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Summary 

This report describes the partial purification and the characteristics of (Na ÷ + 
K*)-ATPase (ATP phosphohydrolase, EC 3.6.1.3) from an amphibian source. 
Toad kidney microsomes were solubilized with sodium deoxycholate and fur- 
ther purified by sodium dodecyl sulphate treatment and sucrose gradient cen- 
trifugation, according to the methods described by Lane et al. [(1973)J.  Biol. 
Chem. 248, 7197--7200], J~brgensen [{1974) Biochim. Biophys. Acta 356, 
36--52] and Hayashi et al. [(1977) Biochim. Biophys. Acta 482, 185--196]. 
(Na ÷ + K÷)-ATPase preparations with specific activities up to 1000 pmol Pi/mg 
protein per h were obtained. Mg2*-ATPase only accounted ;for about 2% of the 
total ATPase activity. Sodium dodecyl sulphate-polyacrylamide gel electropho- 
resis revealed three major protein bands with molecular weights of 116 000, 
62 000 and 26 000. The 116 000 dalton protein was phosphorylated by 
[~32P]ATP in the presence of sodium but not in the presence of potassium. 
The 62 000 dalton component stained for glycoproteins. The Km for ATP was 
0.40 mM, for Na ÷ 12.29 mM and for K + 1.14 mM. The Ki for ouabain was 35 
gM. Temperature activation curves showed two activity peaks at 37°C and at 
50°C. The break in the Arrhenius plot of activity versus temperature appeared 
at 15°C. 

Introduction 

Recently, (Na ÷ + K+)-ATPase has been purified to a high degree and bio- 
chemical characteristics have been determined in a variety of species, such as 
fish, birds and mammals [1--4] and the hypothesis of a coupled sodium and 
potassium transport effected by this enzyme has been consolidated on the basis 
of reconstitution experiments [ 5,6]. 

In contrast to the extensive study of the enzyme in the above mentioned 
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species, (Na ÷ + K÷)-ATPase from amphibian tissues has received little attention. 
This fact is rather surprising in view of the importance played by these tissues 
as experimental models in the physiological approach of  sodium transport 
problems. 

A few data on the enzyme from toad and frog tissues are available [7--11] 
but  the impure preparations with spec. act. ranging between 1.2 and 43 gmol 
Pi/mg protein per h in frog skin [ 11 ] and frog kidney [ 9], respectively, did not  
allow a conclusive characterization of the sodium pump in this species. 

The principal aim of the present s tudy consisted therefore in a maximal puri- 
fication of (Na ÷ + K÷)-ATPase from an amphibian tissue namely the toad kid- 
ney in order to establish the basis for a biochemical, biophysical and immuno- 
chemical characterization of the enzyme. These data will permit the compari- 
son with the enzyme from other species and will provide the basis for a better  
definition of the relationship between the physiological and biochemical 
expression of sodium transport in amphibian epithelia. ] 

Experimental 

Tissue source and preparation of  microsomes 
Colombian male and female toads (Bufo marinus) (C.P. Chase and Co, Mia- 

mi, FL) were killed by pithing and subsequently perfused through a heart punc- 
ture with oxygenated Ringer solution [12]. Kidneys were removed, weighed in 
homogenization medium and immediately frozen in liquid nitrogen. On aver- 
age, 1 kidney weighed 0.5 g. Further steps were all carried out  at 0--4°C. After 
thawing, the kidneys were minced with scissors and 1 g of  tissue was added to 
5 ml of  homogenization medium containing 30 mM DL-histidine, 5 mM EDTA, 
18 mM Tris and 200 mM sucrose, pH 7.4. After homogenization with 10 
strokes at 2000 rev./min in a Teflon-glass Potter-Elvehjem homogenizer, the 
homogenate was centrifuged for 15 min at 5000 X g in the SS34 rotor  of  a Sor- 
vall RC-2B centrifuge. The pellet was resuspended in one-half the original 
volume with 2 strokes of  homogenization and centrifuged again at 5000 X g for 
15 min. The pooled supernatants were then centrifuged at 48 000 X g in the SW 
27.1 rotor of the Sorvall OTD-2 ultracentrifuge for 1 h and the resulting pellets 
(microsomal fraction) were resuspended in the homogenization medium to give 
a protein concentration of  10--15 mg/ml. This microsomal fraction was stored 
at --20°C or --60°C until used for subsequent t reatment  with sodium dodecyl  
sulphate (SDS) alone or in combination with deoxycholate.  

