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SUMMARY

1. A procedure 1s presented that allows preparation of (Na* +K™)-ATPase
with specific activities of 32-37 umts mg~' protein (umits refer to pmoles ATP
hydrolysed per mun) by incubation of a microsomal fraction with sodium dodecyl-
sulphate and ATP followed by a single zonal centrifugation

2. In a technically simple version of this procedure preparations with specific
activities of 20-26 unuts - mg~! protein are obtained in quantities of 12-20 mg
protein by a single centrifugation, 1n an angle rotor, of microsomal fractions from
the outer medulla of rabbit, pig or sheep kidneys

3 Binding of ATP and ADP partially protects (Na* -+ K™ )-ATPase against
nactivation by sodrum dodecylsulphate In the ncubation with sodium dodecyl-
sulphate and ATP, 80 %, of the protemn in the microsomal fraction 1s solubilized
whereas the (Na®4K7)-ATPase remains bound to membrane fragments Tracer
analysis shows that sodium dodecylsulphate forms less than 0 5 °; of the mass of the
purified preparations

4 Analysis of the protein composition by sodium dodecylsulphate gel electro-
phoresis and determuination of the capacities for binding of ATP and ouabaimn and
for sodium-dependent phosphorylation (Jergensen, P. L (1974) Biochim Biophys
Acta 356, 53-67 show that the procedures lead to a true purification of the enzyme

INTRODUCTION

All procedures of purification of (Na™+K™)-ATPase (ATP phosphohydrol-
ase, EC 3 6 1 3) consist of steps for separation of the plasma membranes from other
cell organelles followed by steps for fractionation of the membrane components after
treatments with detergents In one category of procedures the membrane components
are fractionated after solubihization of the membranes by nomonic [1-3] or ionic
[4-6] detergents In the procedures for purification of (Na*+K™*)-ATPase from the
outer medulla of mammalian kidney developed 1n this laboratory [7-10] advantage
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18 taken of the firm association of the enzyme with the membrane. The enzyme 1s
kept embedded 1n the bilayer, and other components are removed by muld treatment
with sodium deoxycholate. In the present work this principle has been further ex-
ploited. After development of a procedure for mcubation of the membranes with
sodium dodecylsulphate in the presence of ATP 1t has been possible to 1solate pre-
parations with a (Na®™+K*)- ATPase activity of 32-37 umits - mg™' protemn in a
single 1sopycnic-zonal centnfugation of a microsomal fraction from the outer medulla
of rabbit kidney. In a technically ssmple version of this procedure, only one cen-
trifugation, 1n an angle rotor, of microsomal fractions from the outer medulla of
rabbut, pig or sheep kidneys 1s required to prepare (Na*+K™)-ATPase with activities
of 20-26 umits - mg™* protein 1n quantities of 12-20 mg protein.

EXPERIMENTAL

Tissue preparation

All operations were carried out at 04 °C unless otherwise specified. The kidney
were removed immediately after killing and bleeding the ammals, and were stored in
1ce-cold 0.25 M sucrose, 0.03 M histidine, pH 7.2. Tissue from the dark red outer
medulla was obtained by dissection [7, 9]. On average, the amount of tissue obtained
from one kidney was 0.6 g for rabbit, 4 g for pigs and 5 g for sheep. The tissue was
homogenized 1 10 ml sucrose-histidine solution per g tissue with five strokes 1n a
glass homogenizer with a tight fitting Teflon pestle rotated at 1000 rev./mun. The
homogenate was centrifuged at 6000 x g for 15 mun (e g. in Rotor SS 34 of the Sorwall
RC-2B centrifuge). The sediment was resuspended by homogenization in the original
volume of sucrose-histidine solution and centrifuged agamn at 6000 g for 15 mun.
The combined supernatants from the two centrifugations were centrifuged at 48000 x g
for 30 min The pellet, 1 e. the microsomal fraction, was resuspended i1n sucrose-
histidine solution to a concentration of 5-6 mg protein per ml and was stored in 5-10
ml aliquots at —25 °C.

Purification procedure

After preparation of the microsomal fraction, the procedure consisted of two
steps, incubation with sodium dodecylsulphate and density gradient centrifugation in
a zonal rotor or in an angle rotor

Incubation with sodium dodecylsulphate

The microsomal fraction was incubated for 30 mun at 20 °C at a protein con-
centration of 1.35-1.40mg ml~ ! with 0.58 mg sodium dodecylsulphate per ml,
3mM ATP (disodium salt), 2mM EDTA, 50 mM imidazole, pH 7.5 (20 °C).
After mixing of the microsomal fraction with solutions of mmidazole, EDTA and
ATP, the incubation was started by addition, under continuous stirring, of the ap-
propriate volume of a freshly prepared solution of sodium dodecylsulphate (2mg - ml ™ 1).
The sequence of addition 1s important because part of the enzyme will be exposed to
higher concentrations of sodium dodecylsulphate than intended, if the incubation
1s started by addition of the mucrosomal fraction. If protein concentrations other than
1.35-1.40 mg - ml ™! are used, the optimum concentration of sodium dodecylsulphate
must be found as shown 1n Figs 6 and 10.
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Density gradient centrifugation

