endogenous
OK Na-K-ATPase makes up the other 25% (Fig. 5). The absolute pumping rate for the rat
α1-subunit in E10A cells, measured as the difference in 86Rb influx in the presence of 1 μM
and 6 mM ouabain, was the equivalent of 1.54 ± 0.34 nmol K+·mg−1·min−1 (n = 3).

As the first step in determining how ANG II affects the elution of Na-K-ATPase, we tested
the relationship between the amount of Na-K-ATPase (Fig. 6A) and the amount of protein
(Fig. 6B) eluted from the digoxin-affinity column. Na-K-ATPase in the lysates of OK cells
was bound to the digoxin-affinity column in the presence of a solution containing 30 mM
NaCl + ATP + Mg that favors the E2-P conformation of Na-K-ATPase, and the unbound
Na-K-ATPase was removed by washing the column with the loading buffer (MATERIALS AND

METHODS) as was done with the rat kidney microsomes. The pattern by which protein was
subsequently eluted from the digoxin-affinity column in response to reducing the free Mg
(Fig. 6A, fractions 1−10), increasing the NaCl concentration to 150 mM (Fig. 6A, fractions
11−18), and adding SDS (Fig. 6A, fractions 19−22) is very similar to the pattern observed
with rat kidney microsomes. For instance, reducing the free Mg while maintaining the 30
mM Na and ATP only eluted a small peak of protein in columns loaded with either rat
kidney microsomes (Fig. 4A, fractions 1−16)or the lysates of OK cells (Fig. 6A, fractions,
1−10). Likewise, increasing the NaCl concentration from 30 to 150 mM eluted a much
larger amount of protein from columns loaded with either rat kidney microsomes (Figs. 2B,
fractions 1−16)or protein from OK cells (Fig. 6A, fractions 11−18). Finally, the addition of
SDS eluted a comparable amount of protein from columns loaded with either rat kidney
microsomes (Fig. 2B, fractions 19 and 20) or protein from OK cells (Fig. 6A, fractions
19−21). As was the case with rat kidney microsomes (Fig. 2), protein was eluted from the
column in the same pattern as the α-subunit of the Na-K-ATPase (Fig. 6B). Note that the
data in Fig. 6B were obtained by taking equal aliquots from each fraction, and there was no
attempt to quantify the antibody response as was done in Fig. 2A. The anti-α antibody used
in this study detects both rat α1 and the endogenous OK Na-K-ATPase (data not shown).
Nevertheless, the pattern by which protein from OK cells (Fig. 6A) and rat kidney micro-
somes (Figs. 2B and 4) are eluted is very similar. Therefore, there are no data to suggest that
the elution pattern is significantly altered by the small amount of endogenous Na-K-ATPase
that is present in E10A cells. Thus we conclude that the Na-K-ATPase is eluting from the
digoxin affinity column in a similar fashion whether it is present in rat kidney micro-somes
or in the membranes of OK cells.

Effect of ANG II on the elution of wild-type rat α1-subunit from the lysates of OK cells
To test how ANG II is altering the interaction of the rat kidney Na-K-ATPase with digoxin,
OK cells coexpressing the AT1a receptor and the wild-type rat α1-isoform of Na-K-ATPase
were incubated with or without 10 nM ANG II for 5 min at room temperature. The cells
were lysed in the presence of protease and phosphatase inhibitors and ligands (30 mM NaCl
+ ATP + Mg) that favor the E2-P conformation of Na-K-ATPase, and Na-K-ATPase was
bound to the digoxin-affinity column (MATERIALS AND METHODS). On digoxin-affinity columns
loaded with protein from control cells, adding an eluting buffer (30 mM Na + ATP +
EDTA) that maintained the original concentration of sodium and ATP but removed the free
Mg resulted in the elution of protein with an average response that peaked in fraction 4 (Fig.
7, fractions 1−9, open symbols). On columns loaded with identical amounts of protein from
cells that had been previously incubated with ANG II, the elution of protein in response to
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reducing the free Mg was slower, with an average response that reached a maximum in
fraction 9 (Fig. 7, fractions 1−9, closed symbols). Adding the second eluting solution
containing 150 mM Na + ATP + EDTA resulted in the removal of a large amount of protein
from control cells (Fig. 7, fractions 10−18, open symbols) and from cells treated with ANG
II (Fig. 7, fractions 10−18, closed symbols). The subsequent addition of 2% SDS also
resulted in the elution of a large amount of protein from control and ANG II-treated cells
(Fig. 7, fractions 19−22).

