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SUMMARY 

A deoxycholate-solubilized (Na+ }- K *)-dependent ATPase from rabbit renal 
cortex has been stabilized in buffers containing glycerol and purified about 5o-fold 
by agarose gel filtration and glycerol density gradient centrifugation. The ATPase is 
ouabain-sensitive and requires phost)holipid for maximum activity. 

The optimal Na~/K ~ ratio is about Io :L  and the optimal pH is 7.i. CI'P and 
ITP, but not ADP or GTP, serve as alternate but less effective substrates. The partially 
purified ATPase contains K ~-activated /5-nitrophenylphost)hatase activity which is 
not accelerated by t)hospholipid. 

INTROI)UCTION 

One of the obstacles to understanding the mechanism of (Na~-} K" )-dependent 
ATPase (ATP phosphohydrolase, EC 3.6.i.3) in active transport of cations across 
biological membranes'," has been tim failure to purify and stabilize the enzyme in 
soluble form. Recent reports from UF.st(;I el al. a and KAHI.ENBERG e'l al. 4 have indi- 
cated that a lmbrol-solubilized preparation from beef brain can be stabilized by ATP 
and Na+ or K ,  but subsequent efforts toward purification were hindered by loss of 
activity. 

"]'ANAIKA AND STRICbiLANI)  5 described the preparation of a deoxvcholate-solu- 
bilized, t)host)holipid-activated ATPase from a membrane fraction of beef brain. An 
earlier report from this laboratory (~ showed that such a soluble preparation from rat 
kidney cortex also required t~host)holipid for maxinmm activity and that the require- 
ment was best fulfilled l) 5 1)hosphatidylserine. The present conmmnication describes 
the stabilization, partial tmrification, and properties of a soluble, ouabain-sensitive, 
(Na' @ K ~)-dependent ATPase from rabbit kidney cortex. The final preparation pos- 
sesses high specific activity and retains the phost)holipid requirement. 

I'2XPER1MI£NTAL I 'ROCEI)URF 

,qohth:ons a m t  reageJtts 

Solutions used in the purification procedure were of the following composition. 
Buffer A2o: 5o mM Tris-inaleate, i mM dithiothreitol, r mM EDTA, zooo (v/v) 

Biockim. t~iopk),s. Acla, 2o 3 ( i97o)  ~-'4 ~32 



PURIFICATION OF (Na+@E4)-DEPENDENT ATPase 125 

glycerol (pH 7.2, 3°); Buffer A5o: 50°0 (v/v) glycerol, plus other  reagents as listed 

for Buffer A2o. 
ATP, p-ni trophenylphosphate,  and phosphatidyl-L-serine were obtained from 

Nutri t ional  Biochemicals Corp. Tr is (hydroxymethyl)aminomethane (Trizma base), 
Tris maleate, ouabain, dithiothreitol, ADP, CTP, ITP,  p-nitrophenol,  and bovine 
serum albumin were purchased from Sigma Chemical Co. GTP was obtained from 
( 'albiochem and sodium deoxycholate  from Mann Research Laboratories. 8 % agarose 
(Bio-Gel A-I.  5 m, lOO-2OO mesh) was obtained from Bio-Rad Laboratories,  blue 
dextran from Pharrnacia, and reagents for polyacrylamide electrophoresis from 
Canalco. All other materials were reagent grade. 

Analytical methods 
ATPase act ivi ty was determined in a reaction mixture containing 50 mM Tris-  

acetate buffer (pH 7.1, 37°), 3 mM Mg('l 2, IOO mM NaC1, IO mM KC1, 2 mM ATP Tris 
(pH 7.o), I mM dithiothreitol, o.15 mM phosphatidylserine, plus I mM ouabain as 
indicated. After incubation at 37 ° for 2o min as previously described ~, Pi was deter- 
mined by  the method of FISKE AN'[) SUBBARow 7. Ouabain-sensitive, (NaY+K+) - 
dependent  ATPase act ivi ty  ( (Na*+K+)-ATPase)  was defined as the difference be- 
tween values obtained without  ouabain and those obtained in the presence of i mM 
ouabain (Mg2+-ATPase). Since commercial  phosphatidylserine act ivated the enzyme 
as well as preparations purified by column chromatography  8 or preparat ive thin-layer 
chromatography  9, unpurified phospholipid was used routinely. Aqueous emulsions of 
phosphatidylserine were prepared by drying a chloroform methanol  solution at 25 ° 
under a stream of N 2 and homogenizing in an all-glass Pot ter  Elvehjem apparatus.  