Detergent treatment 
Sodium dodecyl sulphate treatment. The method originally described by 

JOrgensen [4] and modified by Hopkins et al. [2] was adapted for the purifica- 
tion of  the (Na ÷ + K÷)-ATPase from the toad kidney. Microsomal material was 
incubated at a protein concentration of  1.4 mg/ml in a solution containing 3 
mM Na2ATP/2 mM EDTA/20 mM Tris-HC1 at pH 7.5. Sodium dodecyl  sul- 
phate was added with constant  stirring to final concentrations of  0.1--0.8 mg/ 
ml. After standing for 30 min at 20°C, aliquots of  2.4 ml were layered on con- 
tinuous or discontinuous sucrose gradient. 

Deoxycholate/sodium dodecyl sulphate treatment. The procedure for the 
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deoxycholate /sodium dodecyl  sulphate t reatment  was essentially the same as 
described by Lane et al. [3] and modified by Hayashi et  al. [13].  Aliquots of  
the microsomal fraction (5 mg/ml) were incubated with 3.5--5.5 mg deoxycho- 
late/ml in 30 mM DL-histidine, 1 mM Tris/EDTA, 500 mM NaC1, 40 mM KC1 
and 292 mM sucrose (pH 6.9) at 0°C for 30 min and then centrifuged at 
100 000 X g in the Sorvall OTD-2 ultracentrifuge. Glycerol (final concn. 20%, 
v/v) was added to the supernatant. After standing for 15 min on ice with con- 
stant stirring, an equal vol. of  30 mM DL-histidine, 1 mM Tris/EDTA (pH 7.5) 
was added to the mixture. After an additional 45 min of  incubation on ice, the 
suspension was centrifuged at 100 000 X g for 90 min at 20°C. The higher tem- 
perature reduced the viscosity of  the suspension thus aiding the sedimentation 
of  the material wi thout  having a harmful effect  on the enzyme. The resulting 
pellets were washed in 30 mM DL-histidine, 1 mM Tris/EDTA (pH 7.5) by cen- 
trifugation at 100 000 X g for 90 min at 4°C and then resuspended in homo- 
genization medium. The deoxycholate  enzyme was further treated with sodium 
dodecyl  sulphate as described above with the following modifications: protein 
concentrations were adapted to 1 mg/ml and final sodium dodecyl  sulphate 
concentrations ranged between 0.9 and 1.3 mg/ml. 

Sucrose gradients 
2.4 ml of  sodium dodecyl  sulphate or deoxycholate /sodium dodecyl  sul- 

phate-treated enzyme preparations were layered on 11 ml of  a continuous 
linear sucrose gradient formed from 15% (w/v) and 45% (w/v) sucrose in 20 
mM Tris/1 mM EDTA, pH 7.5. Gradients were centrifuged in the SW 40.1 rotor  
of the Sorvall OTD-2 ultracentrifuge at 105 000 X g for 210 min at 4°C. 14 
fractions were collected and directly analysed for activity and protein content.  
Peak activities were found in fractions with densities of  1.08--1.10 g/ml. A sec- 
ond, less pronounced activity peak was recovered at sucrose solution densities 
around 1.13 mg/ml. 

Routinely,  a discountinuous sucrose gradient consisting of  5.5 ml of  29.4% 
(w/v), 3.3 ml of  15% (w/v) and 2.2 ml of  10% (w/v) sucrose was used as pro- 
posed by J~brgensen [4]. The layer between 15 and 29.4% sucrose was col- 
lected, diluted 5 times with homogenization medium and sedimented. The 
resulting pellets were resuspended in homogenization medium to a protein con- 
centration of  3--7 mg/ml and stored at --20°C or --60°C. These preparations 
are referred to as sodium dodecyl  sulphate enzyme (SDS enzyme) or deoxy- 
cholate/SDS enzyme. 

Protein measurements 
Protein content  was determined by the method of  Lowry et al. [ 14]. 

