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SUMMARY 

I. The ouabain-sensitive (Na+-K+)-activated ATPase enzyme system was 
present in rather  low act ivi ty  (o.37 mole/kg dry  weight per h) in rat liver. 

2. Pre t rea tment  with 1.5 M urea decreased the Mg2--activated ATPase act ivi ty  
wi thout  significantly affecting the (Na+-K+)-ATPase activity,  thus causing the relative 
act ivi ty  of the latter to rise from 13 o~, to 37 %- This permit ted to determine the 
properties of the (Na+-K=)-ATPase system with greater  accuracy. 

3. The (Na+-K+)-ATPase required for act ivat ion both Na + (Kin = 6 raM) and 
K+ (Kin = o. 9 mM). Rb  + could replace K + in act ivat ing the enzyme (Kin - -  o.8 raM). 
Maximal activation of the (Na ~-K~-)-ATPase system required 2 mM Mg" ~- at an ATP 
concentrat ion of 2 raM. 

4. The pH opt inmm for (Na~-K+)-ATPase was 7.3, while the Mg2+-activated 
ATPase act ivi ty  had a pH opt inmm of 8.7. 

5. The optimal temperature  for (Na~-K+)-ATPase and for Mg~+-ATPase act ivi ty 
was 45 °- 

6. The (Na+-K+)-ATPase was inhibited by the digitalis glycoside ouabain 
(P/s0 = 3.9) and the Ery th roph leum alkaloid erythrophleine (pls0 = 5.z). 

INTRODUCTION 

In connection with a s tudy  of active cation t ransport  in regenerating rat liver 1, 
it seemed to us necessary to examine the properties of the (Na+-K+)-activated ATPase 
((Na+-K+)-ATPase) system of this organ. After SKOt: 2 had first described this enzyme 
system in crab nerve, many  other workers have shown it to be closely related to 
the cardiac glycoside-sensitive active cation t ransport  system in a great var iety of 
animal tissues. POST et al. 3 and DUNtlAM AND GLYNN 4 demonstra ted this for huinan 
ery throcyte  membranes.  In a systematic s tudy  of the presence of the (Na--K+) - 
ATPase in all tissues known to have a cardiac glycoside-sensitive cation t ransport  
BONTING, CARAVAGGIO AND HAWKINS 5 found the enzyme system to be present in 
all 2z tissues froln zo species. In addition a quant i ta t ive  correlation between active 
cation t ranspor t  and (Na+-K+)-ATPase act ivi ty could be demonstra ted in a number  
of tissues 6. 

The occurrence of this enzyme system in rat liver has previously been re- 
portedS,7, 8, bu t  the present paper gives for the first time a detailed account  of its 
properties. 
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METHODS 

Livers were removed from adult male Wistar rats of about 25 ° g, 3-3.5 months 
of age, immediately after sacrificing the animal by stunning and decapitation. Tissue 
preparation and assay of (Na+-K+)-ATPase activity were carried out as previously 
described (BONTING, CARAVAGGIO AND HAWKINS 9) with the minor modification that 
all volumes used were 5o-fold magnified. Aqueous homogenates (IO °.o, w/v) were 
prepared in Potter-Elvetijenl tissue grinders. Aliquots of each homogenate were 
lyophilized at --2o ° and stored at --25 ° until use. For assay, the frozen-dried homo- 
genates were reconstituted with distilled water to contain 8 mg original wet weight 
of tissue/ml. Medium A (complete) gave total ATPase activity, Medium B (no K+), 
C (no Na+), D (Medium A plus IO 4 M ouabain) and Medimn E (no K +, IO 4 M 
ouabain) gave Mg2+-aetivated ATPase activity. Activity in Medium A minus the 
average activity in inhibitory Media B, C, D and E gave the (Na+-K÷)-activated 
ATPase activity. 

Treatment of the enzyme preparation with concentrated urea solution was 
performed as follows: after incubation for 15 rain at o ° in the presence of 1. 5 M urea, 
the homogenate was centrifuged for I h at IOOOOO × g to remove practically all of 
the urea. The precipitate was taken up in the required amount of water and after 
another period of 3o niin at o ° was used for the (Na+-K+)-ATPase assay. 