p-Nitrophenylphosphatase  activi ty was est imated in a mixture containing 
50 mM Tris-aceta te  buffer (pH 7.1, 37°), 3 mM MgCI> I mM ditlfiothreitol, and 2 mM 
p-ni t rophenylphosphate ,  in a final volume of 2 ml. Additions of IO mM KC1, o.15 mM 
phosphatidylserine, or I mM ouabain were made as indicated. The reaction was 
initiated by the addition of enzyme and was terminated after 20 min at 37 ° bv adding 
2 rnl cold lO% (w/v) trichloroacetic acid. Following centrifugation, aliquots of the 
supernatant  were mixed with 3 ml I M Tris in a final volume of 5 ml, and the A405 m/, 
was determined. K+-act ivated p-ni t rophenylphosphatase  act ivi ty was calculated by 
subtract ing values obtained in the presence of Mg 2+ alone from those obtained in 
the presence of both Mg 2~ and K ~. 

Protein concentrat ions were measured according to LOWRY el al? °, using crystal- 
line bovine serum albumin as standard.  Organic phosphorus was determined by the 
method of AMES u, and deoxycholate was determined according to MOSBACH et al) 2. 

Purification of soluble (Na+ + K+)-dependent A TPase 
All operations were performed at o 3 °. Frozen rabbit  kidneys, obtained from 

Pel-Freez Biologicals, Inc., served as a convenient source of enzyme if used within 
one month after slaughter. Kidneys were thawed in 0.25 M sucrose and the renal 
cortex homogenized in the same medium in an all-glass Po t t e r -E lveh jem homogenizer.  

o.33 o Preparat ion of a membrane  fraction, t rea tment  with o., deoxycholate,  and 
35-60% (NH4),,SO 4 fraetionation were performed essentially as described by TANAKA 
AND STRICKLAND 5. The final (NH4)2SO 4 precipitate was suspended in Buffer A2o to 
give 5 6 mg protein/ml and centrifuged at IOOOOO x g for I 11. Tim supernatant ,  

Biochim. Biophys. Acta, 203 (197o) I24-I3z 
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which contained the enzyme  referred to as "soluble", was dialyzed overnight against 
5o ¢oo  voI. of Buffer Aeo. 

The dialysate was concentrated 4-fold using Centriflo membrane filters supplied 
by Alnicon Corp. Approx. 2 ml of concentrated enzyme  (IO 15 mg t)rotein/ml) were 
then applied to a 25 m m  < 36o rain column of 8% agarose which had been packed 
using Buffer A2o. Upward flow of the same buffer was maintained at i o  ml/h with 
a Mariotte flask, and 3-ml fractions were collected. Void volume was determined as 
the elution volume of blue dextran. All of the (Na,  ~ K ~)-dependent ATPase act iv i ty  
and approx. 25°0 of the protein eluted in the void v(flume (Fig. I). 
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l"i~. r. Ge l  f i l trat ion of ( N I I ~ ) 2 S ( )  j f r a c t i o n  o f  ( N a  + 4 I ' ~ : ) - d c p e n d e n t  A T P a s e  on  S /o agarose.  
A T t ' a s e  a c t i v i t y  was  lneasured in comple te  m e d i u m  (see EXPH¢IX~]~:,XTAL m¢OCEDt, RE). 8 t  ° o o f  
the  appl ied ATPase  a c t i v i t y  was recovered.  The arrow indicates  the  void  vo lume.  @ O ,  A T P a s e ;  
O O ,  p r o t e i n .  