(@) Zonal rotor Incubation of 50 ml of the medium above was initiated by
addition of sodium dodecylsulphate 30 mun prior to injection of the sample in the
zonal rotor. Introduction and recovery of gradient sample and overlay were done
while the rotor was spinning at 3000 rev /min. In the Ti-14 rotor (640 ml), linear
sucrose gradients of 450 ml were formed by a gradient pump from 159% (w/v)
and 45 % (w/v) sucrose 1n 25 mM 1midazole, 1 mM EDTA, pH 7 5 (20 °C) and de-
livered 1nto the rotor at a rate of 28 ml - min !, The sample, 50 ml of the incubation
medium and the overlay, 50 ml 25 mM imidazole, I mM EDTA, pH 7 5, were injected
with a syringe The rotor was centrifuged at 48 000 rev /min for 120 min (w’t =
210"} After centrifugation, 40 fractions of 16 ml were collected and analyzed for
protein and enzyme activity The fractions contamning the peak of (Na®™K™)-
ATPase (Fig 7) were diluted from 16 to 35 ml with 25 mM imidazole, | mM EDTA,
3mM ATP, pH 7.5 (20 °C) and were centrifuged for 3 h at 60 000 rev /min in an
angle rotor The pellets were resuspended in 25 mM 1midazole, 1 mM EDTA,
pH 75 (20 °C) to a protein concentration of 1-2 mg per ml and were stored at 0 °C

(b) Angle rotor 80 ml of the medium for incubation with sodium dodecylsul-
phate were prepared Discontinuous density gradients of 25 ml were made 1n the
2.5 em 9 ¢cm tubes of the T1-60 Beckmann fixed-angle rotor The gradients consisted
of three successive layers of sucrose 12 Sml of294 9/ 7 5Smlof 159, and 5 ml of 109}
(w/v) sucrose 1 25 mM 1mudazole, 1| mM EDTA, pH 75 (20 °C) Portions of the
sample of 10 ml were layered on each of the gradients in the eight tubes of the angle
rotor and were centrifuged at 60000 rev /min for 90 min (w’t =24 10') at
0-4 °C After centrifugation the gradients were removed with a pipette and the
eight pellets were resuspended by homogemzation in 25 mM i1midazole, | mM
EDTA, pH 7.5 (20 °C) to a protemn concentration of about 2 mg ml™! and were
stored at 0 °C

Protein

This was determined by the method of Lowry et al. [11] after precipitation
and two washes with 5 9 trichloroacetic acid at 0-4 °C As standards for this method
bovine serum albunun and samples of the enzyme preparations that had been washed
three times by centrifugation in 10 mM acetate buffer, pH 7 5 (20 °C) and analyzed
for protemn mitrogen by the micro-Kjeldahl method {12] were used

Other enzyme assays and analyses for phospholiptd and cholesterol were
done by standard procedures as described before [8, 9].

Dodecylsulphate—-polyacrylamide gel electrophoresis

This was done as described by Weber and Osborn [13] with minor modifications.
Gels containming 7 5% acrylamude (T % [14]) and 18 % bisacrylamude (C ¥, [14])
were prepared 1n 15 cm long glass tubes with an mner diameter of 5 mm The enzyme
preparation was dissolved in 2 % sodium dodecylsulphate, 1 %, 2-mercaptoethanol,
1 mM EDTA, 10 mM sodum phosphate, pH 7 0 (20 °C) to a protein concentration
of 1-2 mg/ml. The mixture was heated in a boiling water bath for 3 muin 15-40 ug
protein was applied per gel. Electrophoresis was performed at a current of 8 mA
per gel in an apparatus in which the glass tubes were thermostated with water at
20 °C until the marker dye, bromphenol blue, had moved 9 cm through the gel
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(5-6 h). The gels were stained with Coomassie brilhant blue [13] The molecular
weights of the polypeptide chains were determined by calibration against known
standards: B-galactosidase (M, = 130 000), serum albumin, dimer and monomer,
(M, = 68 000), leucine amunopeptidase (M, = 53000), lactate dehydrogenase
(M, = 36 000), and cytochrome ¢ (M, = 11 700) [13]

RESULTS

The procedures for purification of (Na®4K¥)-ATPase from the outer
medulla of rabbit kidney are summarized in Fig 1. In the procedure described
before [9], preparations with a specific activity of 25 units - mg™! protein were ob-
tamned by 1sopycnic-zonal and rate-zonal centrifugations (Steps A and B, Fig. 1)
after mncubation of the microsomal fraction with deoxycholate in a concentration
which gave maximum activation of latent (Na*+K*)-ATPase [8]. In the present
procedure (Step C), the microsomal fraction was incubated with sodium dodecyl-
sulphate 1n the presence of ATP and preparations with a specific activity of 32-37
units - mg~ ! protein were 1solated 1n a single 1sopycnic-zonal centrifugation.