Assay of  (Na ÷ + K÷)-A TPase and Mg2÷-ATPase activity 
(Na t+  K÷)-ATPase and Mg2÷-ATPase activities were measured as described 

previously [ 15]. 1--20 ~g protein of  the various enzyme fractions were used for 
enzyme assay. Liberated inorganic phosphate was determined by the method of  
Fiske and Subbarow [16].  The conditions used gave linear rates of  phosphate 
product ion up to 20 rain and linear increase in phosphate liberation with pro- 
tein concentrations used. 
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Determination o f  V and Km 
K m and V for ATP of the SDS enzyme were determined in the presence of  an 

ATP-regenerating system containing 18 mM p-enolpyruvate and 1.0 I.U. of  
pyruvate kinase [17].  The kinetic parameters were calculated from a Hofstee 
plot. 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
SDS-polyacrylamide gel electrophoresis was carried out  by the procedure 

described by Maizel [18] and Laemmli [19]. Linear gradients produced from 
30 ml 5% (w/v)/0.133% (w/v) and 30 ml (w/v)/0.346% (w/v) acrylamide/bis 
solutions were used in slab gel electrophoresis while 7.5% (w/v)/0.2% (w/v) and 
10% (w/v)/0.266% (w/v) acrylamide/bis were used in tubes (length 8 cm, inner 
diameter 0.5 cm). The gels were stained with Coomassie Blue for protein detec- 
tion or with periodic acid-Schiff [20] for glycoprotein detection. For the iden- 
tification of  the catalytic subunit,  150 t~g of  proteins containing the SDS 
enzyme were phosphorylated with [7-32P]ATP [21,33].  Samples were sub- 
jected to slab gel electrophoresis as described above for 3 h at a constant cur- 
rent of 30 mA at 12--15°C. In order to minimize phosphate hydrolysis, gels 
were stained and fixed within 1 h and discoloured within another hour. This 
procedure allowed the detection of  the phosphorylated catalytic subunit on the 
Coomassie blue stained gel by exposure of  the dried gel to a Kodak X-Ray Film 
for 60 h in the dark. The autoradiography was scanned with a Vitatron densito- 
meter. 

Results 

Purification o f  toad kidney (Na ÷ + K÷)-A TPase 
A first approach to purify (Na ÷ + K÷)-ATPase from the toad kidney involved 

the application of  the procedure proposed by J¢rgensen [4] using sodium 
dodecyl  sulphate as detergent. In order to obtain maximal purity of  the 
enzyme, optimal conditions for the incubation of  the microsomes with the 
detergent were required; these were found by varying protein (0.2--1.4 mg/ml) 
as well as sodium dodecyl  sulphate (0.05--1.2 mg/ml) concentrations. In such 
experiments maximal activation of  the enzyme was observed with very low pro- 
tein concentrations. By incubation of  0.2 mg protein/ml the maximal activity 
of  the enzyme, obtained at low sodium dodecyl  sulphfte concentrations, was 
about  55% higher than by incubation of  1.4 mg protein/ml (Fig. 1). The low 
protein condition could unfortunately not  be exploited for practical purposes 
because the enzyme was very sensitive to sodium dodecyl  sulphate inhibition 
under these conditions. Higher concentrations of  protein prevented the inac- 
tivation of  the enzyme by sodium dodecyl  sulphate over a much wider range of  
detergent concentrations. 

For standard SDS enzyme preparations, concentrations of  1.4 mg protein/  
ml were therefore used and a detergent concentration of 0.45 mg/ml which was 
shown in preliminary experiments to yield maximally purified enzyme with 
most  microsomal preparations. 

An example of  the distribution of  (Na ÷ + K÷)-ATPase and Mg2÷-ATPase activ- 
ity and protein on a continuous linear sucrose gradient is shown in Fig. 2. Mos t  
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Fig. 1. T he  e f fec t  of  the  c o n c e n t r a t i o n  o f  m i c z o s o m a l  prote in  on  the  ac t iva t ion  and inac t iva t ion  of  (Na + + 
K+)-ATPase f r o m  t o a d  k idney  by  va r ious  c o n c e n t r a t i o n s  o f  s o d i u m  d o d e c y l  su lpha te .  AHquots  of  a mic ro -  
soma1 f rac t ion  contaJ_ning 0.2 m g  (e) ,  0 .6 m g  (A) and  1.4 m g  ( s )  p ro te ins  were  i n cu b a t ed  wi th  var ious  c o n -  
cent~at ions  o f  SDS in 2 0 r a M  Tris-HC1/1 m M  E D T A / 3  m M  N a 2 A T P  in 1 m l  a t  20°C.  A f t e r  30  min ,  ali- 
quo t s  were  i m m e d i a t e l y  t e s t ed  for  (Na + + K+)-ATPase ac t iv i ty  wh ich  is p l o t t e d  in the  graph as /~mol  P i /mg  
p r o t e i n  pe r  h.  o = (Na + + K+)-ATPase ac t iv i ty  of  u n t r e a t e d  m i c z o s o m a l  fract ion  w h i c h  was 48 # tool  P i /mg  
p r o t e i n  p e r  h. 