Active  fractions of the 8% agarose eluate were pooled and concentrated with 
Centriflo filters. The glycerol concentration was then diluted to 4°o (v/v) with I mM 
E D T A  I mM dithiothreitol ,  and the enzyme  solution was reeoncentrated.  Approx.  
o. 5 ml (I 2 ing protein/ml) was layered over linear gradients (3o ml) of 5 2O?o (v/v) 
glycerol prepared in 5o mM Tris maleate,  I mM EDTA,  I n-lM dithiothreitol  (pH 7.2, 
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PURIFICATION OF ( N a  ~ 1£ r ) -DEPEN DENT A T P a s e  

Assav condi t ions  are described in the  text .  

Ntcp l 'ohtme Proh'i~ 
(ml)  (m:,,) 

Specific activity Recovery t 'urfficatio~ B/A 
(/ulmles P/mg per miJd (°'o) (fold) 

,4 TPasc 4 7"Pa.~, 
(A I (B) 

H o m o g e n a t e  3oo  447  ° o. 125 o . o 8 8  t o o  i .o o. 7 
M e m b r a n e  fract ion 3 6 . o  421 o . 2 1 9  o . o 9 2  9 .9  r .o  o. 4 
(NH4).}SO 4 fract ion T5.4 ,';9.~ o.o71 o.41o 9--t 4 .7  5 .8  
Agarosc  e luate  3 8 . 6  u 5-5 o. 157 i .5 r 0 .o  u 7.2 9 . 6  
Glycerol  gradient  

fract ion  No5 2.2 o . 5 0  4.£,~; 2 .7 55 .5  8 .7  

Biocldm. ]3iol~kvs...lo/a, 2o 3 ( t 9 7 o J  ~24 13-' 



PURIFICATION OF (Na + q- K+)-DEPENDENT ATPase  I27 

3 °) over  a 4-ml cushion of Buffer A5o. Fol lowing cent r i fugat ion  in a SW-25.I  ro to r  
for 14 h at  24ooo rev. /min,  f ract ions were collected dropwise from the b o t t o m  of 
the  tubes.  F rac t ions  wi th  high specific ac t iv i ty  were pooled and used in experiments.  
descr ibed below. F o r  long- term storage,  the  purified enzyme solut ion was d ia lyzed  
for 36 h agains t  Buffer A5o and s tored at  - -2o  °. 

The purif icat ion procedure  is summar ized  in Table  I. 

Polyacrvlamide gel electrophoresis 
E n z y m e  prepara t ions  were mixed  slowly with 9 vol. of acetone at  --2o°, s t i r red 

for IO min at  o °, and  centr i fuged at  IOOOO × g for 5 min. The prec ip i ta tes  were dis- 
solved in phenol  acet ic  a c i d - w a t e r  (2 : i " I ,  \V/V/V) conta in ing  4 M urea  and submi t t ed  
to electrophoresis  on 5 °o po lyac ry lamide  gels in the  sys tem of TAKAYAMA el al. 13, 
as modified by  WIDXELL AND UNKELESS n. The lower electrode served as the  cathode.  
Gels were s ta ined  in I °o amido schwarz in 7 o; acetic acid for 1.5 h and des ta ined  
in several  changes of 7% acetic acid. 

RESULTS AND DISCUSSION 

Stabilizatio~z of enzyme 
The ins tab i l i ty  of ( N a + + K + ) - d e p e n d e n t  ATPase  upon release from m e m b r a n e  

p repara t ions  has h indered  a t t e m p t s  at  i ts  purif icat ion 3& We have observed  tha t  the  
(NH4)2SO 4 fract ion of the  enzyme,  suspended in e i ther  5o mM Tris malea te  alone, 
or 5o mM Tris malea te  plus I mM E D T A  and  I mM di th io thre i to l  (pH 7.2, 3°), lost 
8o lOO% of i ts ouabain-sens i t ive  enzymat ic  a c t i v i t y  upon storage for 3 days  at  3 '~. 
If, however,  the  solut ion conta ined  2o°o (v/v) glycerol,  7O°o of the  original  ouaba in-  
sensi t ive ATPase  ac t iv i ty  was re ta ined  af ter  3 days.  If the  glycerol  concent ra t ion  
was increased to 50 O~o, full activity~ was ma in t a ine d  af ter  s torage for 24 days.. Glycerol  
was thus  recognized to be an effective s tabi l iz ing agent,  wi th  no requi rement  for 
subs t r a t e  or ac t iva t ing  cations.  Glycerol ,  a t  concent ra t ions  of up to lO.5°o, had  no 
effect on the  assay  of ( N a + + K - ) - d e p e n d e n t  ATPase.  However ,  d i th io th re i to l  in- 
creased ac t iv i ty  subs tan t i a l ly  and was used rout inely.  
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Fig. 2. Glycerol density gradient centrifugation of (Na + + K+)-ATPase eluted from agarose column. 
ATPase activity was ineasured as in Fig. i. 0 - - 0 ,  ATPase; O O, protein. 
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I'urz~/icatioll of  c,zzvmc 