HOMOGENATE (1 U)
MICROSOMAL FRACTION {4-5 U)

A
fncubation with DOC
{sopycnic-zonal
centrifugation
(154}
c
B {ncubation with SDS + ATP
Rate-zonal Isopycnic-zonal
centrifugation centrifugation
(B U) (32-37U)

Fig. 1. A summary of the procedures for purification of (Na* +K *)-ATPase from the outer medulla
of rabbit kidney. Steps A and B were described before [7-10] Step C 1s described 1n the present work.
The specific activity of (Nat-+K*)-ATPase after each step 1s given m parentheses U = umoles
P; min~!-mg-?! protein SDS, sodium dodecylsulphate. DOC, deoxycholate

Incubation with sodium dodecylsulphate

The present purification procedure was developed after a study of the effects
of sodium dodecylsulphate on the preparation obtained by Step B 1n Fig 1. The aim
was to see whether extraneous protein could be removed by sodium dodecylsulphate
from the membranes with which (Na*+K*)-ATPase 1s associated without damaging
the enzyme.

It 1s seen from Fig 2 that incubation with increasing concentrations of sodium
dodecylsulphate caused a gradual decrease 1n the activity of (Na*+K™*)-ATPase 1n
the preparation obtained by Step B in Fig 1. Addition of 3 mM ATP partially pro-
tected the enzyme agamst this mactivation by sodium dodecylsulphate. The concen-
tration of sodium dodecylsulphate necessary to give 50 % inactivation was 56 %
higher 1n the presence of 3 mM ATP than n 1ts absence. Fig. 3 shows that this pro-
tective effect of ATP became apparent at low concentrations (0.1 mM) of ATP and
that ADP had the same effect as ATP. ITP, AMP and CTP had practically no
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Fig 2 The effect of incubation with sodium dodecylsuiphate, 1n the presence and in .he absence of
ATP, on the activity of (Na* --K*)-ATPase 1n a preparation (22 units mg~"' protein) obtained by
Step B 1n Fig 1. Ahquots contaiming 29 ug of protemn were incubated at 20 °C in 0 1 ml with the
concentrations of sodium dodecylsulphate indicated on the abscissa and 2 mM EDTA, 50 mM imida-
zole, pH 7 5 (20 °C) with and without 3 mM ATP (disodium salt) After | h, 10-ul portions were
transferred to test tubes containing 3 mM MgCl,, 130 mM NaCl, 20 mM KCl, 3 mM ATP (Tris
salt), 30 mM histidine, pH 7 5 (37 °C) and where appropriate 1 mM ouabain in a total volume of
1 ml After 5 min at 37 °C the reaction was stopped with 100 ul of 50 % trichloroacetic acid and Py
was measured as before [9] (Nat-K*+)-ATPase activity was taken to be the difference 1in activity
with and without ouabain SDS, sodium dodecylsulphate
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Fig 3 The effect of ATP, ADP, AMP, ITP and CTP on the mnactivation of (Nat 4 K*)-ATPase by
mcubation with sodium dodecylsulphate. Aliquots of the preparation used for Fig 2 containing
20 ug of protein were mncubated at 20 °C in 0 1 ml with 0 2 mg sodium dodecylsulphate per ml, 2 mM
EDTA, 50 mM mudazole, pH 7 5 (20 °C) and ncreasing concentrations of the sodium salt of the
nucleotides After 1 h, 10-ul portions were transferred to test tubes for measurements of (Na* 4-K*)-
ATPase activity as described in Fig 2
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protective effect at concentrations lower than 0.5 mM. It 1s not surprising that ATP
and ADP had nearly the same effect because part of the ATP added to the medium
would be hydrolyzed in the prolonged incubation with a high enzyme concentration
at 20 °C The ATP binding site of (Na*4-K*)-ATPase has a relatively high affinity
for ADP, whereas the affinity of this site for AMP, ITP and CTP i1s low [15]. It
seems likely, therefore, that it 1s the binding of ATP or ADP to the substrate site
that protects the enzyme against inactivation by sodium dodecylsulphate. The fact
that 2 mM EDTA was present 1n all incubation media excludes the possibility that the
protective effect of ADP and ATP 1s due to chelation of metal 10ns