of the protein remained in the sample zone while (Na ÷ + K*)-ATPase activity 
was highest in fractions with sucrose densities around 1.10 g/ml. A second but  
always smaller activity peak appeared in fractions of  sucrose densities around 
1.13 g/ml. Part of  the Mg2÷-ATPase co-migrated with the lighter membrane 
portion. The various steps of  the purification procedure with sodium dodecyl  
sulphate are documented  in Table I for a representative preparation. The mean 
specific activity of  the SDS enzyme collected from discontinuous sucrose gra- 
dients as the layer between the 29.4% and 15% sucrose concentrations 
amounted to 545 pmol Pi/mg protein per h (range 430--840 ~mol Pi/mg pro- 
tein per h, n = 10) and the protein recovery was on an average 1.6% of the total 
homogenate  proteins. Mg2÷-ATPase still represented 21% (range 17--24%, n = 
10) of  the total ATPase activity. 

In order to improve the purification of  the enzyme, a combined method of  
deoxycholate  solubilization [3] and sodium dodecyl  sulphate treatment,  
together with sucrose gradient centrifugation [4,13],  was applied. Again opti- 
mal conditions for incubation with deoxycholate  were tested by  varying pro- 
tein and detergent concentrations (not  shown). A protein concentration of  5 
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Fig. 2. The  d i s t r ibu t ion  of  p ro t e in  (o),  (Na + + K+)-ATPase ( I )  and  Mg2+-ATPase (4)  on  a c o n t i n u o u s  l inear  
sucrose grad ien t  a f te r  cen t r i fuga t ion  of  a m i c r o s o m a l  f rac t ion  f r o m  toad  k idney  t r ea t ed  wi th  s o d i u m  
d o d e c y l  su lphate .  2 .4 m g  of m i c r o s o m a l  p ro t e in  were  i n c u b a t e d  for  30  m i n  at  20°C  wi th  0 .5  m g  SDS/ml  
in a to ta l  vol .  of  2.4 ml. The  i ncuba t ion  m e d i u m  was the  same as descr ibed  in Fig. 1. The  sample  was 
l ayered  on  a sucrose grad ien t  p r o d u c e d  by  a 15% and  a 45% sucrose so lu t ion  and  cen t r i fuged  as descr ibed  
u n d e r  E xpe r i m en t a l .  

mg/ml showed to be optimal for nearly all preparations while deoxycholate 
concentrations for maximal purification of the enzyme varied between 3.5 and 
5 mg/ml. 

With higher concentrations of deoxycholate, the enzyme activity was mar- 
kedly reduced. Treatment with sodium dodecyl sulphate was routinely per- 
formed with a protein concentration of 1 mg/ml and a detergent concentration 
of 1.1 mg/ml after preliminary concentration studies (not shown). Compared 
to the sodium dodecyl sulphate treatment, the combined method yielded an 
enzyme with higher mean spec. act. of 710 pmol Pi/mg protein per h (range 

T A B L E  I 

P U R I F I C A T I O N  OF (Na + + K+)-ATPase F R O M  T O A D  K I D N E Y  W I T H  S O D I U M  D O D E C Y L  S U L P H A T E  

Pur i f i ca t ion  p r o c e d u r e  as descr ibed  u n d e r  E x p e r i m e n t a l .  F o r  t~LiS e x p e r i m e n t ,  a h o m o g e n a t e  w i th  6 6 0  m g  
of  p ro te ins  was used.  Condi t ions  for  the  i n c u b a t i o n  wi th  de t e rg en t  were  1.4 m g  p r o t e i n / m l  an d  0 .45  m g  
SDS/ml .  