The preparations described in this report had a specific activity of 4.5 0.5 
/~moles P/lng protein per rain at 3 7 ,  representing a 5 °- to Ioo-fold purification. 
Previously, the purest known solubilized (Na~ q--K )-dependent ATPase, with a spe- 
cific activity of _0.2, was prepared from beef brain by KAHLENBI.-'I{G 61 al.*. A particulate 
enzyme from rabbit kidney medulla, recently described by JORGI,;NSI,;N AND SI,~OU 15, 

had a maximum specific activity of i4.6 after a t9-fold purification. Our t)ret)aration 
thus appears to be one of the purest so far reported, l~olvacrvlamide electrophoresis 
~)f fractions at various stages of t)urification confirmed that significant purification 
had been achieved. The final preparation showed two  major bands ]Shts a small amount 
of non-migratory material (l-ig. 3). Since denaturing conditions were employed for 

Fig. 3. l ' o lyac ry lamide  gel e lectrophoresis  of p repara t ions  a t  var ious  s tages  of purif icat ion.  Exper i -  
men t a l  condi t ions  were as descr ibed in the  text .  A, m e m b r a n e  @action; B, (NII4)~SOa fract ion;  
( ' ,  glycerol Rradient  fract ion.  

electrophoresis, neither tile excluded material or the bands can be associated with 
enzymatic activity. However, it is evident that  the purification procedure removed 
a considerable number of non-ATPase proteins. Thus, the observed increase in specifc 
activity appears to be due primarily to actual purification, and not to activation of 
tlle enzyme system by deoxycholate, which has been observed with particulate prepa- 
rations from kidney ~a iv. 

The elution pattern of the solubilized ( N a +  K '  )-dependent ATPase from 8 °o 
agarose (Fig. i) is consistent with the gel f l t ra t ion behavior of other solubilized 
ATPase preparationsa, 4. The soinewhat disperse distribution of activity in the glycerol 
density gradient following centrifugation {Fig. 2) may represent varying degrees of 
protein aggregation. 

14iochim. t~iophys..qcta, 2<):; (197o) 124 i32 
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Properties of purified (Na+ + K+)-dependent A TPase 
The proper t ies  of soluble ( N a - - - K ~ ) - a c t i v a t e d  ATPase  from rabb i t  k idney  

cortex,  wi th  respect  to effects of cat ion concent ra t ion  and pH,  are in good agreement  
with results reported for particulate preparations isolated from mammalian kid- 
nevl8 is  Resul ts  from exper iments  in which Na?  and K- concentra t ions  were var ied  
while holding to ta l  concent ra t ion  cons tan t  ind ica ted  tha t  tlle presence {}f both cat ions  
is necessary for s t imula t ion  of ATPase  ac t i v i t y  (Fig. 4). Opt inml  ac t iv i ty  was observed 
at  a N a + / K -  ra t io  of between IO: i  and  8:3. Ouabain  depressed  ATPase  a c t i v i t y  in 
the presence of both Na-  and K +, bu t  had  no effect with e i ther  cat ion alone. 
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F ig .  4. E f f e c t  of  [ N a + ] / i K +  ] r a t i o  o n  A T P a s e  a c t i v i t y ,  O - - O ,  c o l n p l e t e  l n e d i u m  w i t h  i n d i c a t e d  
[ N a Z i  a n d  [ K + ] ;  O - - O ,  plus I m M  o u a b a i n .  