The Mg2+-activation curve was obtained by varying tile Mg ~+ concentration in 
Media A and E from o to 6 mM, while maintaining the ATP concentration at 2 raM. 
The Na÷-activation curve was obtained by adding graded amounts of NaCI (o-15o nIM) 
to Medium C. The K+-activation curve was obtained by adding KC1 (o 36 raM) to 
Medium B. In a similar way the Rb+-activation curve was obtained by adding 
RbC1 (o-36 raM) to Medium B. The pH-act ivi ty  curves were obtained by preparing 
Media A and E with Tris-histidine buffers (final concentration of each compound: 
5 ° mM) in the pH range from 6.0 to 7.4, and with Tris HC1 buffers (IOO hiM) in 
the pH range from 7.4 to 9.o. The pH of each resulting medium was nieasured and 
used in plotting the assay results. Inhibition curves for ouabain and erythrophleine 
were determined by adding the inhibitor (IO S-IO -2 M) to Medium A (5 mM K÷). 
Tlie effect of temperature on activity was determined by measuring the ATPase 
activities in Media A and E at the given temperatures. 

RESULTS AND DISCUSSION 

The relative ATPase activities in the various inhibitory media are shown in 
Table I. There was an average 13 % inhibition of ATPase activity upon onfission of 
Na ÷ or K ÷ or addition of lO .4 M ouabain, indicating that the inhibited ATPase ac- 
tivity represents the ouabain-sensitive, (Na+-K+)-activated ATPase. The inhibition 
in the Na+-free Medium C was somewhat higher than in the other media. This is 
presumably due to a slight Na÷-sensitivity of the Mg2+-activated ATPase, as pre- 
viously observed in rabbit brain 12, rabbit kidney 1~, rabbit ciliary body 12, cat choroid 
plexus 12,1~, calf retinal rods 14, the salt gland of the herring gull 15, human leukocytes 1~ 
and the rectal gland of the elasmobranchs 17. Inhibition in the K÷-free Medium B was 
incomplete due to partial activation of the (Na÷-K+)-activated ATPase by the small 
amount of tissue potassium present in the incubation mixture, since the half-maximal 

Biochim. Biophys. Acta, 15o (I968) 460-466 



462 J.A.J.  5{. BAKKEREN S. L. BONTING 

T A B L E  l 

R E L A T I V E  g V [ ' P a s e  A C T I V I T Y  I N  V A R I O U S  S U B S T R A T E  M E D I A  

C o m p o s i t i o n  of s u b s t r a t e  m e d i a  in m m o l e s  pe r  1 (final  c o n c e n t r a t i o n )  : M e d i u m  A : ATP,  N a  sa l t ,  
2;  Mg  ~+, I ;  K ~, 5; Na+,  58;  CN , m ;  E D T A ,  o . i ;  T r i s  buffer ,  92. M e d i u n i  B :  s a m e  as  A, except 
K ~ replaced by N a  +. M e d i u m  C: ATP,  Tr i s  sa l t ,  2; Mg 2+, i ;  K ~, 9;  C N - ,  5; E D T A ,  o . i ;  T r i s  
buffer ,  147. M e d i u m  D :  s a m e  as  A, e x c e p t  i o  ~ M o u a b a i n  p r e s e n t .  M e d i u m  E :  ATP,  N a  salt, 
2 ; Mg 2+, i ; N a  +, 62 ; CN , i o ; E D T A ,  o. i ; o u a b a i n ,  o. i ; Tr i s  buffer ,  9 i .  A T P a s e  activity in Medium 
A ( to t a l  A T P a s e  activity) set a t  i o o ;  d a t a  for M e d i a  B, D and E ( m e a n s  w i t h  s t a n d a r d  e r ro r s  
f r o m  18 determinations) and for  M e d i u m  C ( m e a n s  with standard e r ro r s  f r o m  4 determinations) 
indicate the activity r e m a i n i n g  u p o n  i n h i b i t i o n  of t he  ( N a ~ d ( * ) - A T P a s e  activity. 

Medittm ?,', 

A (conlp le te )  ~ oo 
B (no I(+) 91. 4 :: 0.5 
C (no N a  +) 76.6 ! 0.9 
1) (lO 4 M o u a b a i n )  92.3 } 0. 4 
t 7 - (no K +, i o  4 M o u a b a i n )  88.2 ! 0. 4 
Average of Media B, C, D, E 87.1 3.0 

activation concentration for K ÷ was only 0. 9 mM (Fig. 2). The relative insensitivity 
of the rat to ouabain (Fig. 7) would lead to incomplete inhibition by Medium D 
ix o 4 M ouabain). 