(Na t + K+)-ATPase Mg~ ' -ATPase  Pro te in  
(% of to ta l  ATPase  r e c o v e r y  (%) 

Specific ac t iv i ty  To ta l  ac t iv i ty  ac t iv i ty)  
(/~mol Pi/mg (/~mol Pi 
p ro t e in  pe r  h)  pe r  h)  

H o m o g e n a t e  12 
Microsomal  f rac t ion  52 
SDS e n z y m e  703 

7908  70  100  
5500  64  15  
6 3 0 5  19 1.3 
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T A B L E  II 

P U R I F I C A T I O N  O F  (Na  + + K~-ATPase  F R O M  T O A D  K I D N E Y  W I T H  A C O M B I N E D  D E O X Y C H O L A T E  
A N D  S O D I U M  D O D E C Y L  S U L P H A T E  T R E A T M E N T  

Puri f icat ion procedure  as descr ibed  under  E x p e r i m e n t a l .  F o r  th i s  e x p e r i m e n t ,  a h o m o g e n a t e  w i t h  1 3 3 3  
m g  o f  pro te ins  w as  used .  C o n d i t i o n s  for  the  i n c u b a t i o n  w i t h  d e o x y e h o l a t e  we re  5 m g  p r o t e i n / m l  a n d  4 
m g  d e o x y c h o l a t e ] m l .  Condi t ions  for  the  i n c u b a t i o n  w i t h  SDS w e r e  1 m g  p r o t e i n / m l  a n d  1 .1  m g  S D S / m l .  

(Na  + + K+)-ATPase  Mg2+-ATPase P r o t e i n  
(% o f  t o ta l  ATPase  recovery  (%) 

Spec i f i c  a c t i v i t y  T o t a l  ac t i v i t y  act iv i ty )  
( p m o l  P i / m g  ( p m o l  Pi 
p r o te in  per  h)  per  h)  

H o m o g e n a t e  1 2  1 6  0 0 0  6 7  1 0 0  
M i c r o s o m a l  f rac t ion  58  11  4 9 5  53 17  
D e o x y c h o l a t e  e n z y m e  3 3 6  8 3 3 6  4 2 .2  
D e o x y c h o l a t e / S D S  9 6 4  1 6 4 3  2 .6  0 . 1 5  

e n z y m e  

530--970 ~mol Pi/mg protein per h, n = 5) (Table II). Deoxycholate  t reatment  
reduced markedly the port ion of  Mg2÷-ATPase to a mean of  2% (range 1.4-- 
2.6%, n = 5) of  the total ATPase activity. Protein recovery from homogenate 
material was about  10 times less than with sodium dodecyl  sulphate t reatment  
alone. The increase in total (Na÷+ K÷)-ATPase activity after deoxycholate  
treatment,  as described by Lane et al. [3] and Hayashi et al. [13] was not  ob- 
served, and sodium dodecyl  sulphate after deoxycholate  treatment,  no longer 
induced an activation of  the enzyme. 

SDS-polyacrylamide slab gels as well as cylindrical gels were run in order to 
test the purity of  the detergent treated enzymes. Considerable elimination of  
protein bands could be achieved by  the detergent t reatment  of  the microsomal 
fraction (Fig. 3). Both treatments,  sodium dodecyl  sulphate alone or in combi- 
nation with deoxycholate  yielded a preparation which showed three major 
bands on SDS-polyacrylamide gel electrophoresis: a prominent  high molecular 
band with a mol. wt. of  116 000 as determined on slab gradient gels with pro- 
tein standards of  known molecular weights, an intermediate band of  62 000 
daltons and a low molecular weight band of  26 000 daltons. The heavy band 
was identified as the catalytic subunit  by subjecting the phosphorylated inter- 
mediate formed by [7-32P]ATP in the presence of  sodium to slab gel electro- 
phoresis and by  subsequent  autoradiography (Fig. 4). No phosphorylat ion 
occurred in the presence of  potassium. Traces of  labelling were also found in 
two slow moving bands. Phosphorylat ion experiments were carried out  with 
SDS enzyme which frequently yielded high molecular weight bands of  about  
200 000 daltons on SDS-polyacrylamide gel electrophoresis. Therefore, the 
slight phosphorylat ion of  these proteins might be an indication that  these 
bands are primary aggregates formed by the subunits of  (Na÷+ K÷)-ATPase 
which were no t  at tacked by sodium dodecyl  sulphate treatment,  rather than 
contaminants.  