All incubations with sodium dodecylsulphate were done at pH 7.5 (20 °C)
Changes 1n the pH had a profound influence on the results. At pH 70 and 65,
the concentrations of sodium dodecylsulphate necessary for 50 % inactivation of the
enzyme was 20 % and 50 % lower than at pH 7 5 (not shown) Examination of the
time course of the inactivation of (Na*+K™)-ATPase showed that there was a
rapid imitial nactivation followed by a slower process in which the rate of inactivation
was 5-10 % per hour (not shown)

Separation of the proteins solubilized by sodium dodecylsulphate from the
membrane bound enzyme was achieved by density gradient centrifugations. The
(Na*+K™*)-ATPase activity was not solubihzed by sodium dodecylsulphate under
these conditions and was rapidly sedimented to its equlibrium density 1n the sucrose
gradients (1 12-115g-mi~!) whereas the sedimentation rate of the solubihized
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Fig 4 The effect of incubation with sodium dodecylsulphate on the distribution of proteins after
density gradient centrifugation of the preparation obtamned by Step B in Fig. 1 Aliquots containing
0 5 mg protein were 1ncubated at 20 °C 1n 4 ml with 2 mM EDTA, 3 mM ATP, 50 mM imidazole,
pH 7 5 (20 °C), and the followmg concentrations of sodrum dodecylsulphate 01 (A — A), 015 ((J—
1,025 (@—@) and 05 (O—O) mg ml~ . After incubation for 1 h, the media were layered on
top of sucrose gradients of 14 ml ranging from 15 to 45 % (w/v) sucrose in 1 mM EDTA, 25 mM
mudazole, pH 7.5 (20 °C) prepared 1n the 1 6 cm x 10.1 cm tubes of the Beckmann SW 27.1 rotor
After centrifugation for 4 h at 27 000 rev /min, the fractions were collected [8)] and analyzed for pro-
tein as described under Experimental
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proteins was much lower Fig 4 shows the distribution of the protein, after density
gradient centrifugation at a large centrifugal force, of preparations treated with in-
creasing concentrations of sodium dodecylsulphate. After treatment with a low
concentration of sodium dodecylsulphate thatdid notcauseinactivation of (Na* +K *)-
ATPase, most of the protein was recovered along with the enzyme 1n fractions with
densities of 112-115g-ml~! After treatment with a concentration that inac-
tivated the enzyme completely, nearly all of the protein was solubilized and remained
in the sample zone of the gradient At intermediate concentrations, the distribution
of protein between the two bands was dependent on the ratio of sodium dodecylsul-
phate to protein in the incubation medium

By balancing between this solubilization of protemn and the inactivation of
enzyme an optimum ratio of sodium dodecylsulphate to proten for separation of
enzyme and protein was found Fig 5 shows the distribution of enzyme and protemn
in a sucrose gradient of a preparation of (Na*+K™*)-ATPase (22 units mg™*
protein) treated with an optimum concentration of sodium dodecylsulphate, 1 1 mg
sodium dodecylsulphate per mg protewn, 1n the presence of 3 mM ATP After
this incubation the activity 1n the sample had decreased to 86 9, of the original
activity. After centrifugation, 34 %, of the protein was solubilized and remained
in the fractions at the top of the tube The (Na*--K')-ATPase activity was
recovered in a peak at 1 10-1 13 g ml™" with a specific activity of 34 units mg™*
protein [n a series of similar experiments preparations with specific activities of
33-36 units mg~' protein were obtamned In an attempt to circumvent Steps A
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Fig 5 The distrnibution of protein (O— ) and of (Na*-K*¥)-ATPase (A— A) after density
gradient centrifugation of the preparation obtained by Step B in Fig | An aliquot containing 500 yg
of enzyme protein was incubated at 20 °C with 0 15 mg sodium dodecylsulphate per ml, 2 mM EDTA,
3 mM ATP, 50 mM imidazole, pH 7 5 (20 °C) in a total colume of 5 ml After incubation for 1 h
the medium was layered on top of the gradient and centrifuged as n Fig 4
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and B (Fig. 1) m this purification procedure, 1t was found that incubation of the
microsomal fraction with optimum concentrations of sodium dodecylsulphate and
3 mM ATP followed by a zonal centrifugation also gave preparations with specific
activities 1n this range.