When all of the data in Fig. 7 were analyzed using a two-way ANOVA with repeated
measures with two between-subject factors, there was a significant difference in the elution
of protein from control and ANG II-treated cells (P ≤ 0.001). A post hoc analysis of the data
showed that there were significant differences (P ≤ 0.05) in the amount of protein eluted in
fraction 11 and fractions 15−18, as indicated in Fig. 7. There are other fractions, such as
fraction 13 in Fig. 7, that appear to be different with and without ANG II but that are not
statistically different due to more variation between individual experiments. The ANG II-
induced increase in the amount of protein in fraction 11 and the reduction in the amount of
protein in fractions 15−18 suggest that there was a leftward shift in the elution of protein in
response to the solution containing 150 mM Na + ATP + EDTA (Fig. 7). There were no
significant differences in the amount of protein eluted with the reduction in free Mg, but
there was a rightward shift in the elution profile (Fig. 7, fractions 1−9). Thus ANG II altered
the kinetic response to ligands that affect the amount of E2-P without changing the amount
of Na-K-ATPase eluted with SDS. The kinetic response was likely to slow the release of
Na-K-ATPase from digoxin when the free Mg was reduced, although this effect was not
statistically significant, and to accelerate significantly the release when the concentration of
NaCl was increased in the presence of ATP and EDTA.

OK cell membranes containing a truncation mutant of rat α1-subunit missing the first 32
amino acids of the NH2 terminus

Since the interaction of Na-K-ATPase with other proteins in caveolae are mediated by the
NH2 terminus of Na-K-ATPase (36,38,41), we wanted to test how ANG II affected the
elution of protein in cells expressing a form of the rat α1-subunit missing this part of its NH2
terminus. To carry out these experiments, we transfected T35 cells with the cDNA from a
truncation mutant of the rat α1-isoform in which the sequence encoding the first 32 amino
acids of the NH2 terminus was replaced by a Myc epitope tag (α-1.Δ32). After selection in
10 μM ouabain, immunoblotting of lysates of these cells showed a band at the expected size
with the anti-myc antibody, whereas cells transfected with the full-length rat α1-subunit or
the parental OKAT1a cells did not (Fig. 8). The absolute pumping rate for the truncation
mutant, measured as the difference in 86Rb influx in the presence of 1 μMand6mM ouabain,
was 0.42 ± 0.11 nmol·mg−1·min−1 (n = 4).

In experiments with cells expressing α-1.Δ32, ANG II significantly affected the elution of
protein (Fig. 9), as shown by a two-way ANOVA using repeated measures with two
between-subject factors (P ≤ 0.001). The post hoc analysis showed that ANG II significantly
(P ≤ 0.05) decreased the amount of protein eluted with SDS (Fig. 9, fractions 21 and 22) but
had no effect on the amount of protein eluted in response to the buffer containing 30 or 150
mM Na + ATP + EDTA. Thus, with the truncation mutant, ANG II reduced the amount of
tightly bound Na-K-ATPase eluted with SDS and had no effect on the kinetic response to
ligands that reduce the amount of E2-P.

Although we did not test for a significant difference, there appeared to be less total protein
eluted from columns loaded with the lysates of cells expressing the truncation mutant (Fig.
9) compared with cells expressing rat wild-type α-subunit (Fig. 7). Since equal amounts of
cellular protein were added to all the columns, this apparent reduction is likely related to
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properties associated with the truncation mutant. It is well established that removing the
NH2 terminus shifts the Na-K-ATPase toward E1 (17) and that removing the first 32 amino
acids reduces the catalytic turnover by ∼50% (31). We did indeed measure a fourfold lower
ouabain-sensitive 86Rb uptake in cells expressing α-1.Δ32 compared with E10A cells, and
one would certainly expect an E1-shifted Na-K-ATPase to have reduced binding to digoxin.
On the other hand, we did not directly measure the amount of Na-K-ATPase expressed in
these two cell lines. Therefore, it is possible that the reduced recovery and lower activity is
in part due to less expression of Na-K-ATPase.