The 62 000 dalton band was identified as the glycoprotein subunit  by stain- 
ing with periodic acid-Schiff (Fig. 5). Considerable periodic acid-Schiff staining 
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was observed with the protein of  26 000 daltons, suggesting that this band is of  
glycoprotein nature. 

Low molecular weight contaminants were frequently observed with both 
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Fig.  3.  S o d i u m  d o d e c y l  s u l p h a t e - p o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  o f  p r e p a r a t i o n s  o f  t o a d  k i d n e y  (Na  + + 
K+)-ATPase.  75 /~g  o f  p r o t e i n  w e r e  l o a d e d  o n  the  gels,  e l e c t r o p h o r i z e d  a n d  s c a n n e d  as d e s c r i b e d  u n d e r  
E x p e r i m e n t a l .  Pane l  A ,  m i c r o s o m a l  f r a c t i o n .  P a n e l  B, d e o x y c h o l a t e / s o d i n m  d o d e c y l  s u l p h a t e - t r e a t e d  
e n z y m e  ( d e o x y c h o l a t e / S D S  e n z y m e ) .  Inse t ,  c a l i b r a t i o n  o f  s o d i u m  d o d e c y l  s u l p h a t e - p o l y a c r y l a m i d e  gels 
w i t h  p r o t e i n s  o f  k n o w n  m o l e c u l a r  we igh t s .  A r r o w s  i n d i c a t e  t he  re la t ive  mob i l i t i e s  o f  t he  t h r e e  m a j o r  
b a n d s  o f  t he  d e o x y c h o l a t e / S D S  e n z y m e .  
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Fig. 4. Scans of  an  a u t o r a d i o g r a p h y  of  a s o d i u m  d o d e c y l  su lpha t e -po lyac ry l amide  slab gel l oaded  wi th  
150  #g p h o s p h o r y l a t e d ,  pur i f i ed  (Na + + K+)-ATPase f r o m  toad  k idney .  P h o s p h o r y l a t i o n  was  carr ied o u t  
wi th  [ T - 3 2 p ] A T P  in the p resence  of  100  m M  NaC1 ( ) or 20  m M  KC1 ( . . . . . .  ) as descr ibed  u n d e r  
E x p e r i m e n t a l .  The  label led p e a k  co r r e sponds  to a p r o t e i n  b a n d  wi th  a tool.  wt .  of  116 000 .  

SDS and d e o x y c h o l a t e / S D S  e n z y m e  (Fig. 3). The  ca ta ly t ic  and g lycopro te in  
subuni t  o f  the d e o x y c h o l a t e / S D S  e n z y m e  make  up a b o u t  55% of  the  to ta l  
absorbance  area as de t e rmined  by  scanning o f  a Coomassie Blue stained gel. 

Kinetic data o f  (Na ÷ + K+)-ATPase from toad kidney 
The  mean  K ÷ concen t r a t i on  for  ha l f -maximal  ac t ivat ion (K1/2) was 1.14 mM 

(1.20,  1.26,  0 .96 mM, n = 3) in the  presence  o f  a Na ÷ concen t r a t i on  o f  100 
mM. The  mean  K1/2 value for  Na ÷ was observed at  12 .29  mM (10.25,  14.43,  

Fig. 5. Scan o f  a per iod ic  acid-Schiff  s ta ined gel ( ) c o m p a r e d  to  a scan of  a Coomass ie  Blue s ta ined 
gel ( . . . . . .  ). The  co r r e s pond ing  per iod ic  acid-Schiff  s ta ined gel l oaded  wi th  1 5 0  ~g of  d e o x y c h o l a t e /  
s o d i u m  d o d e c y l  su lpha te - t r ea t ed  ezlzyme is shown.  E lec t rophores i s  of  pur i f i ed  (Na++ K+)-ATPase was  
carr ied ou t  o n  7 . 5 %  s o d i u m  d o d e c y l  su lpha t e -po lyac ry l amide  gels as descr ibed  u n d e r  Ex p e r imen ta l .  
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12.19 mM, n = 3) in the presence of a K ÷ concentration of 20 mM. This value 
corresponds well to the value of 11.8 mM reported by Cortas and Walser [8] 
for the toad bladder enzyme. Enzyme activities observed in the presence of  5 
and 9 mM Na * did not  fit the Hofstee plot. A discontinuity of  the Na ÷ activa- 
tion curve has already been described by Cortas and Walser [8] for the toad 
bladder enzyme. They explained this phenomenon by a cooperative interaction 
of  binding sites. 

