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Abstract

SDS, C,,Eg, CHAPS or CHAPSO or a combination of two of these
detergents is generally used for the solubilization of Na,K-ATPase and
other ATPases. Our method using only C,,Eg has the advantage of
considerable reduction of the time for enzyme purification, with rapid
solubilization and purification in a single chromatographic step. Na,K-
ATPase-rich membrane fragments of rabbit kidney outer medulla
were obtained without adding SDS. Optimum conditions for solubili-
zation were obtained at 4°C after rapid mixing of 1 mg of membrane
Na,K-ATPase with 1 mg of Cj,E¢/ml, yielding 98% recovery of the
activity. The solubilized enzyme was purified by gel filtration on a
Sepharose 6B column at 4°C. Non-denaturing PAGE revealed a single
protein band with phosphomonohydrolase activity. The molecular
mass of the purified enzyme estimated by gel filtration chromatogra-
phy was 320 kDa. The optimum apparent pH obtained for the purified
enzyme was 7.5 for both PNPP and ATP. The dependence of ATPase
activity on ATP concentration showed high (K, 5 = 4.0 uM) and low
(Ko s = 1.4 mM) affinity sites for ATP, with negative cooperativity.
Ouabain (5 mM), oligomycin (1 pg/ml) and sodium vanadate (3 pM)
inhibited the ATPase activity of C,,Eg-solubilized and purified Na,K-
ATPase by 99, 81 and 98.5%, respectively. We have shown that Na,K-
ATPase solubilized only with C,,Eg can be purified and retains its
activity. The activity is consistent with the form of (), association.
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Introduction

Detergents have been successfully used
for the solubilization of membrane proteins.
Several excellent reviews can be found on
detergents, their physical properties and their
use in the solubilization of membrane pro-
teins (1-4). Due to three important factors,
non-ionic detergents are frequently used for
the solubilization of protein membranes: i)

their efficiency in breaking the lipid-lipid
and lipid-protein interactions, ii) their ineffi-
ciency in weakening protein-protein interac-
tions, and iii) their property of being less
denaturing than the ionic detergents (3-6).
The foremost challenge in the solubiliza-
tion of a membrane protein is obtaining a
soluble protein in a stable form that retains
its original function. A detergent that is very
much used in the procedure of extraction
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and/or Na,K-ATPase solubilization, although
it partially denatures the enzyme molecule,
is sodium dodecyl sulfate (SDS). Other de-
tergents that have also been used to inacti-
vate the enzyme in a concentration-depend-
ent way are cholate, deoxycholate and 3-((3-
cholamidopropyl)dimethylamino)-1-propane
sulfonate (CHAPS) (7). For example, so-
dium cholate (1-2%, w/v) solubilizes 50% of
renal Na,K-ATPase with retention of only
half of the original specific activity (7). On
the other hand, 0.2% (w/v) deoxycholate
combined with 0.1% (w/v) saponin and high
concentrations of NaCl (~360 mM) and cho-
lesterol was efficient in Na,K-ATPase solu-
bilization without losses of specific activity
(7,8). However, CHAPS when used ata 1:2
(w/w) ratio of detergent:enzyme at a final
concentration of 9 mM (0.55%, w/v) solubi-
lized about 25% of the enzyme without loss
of specific activity (7).

Another class of detergents used in Na,K-
ATPase solubilization are octylglucosides
and polyoxyethylenes (Triton, Lubrol, Brij,
dodecyloctaethyleneglycol (C,Eg) and
Tween). Octylglucoside was not efficient
for Na,K-ATPase solubilization because it
needed a long incubation time with the pro-
tein, with the consequent inactivation of the
enzyme. In contrast, polyoxyethylenes are
good agents for Na,K-ATPase solubilization
(7). Triton X-100, when used at a concentra-
tion 0f0.25% (w/v), solubilizes 92% of Na,K-
ATPase from kidney outer medulla, but par-
tially inactivates the reconstituted enzyme
9).

A detergent that has been used with great
success in Na,K-ATPase solubilization is
C,E3(4,5,7,10,11). Different results showed
that Na,K-ATPase previously treated with
SDS can be solubilized with C;,Eg in an
active form where most of the kinetic and
conformational properties of the enzyme are
preserved after solubilization (4,7,11).