Interpreting ANG II-induced changes in elution in terms of Na-K-ATPase properties:elution
via change in conformation versus denaturation

The observation that ANG II significantly increased the rate at which the wild-type rat
kidney Na-K-ATPase was eluted from the digoxin-affinity column in response to the
solution containing 150 mM NaCl + ATP + EDTA without reducing the amount eluted with
SDS (Fig. 7) suggests that these two effects can be independent of each other. There was,
however, an ANG II-induced reduction in the amount of Na-K-ATPase that was eluted from
the ouabainaffinity column with SDS (39). Thus it is possible that in these earlier
experiments, ANG II both increased the rate of elution in response to the solution containing
150 mM Na + ATP + EDTA and/or reduced the amount of Na-K-ATPase eluted with SDS
(39). The fact that ANG II did not decrease the amount of Na-K-ATPase eluted from the
digoxin-affinity column with SDS may be explained by the ∼10-fold higher affinity with
which the rat α1-subunit binds digoxin compared with ouabain (24).

The observation that ANG II significantly reduced the amount of the truncated α1-subunit
eluted from the digoxin-affinity column with SDS confirms that ANG II can affect the
amount of tightly bound Na-K-ATPase. The fact that we only observed an effect of ANG II
on the SDS-eluted Na-K-ATPase in cells expressing the truncation mutant suggests that the
NH2 terminus plays a critical role in mediating how Na-K-ATPase remains tightly bound to
digoxin. Others have shown that the NH2 terminus of Na-K-ATPase likely plays a central
role in the interaction of Na-K-ATPase with proteins in caveolae (36,38,41). Perhaps these
other proteins restrain the ability of Na-K-ATPase to change conformation and release
digoxin. In any event, we suggest that the absence of part of the NH2 terminus weakened the
interaction of Na-K-ATPase with other proteins so that ANG II induced a more complete
removal of the bound protein before the SDS was added.

Analysis of the kinetic response in terms of expected Na-K-ATPase activity
Since the effect of ANG II on the elution of Na-K-ATPase in response to ligands could in
part be due to changes in the kinetic properties of Na-K-ATPase, we developed the
following analysis of our results. Based on our analysis of how reducing the free Mg eluted
rat kidney microsomes (Fig. 4A), the rightward shift in the elution curve that occurred when
the buffer containing 30 mM Na + ATP + EDTA was applied to the column (Fig. 7,
fractions 1−9) suggests that ANG II could be slowing the decay of E2-P → E2 → E1 →
E1·ATP → Na·E1·ATP. We would expect that this effect would inhibit Na-K-ATPase
activity. The observation that reducing the free Mg eluted no protein from columns loaded
with protein from cells expressing α-1.Δ32 (Fig. 9) is consistent with a shift toward E1,
which would be expected to slow the spontaneous decay of E2-P. Likewise, the leftward
shift observed in Fig. 7 in response to increasing the NaCl concentration from 30 to 150 mM
can be explained by ANG II increasing the amount of E1-P, based on our conclusion that the
solution containing 150 mM Na + ATP + EDTA was eluting Na-K-ATPase via the
Hofmeister effect (27). The normal reaction mechanism of Na-K-ATPase proceeds from E1-
P to E2-P. Therefore, increasing the amount of E1-P would be consistent with an inhibition
of Na-K-ATPase activity. The conclusion that 10 nM ANG II was producing changes in the
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elution of the rat kidney α1-subunit from the digoxin-affinity column, which is consistent
with an inhibition of Na-K-ATPase activity was unexpected, because others have reported
that 10 nM ANG II stimulates transcellular sodium transport in OK cells that stably express
the AT1a receptor and the endogenous OK Na-K-ATPase (35). On the other hand,
concentrations of ANG II in the 10 nM range are often associated with the inhibition of
sodium reabsorption in the rat proximal tubule (9) and an inhibition of rat kidney Na-K-
ATPase activity (2). Furthermore, when the rat kidney α1-subunit is expressed in OK cells, it
is also directly stimulated by picomolar concentrations of ANG II (5).