In normal rat liver the mean Mg2*-ATPase activity in Media B, D and E was 
3.63 ± o.o9 (n = I8) and the mean (Na+-K+)-ATPase activity o.374 ~ o.o17 (n 18), 
both expressed in moles ATP hydrolyzed per kg dry weight per h at 37°. Since the 
relative (Na+-K*)-ATPase activity was rather low, and the (Na+-K+)-activated 
ATPase was determined by a differential assay, it is understandable that difficulties 
were encountered in studying the properties of the enzyme, e.g. Na +- and K+-acti - 
vation, ouabain inhibition and pH-dependence. Therefore a pretreatment of the 
enzyme preparation with concentrated urea solution was performed. By this method, 
as described by GLYNN and collaborators I° and by SKOt: u, the Mg2+-ATPase activity 
decreased considerably, while the (Na*-K+)-ATPase activity did not change signif- 
icantly. After treatment with 1. 5 M urea the (Na+-K+)-ATPase activity in rat liver 
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Fig .  I. E f f ec t  of N a  + c o n c e n t r a t i o n  on (Na=-K +) A T P a s e  activity in rat liver h o m o g e n a t e  a f t e r  
u r e a  treatment. 
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was 0.330 (+o .o21)  mole/kg dry  wt. per h (n = i i )  and the Mg=+-ATPase ac t iv i ty  
was o.451 ( ± o . I o o )  mole/kg dry  wt. per h (n = i i ) .  The percentage (Na+-K+) - 
ATPase,  related to total  ATPase, was now 36.5 o/ Jo ( ± 3 - 7  °/o). 

After t rea tment  of the enzyme preparat ion with o.I  % deoxycholate,  according 
to AHMED AND JUDAH 8, for 30 rain at  o °, the (Na+-K+)-ATPase act ivi ty  did not  signif- 
icantly change, but  the decrease in Mg2+-ATPase act ivi ty  was less than after pre- 
t rea tment  with urea. Also in view of the reported 8 decline in (Na+-K+)-ATPase 
act ivi ty  by  use of deoxycholate,  pre t rea tment  with urea was considered to be more 
convenient  for our purposes• 

Fig. i represents the Na+-activation curve for the (Na+-K+)-ATPase sys tem 
of rat  liver. The K + concentrat ion was kept  constant  at  5 raM. The act ivi ty  reached 
a max inmm at 40 mM Na +. Half-maximal  act ivat ion by  Na + occurred at 6 mM Na +, 
somewhat  lower than in some other tissues15, xv. 

The K+-activation curve is given in Fig. 2. In  this case, the Na + concentrat ion 
was kept  constant  at  60 raM. Maximum (Na+-K+)-ATPase act ivi ty  was reached a t  
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Fig. 2. Effect of K + concentrat ion on (Na+-]<+)-ATPase activity in ra t  liver homogenate  after  
urea t rea tment .  
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Fig. 3. Effect of Rb + concentrat ion on (Na+-K+)-ATPase activity in ra t  liver homogenate  after 
urea t rea tment .  
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5 mM K +. Hal f -maximal  act ivation by  K + occurred at 0. 9 mM K +, as in most other 
t i s sues9 ,15 ,17 .  

In studies of active transport Rb ~ is usual ly  taken to behave identical ly  with 
K +, but  this assumption m a y  not be valid for all tissues, as pointed out in a recent 
report is on ion uptake in marine algae. Therefore it was necessary to compare the 
effect of Rb + on the (Na+-K+)-ATPase system with that  of K~. The Rb + concentration 
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l q g .  4. E f f e c t  of  3,lg ~+ c o n c e n t r a t i o n  o n  M g 2 + - A T P a s e  ( O - - - O )  a n d  
a c t i v i t i e s  in ra t  l i v e r  h o m o g e n a t e  a f t er  u r e a  t r e a t i n e n t  

l : ig .  5. lCffect of  p H  o n  M g " + - A T P a s e  (FJ • • • 2~, Tris  h i s t i d i n e  buf fers  

pH 

N a  + - l ' 2 + ) - A T P a s e  ( •  - O )  

O "" " O ,  T r i s - H C I  buffers)  
a n d  ( N a  ~ - K + ) - A T P a s e  ( I - - m ,  f r i s - h i s t i d i n e  buffers;  O- O, Tr i s  I [CI  buffers)  a c t i v i t i e s  in ra t  
l i v e r  h o m o g e n a t e .  ( N a ~ - K  ~ ) - A T P a s e  a c t i v i t y  w a s  d e t e r m i n e d  a f t e r  u r e a  t r e a t m e n t  

was varied from o to 35 mM in the absence of K E, while the Na + concentration was 
kept constant again at 6o raM. Maximmn act iv i ty  was reached at 6 mM Rb + and hatf- 
maxinml  act ivat ion by  Rb~ occurred at o.8 mM Rb'  (Fig. 3). In rabbit lens 9 about 
the s a m e  / { n t  value for Rb ~ was observed. The act ivat ion by Rb + appears indeed 
to be very similar to that  by K ~, and thus it seems to be justified in a s tudy of active 
transport in rat liver to subst i tute  Rb + for K +. 