Na,K-ATPase is an integral membrane
protein found in all superior eukaryotic cells
which are responsible for the active trans-
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port of sodium and potassium ions through
the plasma membrane coupled with ATP
hydrolysis (8,12-14). This enzyme is a
heterodimer of three subunits: o subunit,
with a molecular mass of about 110 kDa; 3
subunit, highly glycosylated, with a molecu-
lar mass of about 50 kDa, and y subunit, with
amolecular mass of about 15 kDa (8,14,15).
The o subunit is responsible for the enzy-
matic activity. It contains the binding and
phosphorylation ATP domain, as well as
essential amino acids for the binding of so-
dium, potassium and some inhibitors (8,16,
17). The B subunit has a structural function
and is important for membrane enzyme in-
sertion (8,14,18,19). The v peptide has hy-
drophobic characteristics associated with the
Na,K-ATPase molecule; however, it is not
required for the enzyme catalytic activity or
for ion transport. Its association with the o
and B subunits seems to involve a modulator
function for Na,K-ATPase obtained from
several tissues (14). In the plasma mem-
branes, the o and B subunits build functional
oligomers of the (aB), type or oligomers
with superior structure (a8), (20-24). Na,K-
ATPase is specifically inhibited by cardiac
glycosides such as ouabain, that bind to the
extracellular domains. Its binding and inhi-
bition depend on the combination of magne-
sium, sodium and potassium ions (8,25,26).
Another potent inhibitor of the enzyme is
orthovanadate (25,27).

The present study describes the solubili-
zation using only C,Es, and a single step
purification of Na,K-ATPase from the outer
medulla of rabbit kidney. Our data suggest
that this method is efficient, and the kinetic
and structural characteristics of the solubi-
lized enzyme are preserved.

Material and Methods

All solutions were prepared with Milli-
pore MilliQ ultrapure apyrogenic water. SDS,
Tris(hydroxymethyl)aminomethane (Tris),
trichloroacetic acid (TCA), 2-N-morpholine
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ethanesulfonic acid (MES), N-(2-hydroxy-
ethyl) piperazine-N’-ethanesulfonic acid
(HEPES), 2-amino-2-methyl-propan-1-ol
(AMPOL), a-naphthyl phosphate, fast blue
RR, oligomycin, ouabain, adenosine 5°-tri-
phosphate Tris salt (ATP), sodium ortho-
vanadate, p-nitrophenyl phosphate (di)Tris
salt (PNPP), BSA, CHAPS, and 3-((3-chol-
amidopropyl)dimethylamino)-2-hydroxy-1-
propane sulfonate (CHAPSO) were from
Sigma (St. Louis, MO, USA). Ethylenedia-
minetetraacetic acid (EDTA), potassium
chloride, sodium chloride and magnesium
chloride were from Merck (Sao Paulo, SP,
Brazil). C,Eg was from Calbiochem (San
Diego, CA, USA). Analytical grade reagents
were used without further purification.

Isolation of Na,K-ATPase from the outer
medulla of rabbit kidney

Isolation of membrane enzyme. Mem-
brane-bound Na,K-ATPase was obtained
from the dark red outer medulla of the kid-
ney of adult New Zealand white rabbits as
described by Jorgensen (28), with some
modifications, as follows. The kidney was
removed immediately after sacrifice and
stored in ice-cold 20 mM imidazole buffer,
pH 6.8, containing 250 mM sucrose, 6 mM
EDTA and 6 mM Tris. The kidney was cut
into transversal sections and the light gray
inner medulla was removed and discarded.
The tissue from the dark red outer medulla
was obtained by incisions along the inner
side of the boundary with the cortex. The
extracted tissue was homogenized in 20
mM imidazole buffer, pH 6.8, containing
250 mM sucrose, 6 mM EDTA and 6 mM
Tris (7 ml buffer to 1 g of moist weight) ina
high-speed shearing homogenizer for 30 s.
The homogenate was centrifuged at 10,000
g for 35 min at 4°C and the supernatant was
ultracentrifuged at 180,000 g for 1 h at 4°C.
The pellet corresponding to membrane-
bound Na,K-ATPase was resuspended in
20 mM imidazole buffer, pH 6.8, contain-

ing 250 mM sucrose, 6 mM EDTA and 6
mM Tris, and stored in 1-10 ml aliquots at
-20°C.

Solubilization of Na, K-ATPase membrane
fragments with C;Eg. To determine opti-
mum conditions to solubilize membrane-
bound enzyme, an assay was carried out by
varying the protein/C,,Eg ratio and the time
and temperature of incubation with the de-
tergent. Optimum conditions were obtained
at 4°C after rapid mixing of 1 mg of Na,K-
ATPase membrane fragments with 1 mg of
C,Eg¢/ml. The non-solubilized residues were
removed by centrifugation at 4°C for 1 h at
100,000 g in a Hitachi centrifuge. The super-
natant was assayed for protein concentration
and ATPase and PNPPase activities.