ATP concentrations for half-maximal activity (Kin) in the presence of a 
Mg 2÷ concentration of  3 mM, a Na ÷ concentration of  100 mM and a K ÷ concen- 
tration of  20 mM was 0.4 mM (0.39, 0.43, 0.38 mM, n = 3). 

Half maximal inhibition (Ki) of the SDS enzyme by ouabain was observed at 
a concentration of 35 pM while complete inhibition occurred at 1 mM (Fig. 6). 

The influence of temperature on (Na ÷ + K÷)-ATPase activity was measured 
over a temperature range of  0--60°C. At each temperature the total ATPase 
activity was corrected for ATPase activity measured either in the presence of 
ouabain or in the absence of Na ÷ and K ÷, in order to control the temperature 
dependence of the ouabain inhibition [22]. 

The pH of  the incubation medium was adjusted to 7.4 at each temperature. 
Both the microsomal and the purified enzyme showed two activity peaks, one 
at 37°C and an even higher one at about 50°C (Fig. 7). Arrhenius plots of  activ- 
ities versus temperature between 4°C and 37°C revealed a break at 15°C with 
both the microsomal and the SDS enzyme and with both incubation condi- 
tions. 

Discussion 

The procedure described for the purification of  an amphibian (Na ÷ + K+) - 
ATPase yielded a preparation with spec. act. up to 1000 pmol Pi/mg protein 
per h. This enzyme activity is not  as high as those described for the most pure 
preparations at present available from fish, avian and mammalian sources 
[1--4] but the 15--20 fold increase in activity of the enzyme attained with 
respect to the initial specific activity of  microsomes is well comparable to that  
of highly active (Na÷+ K÷)-ATPase preparations from mammalian kidneys 
treated with sodium dodecyl sulphate [4] and from the electric organ of Elec- 
trophorus treated with Lubrol [ 1]. 

The detergent-treated enzyme preparations subjected to SDS-polyacrylamide 
gel electrophoresis show a considerable enrichment in the catalytic and glyco- 
protein subunits compared to the microsomal fraction (Fig. 3). The area of  
absorbance peaks of  the two subunits which was calculated to account for 
about 55% of the total absorbance area of  a Coomassie Blue stained gel is prob- 
ably an underestimate of the real enrichment considering the poor and non- 
linear staining of the glycoprotein with this dye [13,23]. In addition, the obser- 
vation of a faint Na ÷ dependent phosphorylation of  high molecular weight pro- 
teins occurring on SDS-polyacrylamide gel electrophoresis suggests that  these 
bands might be stable aggregates of  the subunits of  the enzyme rather than con- 
taminants (Fig. 4). The formation of  such complexes may be attributed either to 
sodium dodecyl sulphate t reatment  [23,24] or to electrophoresis at pH 9 as 
described by Kyte [25]. 
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The detergent-treated enzyme preparations still contain some low molecular 
weight contaminants, a fact which points to a resistance of some membrane 
proteins of  toad kidney to conventional detergent solubilization. One might 
imagine that  the low activation of  (Na ÷ + K÷)-ATPase sites in microsomal frac- 
tions by sodium dodecyl sulphate and deoxycholate  is an expression of  this 
phenomenon.  Incubation with sodium dodecyl sulphate increases the specific 
activity of  enzyme preparations from nasal salt glands of  the duck 6.5 fold [2] 
and from the outer  medulla of  rabbit kidney 5 fold [4] while sodium dodecyl 
sulphate-activated enzyme from toad kidney only exhibits a 1.5-fold increase 
in activity compared to the untreated microsomes under the same conditions 
(Fig. 1). 

Deoxycholate  treatment resulted in a 1.8-fold [13] or a 2.4-fold increase in 
total activity in preparations from canine kidneys while preparations from toad 
kidneys showed under the same conditions a decrease in total activity of  about  
28% (Table II). 