Since the ratio of E2-P to E1 is one of the factors that determines the affinity of Na-K-
ATPase for intracellular sodium and extracellular potassium (16,31), our results suggest that
ANG II could be altering the apparent affinity for sodium and or potassium. This conclusion
is consistent with the observation that phosphorylation of Ser23 by PKC alters the E1-E2
poise (19) and evidence that ANG II increases the affinity of Na-K-ATPase for intracellular
Na (1).

Conclusions
On the basis of the above-described analysis, we conclude that ANG II stimulates the rate of
elution from the digoxin-affinity column by increasing the kinetic response to ligands that
trigger a decay in E2-P by a mechanism that involves the first 32 amino acids of the NH2
terminus of Na-K-ATPase. The increased kinetic response could be due to either a change in
a rate-limiting step in the reaction mechanism of Na-K-ATPase or a change in how the Na-
K-ATPase interacts with proteins that affect the ability of Na-K-ATPase to change
conformation, or some combination of these two mechanisms. Elucidating how ANG II
regulates the interaction of Na-K-ATPase with cardiac glycosides is relevant to developing a
more complete understanding of the molecular mechanisms by which ANG II directly
regulates the activity of Na-K-ATPase in the proximal tubule. The concept that ANG II can
affect the interaction of Na-K-ATPase with cardiac glycosides should also be explored to
determine whether ANG II can regulate the sensitivity of Na-K-ATPase to endogenous
ouabain and to understand the clinical implications of treating patients with both ACE
inhibitors and cardiac glycosides (3,12).
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Fig. 1.
An immunoblot prepared using an antibody to the α-subunit of Na-K-ATPase that shows
specific elution of rat kidney Na-K-ATPase from the digoxin-affinity column. After
digoxin-affinity and sham columns of the same size were loaded with the same amount of
protein in the presence of ligands (30 mM Na + ATP + Mg) that promote the E2-P
conformation of Na-K-ATPase, much more Na-K-ATPase washed through the sham column
than through the digoxin-affinity column (fractions 1−4). On the other hand, much more
Na-K-ATPase was eluted from the digoxin-affinity column than from the sham column by a
solution containing ligands (150 mM Na + ATP + EDTA) that trigger a decline in E2-P
(fractions 5−8) and by a solution containing denaturing concentrations of SDS (fractions
9−11).
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Fig. 2.
Elution of Na-K-ATPase from the digoxin-affinity column (A, ■) was closely correlated
with the elution of total protein (B, •), whereas little Na-K-ATPase (A, □) or total protein (B,
○) was eluted from the sham column. After unbound protein was washed off (data not
shown), ligands that trigger a decline in the amount of E2-P (150 mM Na + ATP + EDTA)
eluted much more Na-K-ATPase α-subunit (A, fractions 1−16) and protein (B, fractions
1−16) from a digoxin-affinity column than from a sham column. The remainder was
removed by denaturing concentrations of SDS (fractions 17−21). In A, the amount of α-
subunit in some fractions was measured up to 3 times, and data points represent individual
measurements. In B, duplicate measurements were made in each fraction. In both A and B,
the line indicates the mean value. This experiment was repeated a total of 3 times with
similar results.
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Fig. 3.
Total amount of protein recovered from digoxin-affinity and sham columns with a bed
volume of 1 ml as a function of the amount of protein initially loaded onto the columns. The
total protein is the sum of the amount eluted with the solution containing 150 mM Na + ATP
+ EDTA plus the amount eluted with SDS. Values are means of the protein eluted from 2
digoxin-affinity and 2 sham columns run at each of the indicated amounts of protein.
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Fig. 4.
Effect of free Mg on the elution of protein from the digoxin-affinity column. A: an eluting
solution containing 30 mM Na, 3 mM ATP, 4 mM EDTA, and 20 mM imidazole, pH 7.4,
which reduces the free Mg, eluted more protein than a similar solution containing 30 mM
Na, 3 mM ATP, and 4 mM Mg (fractions 1−16). The subsequent addition of SDS (fractions
17−20) eluted more protein from the columns previously eluted in the presence of Mg. B:
the presence of Mg in the eluting buffer containing 90 mM Na + ATP reduced the amount of
protein eluted from the column in fractions 1−5. Nevertheless, there was a substantial