Purification of solubilized Na, K-ATPase.
The C,Eg-solubilized enzyme was concen-
trated through a YM-10 Amicon filter and
purified by gel filtration at 4°C on a Sepha-
rose 6B column (1.4 x 119 cm) equilibrated
and eluted with 5 mM Tris-HCI buffer, pH
7.0, containing 1 mM EDTA, 150 mM KCI
and 0.005 mg/ml C,Egat a flow rate of 21
ml/h. The fractions showing ATPase activity
were pooled, concentrated through a YM-10
Amicon filter, and dialyzed for 2 h at 4°C
against 5 mM Tris-HCI buffer, pH 7.5, con-
taining 15 mM KCl, 6 mM EDTA and 0.005
mg/ml C,Eg, and stored in 1-ml aliquots at
-20°C.

Enzyme assay

PNPPase activity was assayed discon-
tinuously at 37°C with a Genesys 2 spectro-
photometer by monitoring the liberation of
p-nitrophenolate ion (¢ 1 M, pH 13 =17,600
M' cm') at 410 nm, in 50 mM HEPES
buffer, pH 7.5, containing 10 mM PNPP, 15
mM KCI and 10 mM MgCl, in a final vol-
ume of 1.0 ml. The reaction was initiated by
the addition of the enzyme and stopped with
1.0 ml of 1 M NaOH. Alternatively, ATPase
activity was assayed discontinuously at 37°C
by quantification of phosphate release as
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described by Santos and Ciancaglini (5),
adjusting the assay medium to a final volume
of 1.0 ml. The reaction was initiated by the
addition of the enzyme, stopped with 0.5 ml
of cold 30% TCA at appropriate intervals
and centrifuged at 4,000 g immediately prior
to phosphate determination. Standard condi-
tions were 50 mM HEPES buffer, pH 7.5,
containing 3 mM ATP, 10 mM KCI, 5 mM
MgCl, and 50 mM NacCl.

For both enzyme activities the determi-
nation was carried out in triplicate and the
initial velocities were constant for at least 30
min, provided that less than 5% of substrate
was hydrolyzed. Controls without enzyme
were included in each experiment to quan-
tify the non-enzymatic hydrolysis of the sub-
strate. One enzyme unit (U) is defined as the
amount of enzyme hydrolyzing 1.0 nmol of
substrate per minute at 37°C.

Protein analysis

Protein concentrations were estimated as
described by Santos and Ciancaglini (5) in
the presence of 2% (w/w) SDS, with BSA
used as standard.

Sucrose density gradient centrifugation of
membrane-bound Na,K-ATPase

Membrane-bound Na,K-ATPase (1 mg)
was layered onto a continuous sucrose gradi-
ent (10-50%, w/v) in imidazole buffer and
centrifuged for 2 h at 180,000 g using a
Hitachi PV50TA vertical rotor at 4°C. Frac-
tions of 0.5 ml were collected and assayed
for protein concentration (29), refractive in-
dex (% sucrose), and ATPase and PNPPase
activities.

Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis
(PAGE) was carried out on 5% gel according
to Davis (30) using silver nitrate for protein
staining (31). Phosphohydrolytic activity on
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the gel was detected in 50 mM HEPES buf-
fer, pH 7.5, containing 10 mM PNPP, 15
mM KCl, 10 mM MgCl,, 0.12% o-naphthyl
phosphate, and 0.12% fast blue RR at 37°C.

Molecular mass determination

The molecular mass of the solubilized
and purified Na,K-ATPase was estimated by
filtration on a Sepharose 6B column (0.8 x
133 cm) equilibrated and eluted with 5 mM
Tris-HCI buffer, pH 7.0, containing 1 mM
EDTA, 150 mM KCland 0.005 mg/ml C,Ej.
BSA (66 kDa), alcohol dehydrogenase (150
kDa), B-amylase (200 kDa), apoferritin mono-
mer (110 kDa), apoferritin dimer (221 kDa)
and apoferritin tetramer (443 kDa) were used
as molecular markers.