Incubation of the microsomal fraction with sodium dodecyisulphate

Fig. 6 shows curves for the nactivation of (Na*+K™*)-ATPase by sodium
dodecylsulphate after incubation at various concentrations of microsomal protein.
The dotted line indicates the activation of latent (Na*+K™*)-ATPase at low con-
centrations of sodrum dodecylsulphate [8]. The concentration of sodium dodecyl-
sulphate necessary to give a certain inactivation of (Na*+K™*)-ATPase, € g. to 80 %
or 50 % of the maximum activity, was not linearly related to the protein concentra-
tion. The optimum ratio of sodium dodecylsulphate to protein for separation of
(Na*--K*)-ATPase and protein must therefore be determuned for each concen-
tration of microsomal protemn. In centrifugation experiments similar to those in
Figs 4 and 5 1t was found that incubation at a protein concentration of 1.40 mg - ml™*
with 0.57-0.59 mg sodium dodecylsulphate per ml gave an optimum separation
of enzyme and protein 1n the preparation from rabbit kidney (cf. Fig. 10). This con-
centration of sodium dodecylsulphate was 2 6-fold higher than the concentration
necessary for maximum activation of latent enzyme activity in the preparation It is
seen from Fig 6 that at this relatively high concentration of sodium dodecylsulphate
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Fig 6 The influence of the concentration of microsomal protein on the inactivation of (Na* +K™*)-
ATPase by incubation with sodium dodecylsulphate Aliquots of a microsomal fraction from the
outer medulla of rabbit kidney containing (curves from left to right) 0.16, 0 44, 0 62,0 94 and 1 41 mg
protein were mcubated at 20 °C 1in 1 ml with the concentrations of sodium dodecylsulphate shown on
the abcissa and 2 mM EDTA, 3 mM ATP, 50 mM imidazole, pH 7.5 (20 °C) Afterwards, 45 mn
aliquots of 10 ul were transferred to test tubes for assay of (Na*-+K+*)-ATPase as 1n Fig. 2. SDS,
sodium dodecylsulphate
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the activity of (Na® +K™*)-ATPase was still 85-90 %, of the maximum activity in the
microsomal fraction For preparations from pig and sheep kidney, the optimum
concentration was shightly lower, 0 55-0 57 mg sodium dodecylsulphate per ml, for
a protein concentration of 1 35-140mg ml™!

Zonal centrifugation of the microsomal fraction

After zonal centrifugation at a large total centrifugal force of a microsomal
fraction incubated with the optimum concentration of sodium dodecylsulphate, the
(Na* 4-K*)-ATPase activity was recovered 1n a peak at densifiesof 1 12-1 t4 g mi™!
(Fig 7). The Mg?>*-ATPase activity formed a separate peak at 106-108 g ml™',
and this activity was absent 1n most of the fractions at the peak of (Na*+K™*)-
ATPase. About 80 %, of the protein in the sample was recovered 1n fractions with den-
sities below 108 g ml™! near the sample zone of the rotor Only small amounts of
protein were found n fractions peripheral to the peak of (Na*+K™")-ATPase

In tracer studies with sodium dodecyl[**S]sulphate (Fig 8) nearly all of the
detergent was found in the fractions containing the solubihzed protein at a con-
centration of 0 6-1 2 mg sodium dodecylsulphate per mg protein The concentration
in the fractions at the peak of (Na*-+K™*)-ATPase was low, 3847 ug sodium
dodecylsulphate per mg protein After sedimentation and washing of the enzyme
preparation, this value was reduced to 9+4 ug per mg protein This 1s less than 0 5 °
of the mass since the ratio of protein to lipid 1n the preparation is close to 1 (Table 1)
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Fig 7 The distribution of protein (@ — @), (Na*+K™*)-ATPase (O —O) and Mg?2*-ATPase
(& — A) after 1sopycnic-zonal centrifugation in the Ti-14 zonal rotor of a microsomal fraction from
the outer medulla of rabbit kidney. 69 mg of microsomal protein were mcubated for 45 min at 20 C
with 0 57 mg sodium dodecylsulphate per ml, 2 mM EDTA, 3 mM ATP, 50 mM imidazole, pH 7 5
(20 °C) 1n a total volume of 50 ml The incubation medium was injected as a sample in the zonal
rotor and centnfuged as described under Experimental
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Fig 8. The distribution of sodium dodecyl[*3S]sulphate (@ — @), Mg?*-ATPase (O— ) and
(Na*+K*)-ATPase ((J—[J) after zonal gradient centrifugation of a microsomal fraction from the
outer medulla of rabbit kidney as in Fig. 7 but with sodium dodecyl[3*S]sulphate added to the
medium for mcubation with sodium dodecylsulphate and ATP After centrifugation, 25 -ul portions
of the fractions were transferred to counting vials and counted 1n a Packard Tricarb scintillation
counter with an internal standard for correction of quenching SDS, sodium dodecylsulphate