Fig. 4 shows the effect of increasing the Mg '+ concentration from o to 6 raM, 
while keeping the ATP level constant at 2 raM. In the absence of added Mg "+ there 
was virtual ly no (Na+-K+)-ATPase act ivi ty ,  while the Mg'2--ATPase act iv i ty  was 
about  4 ° % of maximum.  Maximal (Na+-K~)-ATPase act iv i ty  was reached at 2 mM 
Mg 2 -, i . e .  at a Mg2*/ATP ratio of about I. The level of I mM Mg 2 +, used in our standard 
incubation medium, gave I0 % suboptilnal  activity.  Since our studies were essentially, 
of a comt)arative nature, this was considered to be acceptable for our purposes. 

The pH act iv i ty  curves for (Na+-K +)-XFPase and Mg'~+-ATPase are shown in 
Fig. 5- Since the determination of Mg'-' -ATPase act iv i ty  at different pH values after 
treatment with 1. 5 M urea gave variable results, the p H - a c t i v i t y  curve for this enzyme 
sys tem was obtained without  urea pretreatment. The opt imum for (Na+-K+)-ATPase 
was at pH 7.3, for Mg ~ +-ATPase the opt imum pH was at 8. 7. These values agree 
very well with the optima for both enzyme systenls,  found in other tissuesgJ 5. 

The effect of temperature on (Na*-K') -ATPase  and Mg~--ATPase activit ies is 
represented in Fig. 6. Fo r  both  e n z y m e  systems max imu m act iv i ty  was reached at 
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45 °. This is in good agreement  wi th  the  findings of SCHONER et al. in ox bra in~t  
Fig. 7 shows the ouaba in  inhibi t ion  curve for (Na+-K+)-ATPase in the  presence 

of 5 mM K +. Complete  inhibi t ion  d id  not  occur unt i l  a t  IO -2 M ouaba in  concent ra t ion .  
The nega t ive  logar i thm of the  ha l f -max imal  inhibi t ion concent ra t ion  was pla0 = 3-9. 
This  curve demons t ra t e s  again the  low sens i t iv i ty  of the  ra t  to ouabain,  as previous ly  
es tabl i shed  b y  REPKE,  EST AND PORTIUS 2° in a s t u d y  of digi tal is  act ion on ra t  hea r t  
muscle. 
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Fig. 6. Effect of t empera ture  on Mge+-ATPase (O " " " O) and (Na+-K+)-ATPase ( @ - - O )  activities 
in rat  liver homogenate.  (Na+-K+)-ATPase activity was determined after urea t rea tment .  

Fig. 7. Effect of ouabain  ( 0 - - 0 )  and erythrophleine ( O - - O )  on (Na+-l(-)-ATPase activity in 
ra t  liver homogenate  after urea t rea tment .  P/s0 is the negative logarithnl of the molar  inhibitor  
concentrat ion,  causing half-maximal  inhibition. 

In  view of the  demons t r a t ed  s inf i lar i ty  be tween the cardiac  glycosides and  
the  Eryt t~rophleum alkaloids  in thei r  behavior  towards  (Na- -K+)-ATPase  1~, the  effect 
of e ry throphle ine  was compared  with  t ha t  of ouaba in  (Fig. 7)- Nei ther  subs tance  
inh ib i ted  Mg2+-activated ATPase,  while ( N a + - K J - A T P a s e  was inhib i ted  for 4 8 % by  
ouaba in  (pls0 3.9) and  for o/ ~ = = 9 ° Jo by  e ry throphle ine  (Plso 5.1) at  IO ~ M concen- 
t ra t ions .  Thus e ry throphle ine  is a more effective inhib i tor  t han  ouaba in  for ra t  l iver,  
as was also found previous ly  in o ther  tissues. The difference in the pls0 for these two 
inhib i tors  was of the  same order  in all t issues : r abb i t  bra in  ~2 : 0.6, cat  choroid plexus la : 
i . i ,  t oad  bladder2t :  1.3, r a t  l iver:  1.2. 