The molecular mass of the o and B units
of kidney Na,K-ATPase was estimated by
SDS-PAGE on 10% gels according to
Laemmli (32), using silver nitrate for protein
staining (31). Myosin (205 kDa), B-galac-
tosidase (116 kDa), phosphorylase B (97.4
kDa), BSA (66 kDa), egg albumin (45 kDa)
and carbonic anhydrase (29 kDa) were used
as molecular markers.

pH sensitivity of catalysis

The effect of pH on ATPase and PNPPase
activities was measured in 50 mM buffer
over the pH range of 5.0 to 9.5. MES buffer
was used in the 5.0 to 6.0 range, Bis-Tris in
the 6.0 to 6.5 range, imidazole in the 6.5 to
7.5 range, Tris in the 7.0 to 9.0 range, and
AMPOL in the 8.5 to 9.5 range. The pH of
the reaction mixture was measured both be-
fore and after the assay and did not vary by
more than 0.05 units. ATPase and PNPPase
activities were assayed as described above.

Estimation of kinetic parameters
Maximum velocity (7), initial velocity

(v), apparent dissociation constant (K s)
and Hill coefficient (), obtained from sub-
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strate hydrolysis, were determined with a
microcomputer program as described by
Leone et al. (33). Data are reported as the
mean of triplicate determinations in which
P<0.05 was considered to be statistically
significant.

Results

Membrane fractions rich in Na,K-AT-
Pase were obtained by homogenization of
the dark red outer medulla of the kidney
without the addition of SDS. Figure 1 shows
the results of the centrifugation of the mem-
brane enzyme in a 10 to 50% continuous
sucrose gradient. A single protein peak, pre-
senting PNPPase and ATPase activities, was
obtained between 35.5 and 41% sucrose.

In order to obtain efficient solubilization
of Na,K-ATPase using only C;,Eg, the ef-
fects of detergent concentration, protein con-
centration and incubation time were studied.
Figure 2 illustrates the variation in protein
concentration for a fixed C;,Eg concentra-
tion. The amount of solubilized enzyme in-
creased proportionally, reaching a maximum
at a 1 mg protein/l1 mg detergent ratio. At
protein detergent ratios >1.0 ATPase activ-
ity in the supernatant decreased, suggesting
that the detergent was not sufficient to solu-
bilize a larger amount of enzyme.

Variation of C;,Eg concentration for a
fixed protein concentration in the solubiliza-
tion of membrane Na,K-ATPase (Figure 3)
showed that the amount of solubilized en-
zyme was maximum (about 98%) when C;,Eg
was used at a ratio of 1 mg protein/l1 mg
detergent. Above this maximum value, the
ATPase activity of the solubilized enzyme
decreased, but the amount of solubilized
protein for C;,Eg concentrations above 1
mg/ml remained constant (Figure 3). This
decrease in ATPase activity can be inter-
preted as inactivation by excess detergent.
Under these conditions, the ATPase activity
of solubilized enzyme was similar to that
detected for the membrane fraction, with
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Figure 1. Sucrose density gradient centrifugation of membrane-bound Na,K-ATPase from rabbit
kidney outer medulla. A sample of 1.0 mg protein in 20 mM imidazole buffer, pH 6.8, containing 250
mM sucrose, 6 mM Tris and 6 mM EDTA was layered on a continuous sucrose density gradient (10-
50%, wiv) in 20 mM imidazole buffer, pH 6.8, and centrifuged at 180,000 g for 2 h using a Hitachi
(Model 55P-72) centrifuge with a vertical rotor (PV50TA), at 4°C. Fractions of 0.5 ml were collected
and assayed for protein concentration (Asgs nm; filled circles); refractive index (% sucrose; triangles);
PNPPase activity (squares) and ATPase activity (open circles). ATPase, adenosine 5-triphosphatase;
PNPPase, p-nitrophenyl phosphatase.
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Figure 2. Solubilization of membrane-bound Na,K-ATPase with 1 mg/ml C1,Eg. Aliquots containing
different concentrations of membrane-bound Na,K-ATPase in 20 mM imidazole buffer, pH 6.8,
containing 250 mM sucrose, 6 mM Tris and 6 mM EDTA were mixed at 4°C with 1 mg/ml C12Eg
and centrifuged for 1.5 h at 100,000 g using a Hitachi (Model 55P-72) centrifuge. The supernatant
was assayed for ATPase activity (filled circles) and solubilized protein (open circles). ATPase,
adenosine 5'-triphosphatase.
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values of about 600-700 U/mg. Solubiliza-
tion of Na,K-ATPase using C,Ejg at the 1:1
ratio (w/w) was instantaneous and this pro-
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Figure 3. Effect of Cq2Eg concentration on the solubilization of membrane-bound Na,K-
ATPase. Aliquots containing 1 mg of membrane-bound Na,K-ATPase in 20 mM imidazole
buffer, pH 6.8, containing 250 mM sucrose, 6 mM Tris and 6 mM EDTA were mixed at 4°C
with Cq5Eg at different concentrations and centrifuged for 1.5 h at 100,000 g using a Hitachi
(Model 55P-72) centrifuge. The supernatant was assayed for ATPase activity (filled circles)
and solubilized protein (open circles). ATPase, adenosine 5’-triphosphatase; C12Eg, dodecyl-
octaethyleneglycol.
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cess was more efficient at 4°C (data not
shown).