The (Na*+K™)-ATPase was recovered from the fractions at the peak after
dilution and centrifugation at high speed in an angle rotor and the sediments were
resuspended to a protein concentration of 1-2 mg - ml™!. Fig. 9 shows the specific
activities of (Na*+K*)-ATPase 1n the resuspended sediments of the fractions col-
lected 1n all zonal centrifugations performed up to date of microsomal fractions incu-
bated with sodium dodecylsulphate. The first three experiments were performed during
the development of the technique The volume of the samples and the concentrations
of protein and sodium dodecylsulphate were varied to find the optimum condittons.
In these experiments the specific activities were lower than later because the incu-
bations with sodium dodecylsulphate were 1nitiated by addition of dilute suspensions
of the microsomal fractions resulting 1n exposure of part of the enzyme to higher con-
centrations of sodium dodecylsulphate than intended In the following experiments
(Nos 3-6), specific activities of 35-40 units mg~! protein were regularly obtained
In experiment Nos 7-9, the activities were lower due to problems with the cooling
system of the ultracentrifuge. Later (Nos 10-14) the specific activities in the best
fractions were 32-37 umts - mg™! protein. These fractions were collected from the
top and the peripheral part of the peak of (Na*+K™")-ATPase in the gradient,
whereas the activities were lower 1n the fractions from the central part of the peak
(cf. Fig 7). The amount of protein per sediment was 0 5-1 0 mg. On average, the sum
of the protein in the sediments was 4 44-0.3 (n == 14) mg per centrifugation and
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Fig 9 The specific activity of (Na*+K+)-ATPase in the samples after incubation with sodium
dodecylsulphate and ATP (M) and in the resuspended sediments of the fractions at the peak of
(Na* +H K*)-ATPase (@) after zonal centrifugation of the microsomal fraction asin Fig 7 Recovery
of the enzyme from the fractions as described under Experimental

50-60 % of the amount of (Na’+K*)-ATPase mn the microsomal fractions were
recovered 1n the sedmments Mg? "-ATPase activity was not detectable in the sediments
from 10 of the 14 experiments, in the remaining sediments the activity was lower than
0 3umts mg~' proten

It 1s apparent from Fig 7 that the maximum equilibrium density of the enzyme
particles was | 14 g ml~! The equvalent sedimentation coefficients [16] of these
particles, calculated as before [9] from the distribution of the enzyme after two
rate-zonal centrifugations at different centrnifugal forces, were evenly distributed
around values of 400-500 Svedberg umts. These coefficients were used to calculate the
minimum centrifugal force necessary to sediment the particles in an angle rotor It
was not possible to increase the specific activity further by rate-zonal centrifugations

A rapid purification procedure

Most procedures for purification of (Na®+K™*)-ATPase are techmcally
complicated and time consuming. In developing a more simple version of the present
procedure angle rotors were used since the resolution 1n 1sopycnic centrifugations in
this kind of rotor 1s superior to that in swinging bucket rotors [17] It was shown m
Fig 7 that only small amounts of protein were found 1n the fractions peripheral to the
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Fig 10 Determination of the optimum concentration of sodium dodecylsulphate for the rapid
purification procedure Six ahquots of a microsomal fraction from the outer medulla of rabbit kidney
containing 6 3 mg protein were incubated with increasing concentrattons of sodium dodecylsulphate
1n 4 5 ml of the medium used 1n Fig. 7. The activity of (Na*--K *)-ATPase (O — () was measured
after incubation for 45 min at 20 °C and the media were layered on six gradients and centrifuged 1n
the T1-60 angle rotor as described under Experimental. After resuspension of the sediments, the activ-
ity of (Nat-+K*)-ATPase (@ — @) and the contents of protein (O — ), phospholipid (H—M),
and cholesterol (4 — A) were determined as described under Experimental. SDS, sodium dodecyl-
sulphate,

peak of (Na*+K™)-ATPase after the 1sopycnic-zonal centrifugation of the micro-
somal fraction treated with sodium dodecylsulphate. It was therefore an obvious mo-
dification to collect the enzyme as a pellet 1n the tubes of an angle rotor after sedimen-
tation through a gradient designed to prevent sedimentation of the Mg?*-ATPase
and of the solubilized proteins

Fig. 10 shows the relationship between the concentration of sodium dodecyl-
sulphate 1n the incubation medium and the specific activity of (Na*+K*)-ATPase
in the sample and 1n the sediment after centrifugation of the microsomal fraction in
this gradient. It 1s seen that the specific activity in the sediments was increased with
the concentration of sodium dodecylsulphate in the sample until a plateau was
reached at 27 units - mg ™ protemn. The best recovery of enzyme with this specific
activity was obtained after mmcubation of the microsomal fraction with 0.58 mg
sodium dodecylsulphate per ml at a protein concentration of 14 mg - ml~!. From
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TABLE |

THE SPECIFIC ACTIVITY AND THE RECOVERY OF (Na* +K*)-ATPase AFTER CENTRI-
FUGATION IN AN ANGLE ROTOR OF MICROSOMAL FRACTIONS FROM THE OUTER
MEDULLA OF RABBIT, PIG AND SHEEP KIDNEYS

Punification procedure as described under Expertmental Mean values +S E are given with the num-
ber of preparations in brackets The combined results of six and eight consecutive preparations from
rabbit and pig kidney are shown For sheep kidney the average values of two preparations obtained
1n one centrifugation are given