Activation of  (Na ÷ + K÷)-ATPase is at tr ibuted to the unmasking of  latent 
pump sites not  accessible for the substrate [24].  It has been suggested that this 
process might be due to a fragmentation of  microsomal vesicles by detergents 
[13]. The fact that the level of  sodium dodecyl sulphate activation in our pre- 
parations augments with a decreasing protein concentration in the incubation 
medium makes unlikely an explanation based on the existence of  a smaller 
number of  latent pump sites in this tissue, as has been proposed by JCrgensen 
[24] for cold blooded animals. It is more likely that  unfavourable vesicle con- 
formation hinders the optimal detergent action. This phenomenon could be 
related to an unusual lipid content  of  the kidney preparation, a hypothesis 
which would also explain the migration of  the purified enzyme on sucrose 
gradients to densities of  1.10 g/ml (Fig. 2) compared to the recovery of  (Na ÷ + 
K÷)-ATPase from other sources [2,4,13] at densities of  1.12--1.14 g/ml. 

A special lipid composit ion of  the toad kidney preparations could also 
explain the two biochemical peculiarities of  the (Na ÷ + K÷)-ATPase from this 
source. For instance, the occurrence of two activity peaks at 37°C and 50°C 
(Fig. 7) could indicate the presence of  particular lipids which undergo fluidity 
changes at high temperatures. Such alterations would modulate the (Na ÷ + K÷) - 
ATPase activity, as has been proposed for activity breaks in Arrhenius plots at 
temperatures around 20°C [26,27].  

The second diverging property of  the toad (Na ÷ + K÷)-ATPase compared with 
the enzyme from most  other sources is its well known insensitivity to ouabain. 
Reported Ki values for the toad (Na ÷ + K÷)-ATPase range between 1.6 mM for 
the skin enzyme [10],  0.1 mM for the bladder enzyme [8], 0.03 mM for the 
intestinal enzyme [28] and 0.035 mM for the kidney enzyme described in this 
study (Fig. 6). The values for the renal and intestinal enzyme of the toad are 
still greater by 1--2 orders of  magnitude than those reported for most  other 
preparations (Table III, and ref. 29}. While Allen and Schwartz [30] explain 
the ouabaln insensitivity of  certain animal species by a higher dissociation rate 
of  the ouabaln-enzyme complex, Cortas and Walser [31] propose, on the basis 
of  deoxycholate  treatment,  that in the toad bladder a specific protein-phos- 
pholipid interrelationship is responsible for the ouabain insensitivity. 

With respect to other biochemical data the enzyme from the toad kidney is 
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TABLE III 

COMPARISON OF BIOCHEMICAL CHARACTERISTICS OF (Na + + K+)-ATPase FROM DIFFERENT 
ANIMAL SPECIES 

Authors Enzyme Detergent Specific K 1/2(raM) Km(mM) Ki(PM) 
source t rea tment  acti*'ity ATP Ouabain 

(pmol Pi/ Na K 
mg protein 
per h) 

Dixon and Hokin [1] electric organ 
electric eel 

Ra tanabanankoon  rectal gland 
et ai. [32] dogfish 
Present s tudy toad kidney 
Lo et al. [33] rat  kidney 

Kline et  ai. [34] beef brain 
Braughler and human kidney 
Corder [35] 

Lubrol 1200 15 2 0.29 1.2 

Lubrol 1500 0.28 

SDS 500 12.2 1.14 0.4 35 
deoxy- 169 20.4 1.59 0.65 
cholate 
Lubrol 450--750 0.1 0.62 
deoxy- 50--200 16 1.5 0.38 1.8 
cholate 

very similar to purified preparations from a variety of  animal species (Table 
III). This fact supports the statement of  Dixon and Hokin [1] that  the enzyme 
has undergone little alteration with evolution and that the considerable varia- 
tions reported in other publications are probably due to the impure state of  the 
enzymes used. 

Despite the fact that (Na ÷ + K÷)-ATPase from toad kidney has not  been puri- 
fied to homogenei ty  in this study, an enzyme preparation was obtained which 
allowed the extensive characterization of  an amphibian (Na ÷ + K÷)-ATPase. A 
sufficiently pure enzyme is now available to serve in studies aiming to relate 
the physiological and biochemical expressions of  sodium transport in amphi- 
bian tissues. 
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