C,Eg-solubilized Na,K-ATPase (1 mg
of protein/1 mg of detergent) was purified
through a Sepharose 6B column (1.4 x 119
cm). The chromatogram obtained presented
at least four protein peaks (Figure 4), and at
least two peaks presented as much ATPase
as PNPPase activity. Fractions 100-138 ob-
tained in peak 11 were pooled, concentrated,
analyzed and found to correspond to solubi-
lized and purified Na,K-ATPase. Moreover,
this pool presented a specific activity of 930
U/mg, with a recovery of about 21.4% of the
total activity present in the outer medulla
extract. The protein recovery corresponding
to this peak represented about 27.5% of the
total protein applied to the column, 17.4% of
a membrane fragment and only 1.8% of the
total protein present in the outer medulla
extract. The purification factor for these pu-
rification steps of Na,K-ATPase was about
11.8 (see Table 1).

Non-denaturing PAGE showed that the
solubilized extract presented a relatively large
number of protein bands. In contrast, the
purified sample presented only one discrete

Figure 4. Chromatography of Na,K-ATPase solubilized
with C12Eg on a Sepharose 6B column. A sample of
Na,K-ATPase solubilized with C12Eg (1:1, w/w) contain-
ing 154 U/mg was applied to a Sepharose 6B column
(1.4 x 119 cm) equilibrated and eluted with 5 mM Tris-
HCI buffer, pH 7.0, containing 1.0 mM EDTA, 150 mM
KCI and 0.005 mg/ml C5Eg, at a flow rate of 21 ml/h.
Fractions of 3.5 ml were collected and aliquots were
assayed for protein concentration (dotted line)
(A280 nm); PNPPase activity (broken line) and ATPase
activity (solid line). The fractions indicated (peak Il) were
pooled and correspond to solubilized and purified Na,K-
ATPase. Inset: Non-denaturing polyacrylamide gel elec-
trophoresis of Na,K-ATPase in different purification
steps: gel 1 - CyzEg-solubilized extract stained with
silver nitrate; gel 2 - purified enzyme (peak Il) stained
with silver nitrate, and gel 3 - phosphohydrolytic activity
of purified enzyme developed with 0.12% (w/v)
1-naphthyl phosphate and 0.12% (w/v) fast blue RR, in
the normal kinetic assay medium.
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band with relatively diffuse phosphomono-
hydrolase activity (Figure 4, inset). These
results indicate that the solubilized sample
was relatively homogeneous and purified
after chromatography through a Sepharose
6B column.

The molecular mass of C,,Eg-solubilized
and purified Na,K-ATPase determined by
chromatography was about 320 kDa (Figure
5). Note that the molecular mass was not
corrected for the amounts of phospholipids
and detergent that remained bound to the
purified enzyme.

In order to determine the integrity of
C,Eg-solubilized and purified Na,K-ATPase,
some kinetic studies were performed. Figure
6 shows the pH effect of ATP and PNPP
hydrolysis by purified Na,K-ATPase. The
same optimum pH of about 7.5 was found
for both substrates. Table 2 shows the effects
of some inhibitors on the ATPase and
PNPPase activities of purified Na,K-ATPase.
It should be stressed that 5 mM ouabain or 3
UM vanadate totally inhibited both assayed
activities. Oligomycin (10 pg/ml) and so-
dium azide (0.1 mM) inhibited activity by
about 70 and 15%, respectively. Note that 10
uM ouabain inhibited Na,K-ATPase activity
by 50% (results not shown).

The results reported for pH optimum (Fig-
ure 6) and inhibition studies (Table 2) attest
to the purity of the enzyme using these solu-
bilization and purification steps.

The dependence on ATP concentration
of the rate of hydrolysis by purified Na,K-
ATPase at pH 7.5 is shown in Figure 7.
Relatively complex results suggested that at
least two classes of hydrolyzing sites were
involved in these experimental conditions.
The high-affinity sites appearing in the range
of 1 uM to 0.1 mM ATP correspond to about
15% of total activity (Ko5s =4 pM and V' =
120.9 U/mg) while the low-affinity sites ob-
served above 0.1 mM ATP represent 85% of
total activity (Kys = 1.4 mM and V' = 703.9
U/mg). Cooperative effects were found for
both hydrolysis sites (0.8 and 0.9, respec-
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tively) and inhibition of ATPase activity was
observed for ATP concentrations above 3
mM (results not shown).