Preparation Protein (Nat 1+ K*)-ATPase Recovery Mg2*-ATPase
(mg) (#moles Py min~! (%) (tmoles Py min~'
mg~! protein) mg~ ! protein)

Rabbit kidney

Samples 344 4201 (6) 08+01 (6)
Sediments 374 258113 (6) 67 05+02 (6)
Pig kidney

Samples 1321 30-02(8) 04+ 004 (8)
Sediments 173 209406 (8) 91 03+0.1 (&)
Sheep kidney

Samples 126 26 (2) 004 (2)
Sediments 14 190 (2) 81 0

the lower part of Fig 101t 1s seen that the amounts of phospholipid and proten in the
sediment were reduced almost in parallel whereas less cholesterol was removed from
the membranes along with the protein In consequence, the molar ratio of cholesterol
to phospholipid was increased from 0 53 1n the microsomal fraction to 0 76-0 90
1n the sediments with the highest activity of (Na* + K™ )-ATPase.

Tracer studies with sodium dodecyl[>*S]sulphate gave a distribution simular
to that observed after zonal centrnifugation (Fig 8) Only 1 59 of the detergent was
recovered in the sediment at an average concentration of 42 ug sodium dodecyl-
sulphate per mg protein This value was reduced to 9 pg per mg protein by washing
of the preparation without reduction of the enzyme activity

In Table I are shown the results of routine preparations by this procedure of
enzyme from rabbit and pig kidney and of an experiment with material from sheep
kidney Tt 1s seen that the specific activity of (Na* 4-K™*)-ATPase was higher in the
preparations from rabbit kidney than in preparations from pig and sheep kidney
In all preparations the Mg?*-ATPase activity was low or absent The output of the
preparation 1n a single centrifugation was 12-20 mg protein when sample volumes of
10~15 ml containing 14-21 mg of microsomal protein per tube of 35 ml were employed
The yield of (Na™ 4K *)-ATPase in the preparation from rabbit kidney was 27 units
mg ™! tissue or 23 ¥ of the total amount of enzyme in the tissue

The properties of the preparations

In Table II, some enzymic and chemical properties of the two preparations are
summarized and compared with analysis on the microsomal fractions 1t 1s seen that
the K*-dependent p-mtrophenylphosphatase activity was enriched n parallel with
the (Na™ - K" )-ATPase activity The weight ratio of protein to the sum of cholesterol
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TABLE 1I

SUMMARY OF ENZYMIC AND CHEMICAL CHARACTERISTICS OF THE PREPARA-
TIONS FROM THE OUTER MEDULLA OF RABBIT KIDNEY

Enzyme assays and lipid analysis as described in Fig 2 and under Experimental The unit for enzyme
activities 1s pmoles substrate min~! mg~! protein The umt for cholesterol and phospholipid 1s
ug mg~! protein,

Microsomal Preparation from  Preparation from
fraction angle rotor zonal rotor
(Na*+4K*)-ATPase 44 2417 361
Mg?+-ATPase 15 03 0
K *-p-nitrophenylphosphatase 08 26 46
Adenylate kinase 024 004 0
Cholesterol 135 248 304
Phospholipid 523 599 730
Yield (mg protem per g tissue) 97 11 0.63

Fig. 11. Sodium dodecylsulphate-polyacrylamide gel electrophoresis of preparations from the outer
medulla of rabbit kidney. (A), a microsomal fraction, (B), a preparation with a specific activity of
26 units mg~* protein obtained by centrifugation in the angle rotor, (C), a preparation with a speci-
fic activity of 37 umits mg~?! protemn prepared by zonal centrifugation as in Fig 7 The electropho-
resis was done as described under Experimental



50

and phospholipid in the preparation was close to 1 In the purification procedure more
phospholipid than cholesterol was removed along with the protemn (cf Fig 11)
resulting in a hugh cholesterol to phospholipid molar ratio in the purified preparations

Polyacrylamide gel electrophoresis in sodium dodecylsulphate of the prepara-
tions shows that the microsomal fraction contained a multitude of protein components
(Fig 11A)} In the preparation obtained by centrifugation 1n the angle rotor (Fig 11B)
some of these were visible along with two prominent bands. In the most pure pre-
paration (Fig. 11C) only two bands were seen In a series of gels of similar pre-
parations, the average molecular weights of the two bands were 96 0001000
(SE,n =26)and 56 900+600 (S E , n = 26) as calibrated against known standards
[13] As shown repeatedly [2, 3, 6, 18, 19], 1t was found that the large chain carried
the phosphate incorporated from ATP in the pressure of Mg>* and Na™ (not shown)