The quest ion arises whe ther  the  p r e t r e a t m e n t  wi th  urea  might  change the en- 
zymic  proper t ies  of the (Na+-K+)-ATPase.  In  p re l iminary  exper iments ,  in which no 
urea  t r e a t m e n t  was applied,  the same ha l f -maxi lna l  inhibi t ion  concent ra t ion  for 
ouaba in  was ob ta ined  as af ter  urea  t r e a t m e n t  (pls0 3.9). The op t imum pH for 
(Na+-K+)-ATPase wi thou t  urea  t r e a t m e n t  was 7.3-7.4, very  close to the  value of 
7.3 found af ter  urea  t r ea tmen t .  We may,  therefore,  conclude t ha t  the  kinetic  proper-  
t ies of the  l iver (Na+-K+)-ATPase were not  s ignif icant ly changed b y t h e  urea  t r e a tme n t .  

ACKN O\VLEDGEMENTS 

The technical  ass is tance of Miss E. D. KUHLMANN is gra tefu l ly  acknowledged.  
E ry th roph le ine  sulfate  was a gift  of E. Merck, A.G., D a r m s t a d t ,  Germany .  

Biochim. Biophys. Acta, 15o (1968) 460-466 



466 j .A.J .M. BAKKEREN, S. L. BONTING 

R E F E R E N C E S  

1 J. A. J. M. BAKKEREN AND S. L. BONTING, Biochim. Biophys. Acta, 15o (1968) 467 . 
2 J. C. SKou, Biochim. Biophys. Acta, 23 (1957) 394. 
3 R. L. POST, C. R. MERRITT, C. R. KINSOLVI~'G AND C. D. ALBRIGHT, J. Biol. Chem., 235 (196o) 

1796. 
4 E. T. ~DUNHAM AND I. M. GLYNN, J. Physiol. London, 156 (1961) 274. 
5 S. L. BONTING, L. L. CARAVAGGIO AND N. M. HAWKINS, Arch. Biochem. Biophys., 98 (1962) 413 . 
6 S. L. BONTING A~O L. L. CARAVAGGIO, Arch. Biochem. Biophys., IOI (1963) 37. 
7 p- EMMELOT, C. J. Bos, E. L. BENEDETTI AND PH. t{/]IMKE, Biochim. Biophys. Acta, 90 (1964) 

126. 
8 1,2. AHMED ANn J. D. JUDAH, Biochim. Biophys. Acta, 93 (1964) 603. 
9 S. L. BONTING, L. L. CAI~AVAGGIO AND N. ~'i. HAWKINS, Arch. Biochem. Biophys., i o i  (1963) 47- 

i o  L -~I. GLYNN, C. \¥ .  SLAYMAN, J. EICHBERG AND R. M. C. DAWSON, Biochem. J., 94 (1965) 692. 
I I  j .  c .  SKOU AND C. HILBERG, Biochim. Biophys. ,4eta, i i o  (1965) 359. 
12 S. L. BONTING, N. M. HAWKINS AND M. R. CANADY, Biochem. Pharmaeol., 13 (1964) 13. 
13 TH. S. VATES, Jr., S. L. BONTING AND \V. W. OPPELT, Am. J.  Physiol., 206 (1964) 1165. 
14 S. L. BONTING, L. L. CARAVAGGIO AND ~ .  R. CANADY, Expll. Eye Res., 3 (1964) 47. 
15 S. L. BONTING, L. L. CARAVAGGIO, ~ .  R. CANADY AND X. ~'/. HAWKINS, Arch. Bioehem. Bio- 

phys., lO6 (1964) 49- 
16 J. 13. 13LOCK AND S. L. BONTING, Enzymol. Biol. Clin., 4 (1964) 183. 
17 S. L. BONTING, Comp. Biochem. Physiol., 17 (1966) 953. 
18 K. I~. WEST AND ~'[. G. PITMAN, Nalure, 214 (1967) 1262. 
19 W. SCHONER, C. VON ILBERG, R. NRAMER ,aND W. SEtrBERT, European J. Biochem., I (1967) 334. 
20 }{. REPKE, M. EST AND H. J. PORTIUS, Biochem. Pharmacol., 14 (1965) 1785. 
21 S. L. BONTING AND 3'I. R. CANADY, Am. J. Physiol., 207 (1964) lOO5. 

Biochim. Biophys. Aeta, 15o (1968) 460-466 