The dependence on PNPP concentration

Table 1. Extraction, C12Eg solubilization and purification steps of an Na,K-ATPase from
rabbit kidney outer medulla.

Step Volume Protein U/ml  U/mg Yield Purification
(ml)  (mg/ml) (%)

Outer medulla extract 63 11.30 890.4 78.8 100 1

Membrane fragment 53 1.40 702.9 689.2 66.4 7.5

Supernatant of solubilized 64 0.893 409.1 458.1 46.7 5.8
membrane

Pellet of solubilized 74.2 0.501 154.1 307.4 20.3 3.9
membrane

Concentrate of solubilized 35 1.34 382.9 285.8 23.9 3.6
extract

*Peak Il 85 0.152 141.4 930.3 214 11.8

All assays were carried out in 50 mM HEPES buffer, pH 7.5, containing 3 mM ATP, 10
mM KCI, 5 mM MgCl, and 50 mM NacCl, at 37°C, as described in Methods.
*Peak of a Sepharose 6B column.

100

T T T T
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Figure 5. Molecular mass determination of C15Eg-solubilized Na,K-ATPase. Molecular mass
was determined using a Sepharose 6B column (0.8 x 133 cm) equilibrated and eluted with 5
mM Tris-HCI buffer, pH 7.0, containing 1 mM EDTA, 150 mM KCl and 0.005 mg/ml C12Eg as
described in Material and Methods. BSA (lozenge); alcohol dehydrogenase (open circle); 3-
amylase (filled circle); apoferritin tetramer (triangle); apoferritin dimer (open square); apofer-
ritin monomer (asterisk), and solubilized and purified Na,K-ATPase (filled square).
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of the rate of hydrolysis by purified Na,
K-ATPase at pH 7.5 in the presence of
10 mM MgCl, and 15 mM KCI showed
a single saturation curve with cooperative

effects (n = 1.3), Ky5 = 0.74 mM and

700

600

500

400

300

PNPPase activity (U/mg)
ATPase activity (U/mg)

200

100

75 80 85 9.0 95
pH

50 55 60 65 70

Figure 6. pH sensitivity of the hydrolysis of p-nitrophenyl phosphate (PNPP) and adenosine
5’-triphosphate (ATP) by Na,K-ATPase solubilized with C12Eg (1:1, w/w) and purified on a
Sepharose 6B column. PNPPase (filled circles) and ATPase activities (open circles) are
shown. Assays were buffered with 50 mM buffer containing 5 mM MgCly, 10 mM KCI and
50 mM NacCl and the substrate, i.e., 10 mM PNPP or 3 mM ATP (for details, see Material and
Methods). The reaction was started by the addition of 3.5 pg protein.

Table 2. Effect of several inhibitors on adenosine 5'-triphosphatase (ATPase) and
p-nitrophenyl phosphatase (PNPPase) activities of purified Na,K-ATPase from rabbit
kidney outer medulla.

Inhibitors Concentration Inhibition (%)

ATPase PNPPase
Ouabain 5 mM 99.1 99.9
Oligomycin 1 pg/ml 81.1 63.7
Sodium azide 100 pM 14.5 16.1
Vanadate 3uM 98.5 93.2

All assays were carried at 37°C as described in Methods. ATPase activity was assayed
in 50 mM HEPES buffer, pH 7.5, containing 3 mM ATP, 10 mM KCI, 5 mM MgCl, and
50 mM NaCl, using 10 pg of enzyme. Specific activity of 100% corresponds to 603.2 U/
mg. PNPPase activity was assayed in 50 mM HEPES buffer, pH 7.5, containing 10 mM
PNPP, 15 mM KCl and 10 mM MgCls, using 10 pg of enzyme. Specific activity of 100%
corresponds to 38.5 U/mg.
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V' =42.1 U/mg (results not shown).
Discussion

Obtaining Na,K-ATPase from a highly
specialized tissue with enhanced capacity
for Na* and K* transport such as the outer
medulla of the kidney has the advantage of
obtaining enzyme activity in relatively large
amounts (7,8,28).

Generally, Na,K-ATPase-rich mem-
branes were obtained by mechanical tissue
disruption followed by differential centrifu-
gation steps. However, other methods, such
as cloning techniques using the enzyme ex-
pressed in different systems, have also been
described and used for enzyme production
and characterization (14,34).