The stability of the preparations

When stored at 0 °C the activity of (Na® K *)-ATPase remained unchanged
for 2-3 weeks After storage for 7 weeks a decrease 1n activity to 85-90 % of the
original activity was observed in three batches of enzyme

DISCUSSION

The present purification procedure represents a considerable improvement of
the previous procedure [8, 9] The specific activity of (Na™+K™)-ATPase, 32-37
units - mg~! protein, 15 higher and other ATP hydrolyzing enzymes are effectively
separated from the enzyme The procedure 1s less tume consuming as only one zonal
centrifugation is required and the output per preparation is higher than that of the
previous procedure [9] In the rapid version of the procedure the spectfic activity 1s
30 % lower than after centrifugation in the zonal rotor, due to the difference 1n
resolution of the centrifugal systems However, the output after a single centrifugation
of the microsomal fraction 1n the angle rotor was 12-20 mg protein and the specific
activity of 20-26 umts - mg~' protein compares well with that obtained after much
more complicated procedures. Lane et al [6], for example, used five purification
steps and eight centrifugations to 1solate identical amounts of protein with a specific
activity of 26 umits mg~ ! protein from the microsomal fraction of the outer medulla
of canine kidney In the procedure by Hokin et al [2}, membrane fractions from the
rectal gland of the dogfish are solubilized by Lubrol. After several purification steps,
15-20 mg protein with an (Na* -K*)-ATPase activity of 20-25umts mg~!
protein are obtained 1n one preparative run In an alternative fractionation procedure
by Nakao et al [3], pig brain membranes are solubtlized by Lubrol at a low 10nic
strength and fractionated by ion exchange chromatography Small amounts of pro-
tein (0 1-0.3 mg) are eluted with an (Na*+4K™)-ATPase activiity varying from 8 to
117 units mg~ ! protein due to lability of the enzyme. The specific activity 1s the highest
reported so far, but difficulties with the analysis of the protein were reported The
preparation 1solated by Kyte [5] from the outer medulla of canine kidney 1s claimed
to be a 90-100 %, pure preparation of (Na*+K*)-ATPase [5, 20] It has a specific
activity of 10~13 units mg~* protein and 1s 1solated 1 quantities less than 1 mg
after gradient centrifugation and gel filtration of membranes solubilized by deoxy-
cholate at a high salt concentration Grisham and Barnett [21] shghtly modified our
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previous procedure [9] and 1solated the enzyme in high yield from the outer medulla
of sheep kidney with an activity of 18 umts - mg™~! protewn. Thus 1s close to the ac-
tivity 1n the preparation from sheep kidney obtaned by the rapid version of the
present procedure (Table I). The relative purity of the preparations mentioned above
1s estimated later [22] on the basis of the available criteria.

After the incubation with sodium dodecylsulphate and ATP, as much as
80 9, of the protein in the microsomal fraction 1s solubilized and remains in the
sample zone after the zonal centrifugation In incubations with deoxycholate, the
fraction of solubilized protein could not be increased to more than 45 9/ of the protein
1n the microsomal fraction without inactivation of enzyme [8]. Deoxycholate 1s not
bound to proteins 1n significant amounts [23], and this may explain why much less
protein 1s removed from the membranes by deoxycholate than by sodium dodecyl-
sulphate. It 1s known that sodrum dodecylsulphate disrupts membranes by binding
firmly to therr proteins (for ref., see ref. 20). The process does however not consist of
a random disaggregation [24] The different membrane proteins are solubthzed 1n
various rates and evidence for a selective solubilization of membrane proteins by
sodium dodecylsulphate has been presented [25). It 1s conceivable that the proteins
removed from the membranes 1 the imncubation with sodium dodecylsulphate are
relatively loosely attached, whereas (Na* +K™*)-ATPase remains embedded in the
bilayer because it 1s more firmly associated with the membrane structure and because
ATP to some degree prevents binding of sodium dodecylsulphate to its polypepiide
chains. It 15 1n agreement with this hypothesis that the enzyme remains bound to
rapidly sedimenting membrane fragments throughout the purification procedure and
that only small amounts of detergent are bound to these membranes. Nearly all of the
sodium dodecylsulphate added to the incubation medium 1s recovered in the fractions
containing the solubilized proteins and the detergent forms less than 0.5 9/ of the mass
of the purified preparation

This content of detergent 1s very low in comparison with that found 1n pre-
parations 1solated after solubilization of the enzyme In the preparation by Nakao
et al [3], the content of Lubrol 1s 5-13 times that of the protein [26]. Lubrol forms
16-30 9, of the total mass of the preparation purified by Hokin et al {2, 27].
This means that special precautions must be taken 1n work with the solubihized pre-
parations because Lubrol interferes both with the enzyme assay and with the analysis
of phosphate and protein [28]. The significance of the presence of detergents in the
preparations for the catalytic function of (Na* +K*)-ATPase 1s discussed later [22].
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