amount of protein eluted by the combination of 90 mM Na + ATP + Mg. The subsequent
addition of SDS eluted more protein from columns eluted with 90 mM Na + ATP in the
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presence of Mg compared with those eluted in the absence of Mg (fractions 17−20). The
eluting solution added to one of the columns consisted of 90 mM Na, 3 mM ATP, 4 mM
EDTA, and 20 mM imidazole, pH 7.4; the other column was eluted with a similar solution
in which 4 mM Mg replaced the EDTA. C: the presence of Mg had no effect on the amount
of protein eluted in the first 5 fractions in the presence of 120 mM Na + ATP (fractions 2−5)
or on the amount of protein eluted with SDS (fractions 17−20). The eluting solution
containing 120 mM Na, 3 mM ATP, 4 mM EDTA, and 20 mM imidazole, pH 7.4, was
added to one of the columns, and the same solution with 4 mM Mg in place of EDTA was
added to the other column. Values are means of duplicates from representative experiments.
The total amount of protein in each fraction was measured in duplicate and expressed as a
percentage of the total protein eluted from each of the columns. All the data shown are from
1 experiment in which 6 separate columns were run at the same time under the same
conditions. The entire experiment was done twice with similar results.
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Fig. 5.
86Rb influx is much more sensitive to inhibition by ouabain in parental opossum kidney
(OK) cells that stably express the AT1a receptor (T35 cells) compared with T35 cells
subsequently transfected with the wild-type rat α1 cDNA and selected for growth in medium
with 10 μM ouabain (E10A cells). The rat α1-subunit is known to be much less sensitive to
inhibition by ouabain. Therefore, these data show that E10A cells expressed the rat α1-
subunit and that this isoform of Na-K-ATPase accounted for ∼75% of the ouabain-sensitive
uptake of 86Rb uptake. Values are means ± SE (n = 6).
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Fig. 6.
Total protein (A) and α-subunit of Na-K-ATPase (B) from the lysates of E10A cells were
partially eluted from digoxin-affinity columns in response to 2 solutions that trigger the
decay of E2-P; the remainder was eluted with SDS. The data in A are from 6 separate
experiments; values are mean ± SE from all 6 experiments. The data in B are from 1 of the 6
experiments. An equal volume of sample was taken from each fraction for immunoblotting.
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Fig. 7.
Treating E10A cells with or without 10 nM ANG II significantly altered the subsequent
elution of cellular protein from the digoxin-affinity column (P ≤ 0.001). There was also a
significant interaction between ANG II and the time of elution (P ≤ 0.001). *P ≤ 0.05
indicates values significantly different from control values as detected by post hoc analysis.
These data show that ANG II alters the interaction of the wild-type rat α1-subunit of Na-K-
ATPase with the cardiac glycoside digoxin. The experiment was carried out as described in
MATERIALS AND METHODS and is explained in RESULTS AND DISCUSSION. The data are from 6 separate
experiments. Data points shown for each fraction are means of the values from all 6
experiments.
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Fig. 8.
An immunoblot prepared using an anti-Myc Tag antibody showing that a truncation mutant
of the rat α1-subunit missing the first 32 amino acids of the NH2 terminus (α-1.Δ32), which
contains a Myc tag, is expressed in T35 cells (lane 3, Myc-Δ32). Lane 1 is a positive control
of COS7 cells transfected with Myc-Pak1 plasmid. Lane 2 is a negative control from E10A
cells. Lanes 2 and 3 contain ∼30 μg protein of whole cell lysates.
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Fig. 9.
Treating OK cells expressing α-1.Δ32 with or without 10 nM ANG II significantly altered
the subsequent elution of cellular protein (P ≤ 0.001). The same analysis also showed a
significant interaction between ANG II and the time of elution (P ≤ 0.001). A post hoc
analysis of the data showed that there were significant differences (P ≤ 0.05) in the amount
of protein eluted in fractions 21 and 22.*P ≤ 0.05 indicates values significantly different
from control values as detected by post hoc analysis. These results show that ANG II can
still affect the interaction of the rat kidney Na-K-ATPase with digoxin when Tyr10, Ser16,
and Ser23 are missing. Data points shown for each fraction are means of the values from 5
experiments.
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