Kidney outer medulla membrane extrac-
tion and homogenization followed by a su-
crose gradient resulted in a single protein
peak (Figure 1). The fact of not finding any
other soluble protein component along the
whole gradient suggests that the membrane
obtained in the preparation of Na,K-ATPase
was homogeneous. However, it should be
emphasized that membranes contain many
proteins and solubilization and purification
methods are necessary for isolation of the
pure Na,K-ATPase enzyme (8,19,25,35). The
presence of other enzymes in the membrane
fraction was easily proven by specific in-
hibitors such as ouabain. In fact, 5 mM
ouabain inhibited only 11.5% of the ATPase
activity of the membrane fraction (data not
shown).

Therefore, Na,K-ATPase could be sepa-
rated from the other proteins present in the
membrane that can directly or indirectly in-
terfere with the kinetic properties of the
enzyme. The development of a rational ap-
proach to the solubilization of membrane
proteins always requires a review of the
literature to determine the detergent type and
the conditions that are generally used for the
solubilization of the protein of interest (1,3-
8,10).
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The treatment of Na,K-ATPase mem-
brane fractions with different concentrations
of SDS resulted in a time-dependent inacti-
vation of the enzyme activity (5). This inac-
tivation is also determined by the SDS/pro-
tein ratio. Moreover, apparently many SDS
molecules are involved in the inactivation of
a single Na,K-ATPase molecule. The use of
SDS is only recommended for the selective
removal of some contaminant proteins of the
membrane without significantly affecting the
Na,K-ATPase molecule, which remains in
the membrane fraction after this treatment
(28).

The incubation of the Na,K-ATPase-rich
membrane fraction with SDS is also recom-
mended in the presence of ATP because this
substrate protects the enzyme structure
against inactivation. Another important fac-
tor is that the purification procedure using
SDS should be combined with density gradi-
ent centrifugation steps. This slow purifica-
tion procedure resulted in a significant loss
and irreversible inactivation of ATPase ac-
tivity, even when controlling the detergent/
protein relationship, temperature, pH, incu-
bation time and buffer ionic forces (7,28).

Our method using only Cy,Eg is based on
the methodology described by Santos and
Ciancaglini (5) and others who used it com-
bined with other detergents (7,10). The ad-
vantage of this method is the considerable
reduction in the time needed to obtain the
purified enzyme, which is solubilized in-
stantaneously and purified in a single chro-
matographic step and has a smaller denatur-
ing effect on the solubilized enzyme.

The amount of solubilized enzyme activ-
ity was maximum, about 98%, when C;,Eg
was used at a ratio of 1 mg enzyme/l mg
detergent (Figures 2 and 3). Under these
conditions, the specific ATPase activity of
the solubilized Na,K-ATPase was in the range
of 600-700 U/mg, which is similar to the
activity of the membrane enzyme, as re-
ported by Cornelius (7) for the enzyme ob-
tained from rabbit kidney. However, activi-
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ties 20-30-fold higher have been reported
both for membrane-bound and solubilized
enzyme (8,10,28). In our study the initial
activity for the membrane-bound enzyme
was lower than reported by others but a
purification factor of about 6-10-fold, which
is typical for enzyme isolated from mem-
brane of specialized tissue, suggests a selec-
tive extraction of Na,K-ATPase.

It should be noted that quite different
values of specific ATPase activity can be
obtained in different conditions for tissue
source, solubilization and purification, as
well as methods for the determination of
enzymatic activity (4,5,7,10,36).

The enzyme obtained from the kidney
external medulla showed a purification fac-
tor of about 11 (Figure 4 and Table 1). In a
single chromatographic step, rabbit kidney
(aB), protomer of Na,K-ATPase was puri-
fied and separated from non-solubilized pro-
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Figure 7. Effect of adenosine 5’-triphosphate (ATP) concentration on ATPase activity of
Na,K-ATPase solubilized with C12Eg (1:1, w/w) and purified on a Sepharose 6B column.
Assays were buffered with 50 mM HEPES buffer, pH 7.5, containing ATP, 5 mM MgCls, 10
mM KCl and 50 mM NaCl. The reaction was started by the addition of 3.5 pug protein. Inset:
Hill plot for the respective results: high-affinity sites (filled circles) and low-affinity sites
(open circles).
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teins that were excluded in the column “void”,
and other proteins that were also solubilized
by the detergent, and from different other
forms of association between the o and §3
subunits and even the individual subunits
(10,28). The purification factor, the specific
activity and the stability of the enzyme solu-
bilized and purified by gel filtration obtained
by several authors with Na,K-ATPases from
different sources show different values. This
fact can be attributed to several causes, in-
cluding i) variation in the methodology for
the extraction and preparation of the mem-
brane fraction; ii) differences in the determi-
nation of activity such as different substrate
concentrations, buffer, and metal ion used at
different concentrations, and iii) differences
in the duration and in the temperature of the
solubilization and purification steps (7,10,
28).

In the present study the molecular mass
found for rabbit kidney Na,K-ATPase solu-
bilized with C,Eg and purified on a Sepha-
rose 6B column was about 320 kDa (Figure
5), suggesting an association of the (aB),
type, considering the molecular mass of the
o and B3 subunits to be about 100 and 57 kDa,
respectively. Note that, under our experi-
mental conditions, amounts of phospholipids
and detergent that remained bound to the
purified enzyme were not taken into ac-
count. Moreover, when the purification step
used 10-fold more detergent, a significant
decrease in the activity of the fractions cor-
responding to the oligomer (a), was ob-
served (results not shown). Another impor-
tant factor which may be responsible for the
loss of catalytic activity of the enzyme can
be attributed to the oligomer delipidation
that might occur in the presence of high
detergent concentrations (7,10).

Although most of the structural studies
indicate a 1:1 stoichiometry of the oo and B
subunits, the exact quaternary structure of
Na,K-ATPase, as well as its functional asso-
ciation with the membrane, are not under-
stood. There are controversies about whether
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the enzyme exists as a protomer (aBl) (21-
23,37) or as a diprotomer (), involving a
balance between protomer-diprotomer, or
even in the form of oligomers (), (24,38).

Rabbit kidney Na,K-ATPase, when solu-
bilized with C,,Eg, and purified by fraction-
ated centrifugation, showed that the solubi-
lized form of the enzyme consists predomi-
nantly (80-85%) of associations of the (af)
type, with molecular mass between 140 and
170 kDa (7,20-22,28). However, when other
isolation methods are used, such as gel filtra-
tion, a relatively stable association of sub-
unit (aB), types and/or superior oligomers
with molecular mass of 257-380 kDa was
observed. It is important to note that these
associations are necessary for the enzyme to
have a catalytic activity and are related to the
incubation time with the detergent and to
detergent concentration (10,20-22,24).

The apparent optimum pH for ATP and
PNPP hydrolysis by Na,K-ATPase (Figure
6) was 7.5 for the same substrate, and was
similar to that reported by other investiga-
tors with enzymes obtained from several
tissues (28). The effect of some Na,K-ATPase
inhibitors showed that the solubilized en-
zyme is completely inhibited by 5 mM oua-
bain or 3 pM vanadate (see Table 2), as
described by several authors (8,13,19,25).
However, oligomycin does not completely
inhibit the activity of Na,K-ATPase (80%),
and it is known that the effect of this inhibi-
tor depends on the enzyme orientation and
the presence of sodium ions (8,13,25).

Finally, the inhibition of only about 15%
of Na,K-ATPase by sodium azide confirmed
the absence of FoF1-ATPase (25). It is im-
portant to emphasize that the effect of these
inhibitors depends on the presence of diva-
lent metal ions (sodium, potassium and/or
magnesium) and the substrate used in the
reaction medium, as well as on the tissue
origin of Na,K-ATPase (8,25).

Kinetic results for C,,Eg-solubilized and
purified Na,K-ATPase (Figure 7) revealed
two classes of ATP-hydrolyzing sites under
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these experimental conditions, one in the
micromolar range (high-affinity site) and the
other in the millimolar range (low-affinity
site), presenting negative cooperativity.
Results using microsomal fractions of
several vertebrate tissues showed that the
stimulation of Na,K-ATPase activity by ATP
occurs through two-phase curves, one with
Kysfrom 0.1 to 1 uM and the other with K 5
from 0.01 to 0.4 mM, which suggests the
existence of two sites of substrate hydrolysis
(21,39). Dual effects were also found on
ATP hydrolysis by C;,Eg-solubilized and
purified Na,K-ATPase with K5 values of
about 0.1 and 4 uM for the high-affinity site
and of about 0.1 and 0.5 mM for the low-
affinity site, both with negative cooperativi-
ty, suggesting that the enzyme environment
or oligomer formation is very important for
substrate hydrolysis (21-23,40). It should be
emphasized that the contribution of the high-
affinity site to the ATPase specific activity
of the enzyme generally corresponds to val-
ues about 1 to 10% of the total activity,
which hinders its kinetic characterization
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