F ig .  5- E f f e c t  o f  p H  o n  o u a b a i n - s e n s i t i v e  (Na  + / K + ) - d e p e n d e n t  A T P a s e  a c t i v i t y  n l e a s u r e d  in 
5 ° m M  T r i s - m a l e a t e  b u f f e r s .  O t h e r  c o m p o n e n t s  of  t h e  a s s a y  m e d i u m  w e r e  as  d e s c r i b e d  in  t h e  t e x t .  
M e a s u r e m e n t s  of  p H  w e r e  m a d e  d u r i n g  t h e  i n c u b a t i o n .  

T A B L E  i i  

SUBSTRATE SPECIFICITY OF TRIPHOSPHATASE ACTIVITY 

All n u c l e o t i d e s  w e r e  a s s a y e d  a t  a c o n c e n t r a t i o n  of  2 r aM.  

Nuch, otide Phosphatidyl- Specific activity 
serine (~orioles P/mg per ra in)  

3I f  2-- (Na+ + K+) - 
dependent dependent 

A T P  - -  0 .40  2 .28  
-,- 0 .63  4 .87  

A I ) P  - -  o . 1 3  o 

o . 1 4  o 

C T P  -- 0.53  0 .48  
t -  0 . 2 4  3 . 7 3  

IT1 } _ 0 .2  7 o .13  
+ 0 .43  0 .78  

G T P  - -  0 .48  o 
+ 0 .26  0 .06  

Biochim. Biophys. Acta, 203 ( i97o)  i 2 4  i 3 2  
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T h e  d e p e n d e n c e  of ouaba in - sens i t i ve  A T P a s e  a c t i v i t y  on p H  is shown in Fig.  5- 
M a x i m u m  a c t i v i t y  was obse rved  a t  p H  7.1. 

C T P  and  I T P ,  b u t  no t  A D P  or  GTP,  se rved  as a l t e r n a t e  b u t  less e f fec t ive  sub-  
s t r a t e s  for the  pur i f ied  A T P a s e  (Table  II) .  The  hydro lys i s  of C T P  and  I T P  was inhi-  

b i t ed  by  ouaba in  and  acce le ra t ed  by  phospha t idy l se r ine .  

/ /  70 

f 

IoL_//O(If 1.2 I 1 I0 I1 12 
0 10- 10- 10 10 10 

Mg phosphatidyl serene/rag protein 

Fig. 0. Effect of phosphatidylserine/protein ratio on ouabain-sensitive ATPase activity of 
(NH4),~S() 4 fraction (O O) and glycerol gradient fraction ( Q - - O ) .  Optimal phospholipid concen- 
trations were 15o and 15 ffM, and maxinlum ATPase activities were o.33 and 4.58/,moles P/rag 
protein per rain, for the (NIla).,SO 4 fraction and glycerol gradient fraction, respectively. 

The  effect of p h o s p h a t i d y l s e r i n e  on ouaba in - s ens i t i ve  A T P a s e  a c t i v i t y  is shown 
in Fig.  0. The  o p t i m a l  p h o s p h o l i p i d / p r o t e i n  ra t io  for t he  pur i f ied p r e p a r a t i o n  was  

a b o u t  4-fold h igher  t h a n  t h a t  for t he  (NH4)2SO 4 f rac t ion .  This  change  in r a t io  which  

a c c o m p a n i e s  pur i f i ca t ion  m a y  be i n t e r p r e t e d  as an index  of the  speci f ic i ty  of phos-  

p h a t i d y l s e r i n e  for ( N a = & K + ) - d e p e n d e n t  ATPase .  If  t he  phospho l ip id  i n t e r a c t e d  

e q u a l l y  wi th  t he  va r ious  p ro te ins  in the  two  f rac t ions  s tud ied ,  the  o p t i m a l  phospho-  

l i p id /p ro te in  ra t io  shou ld  no t  change  ut)on pur i f ica t ion .  H o w e v e r ,  if t he  phosphol i t ) id  

i n t e r a c t e d  m a i n l y  wi th  t he  (Na F ~ K ~ ) - d e p e n d e n t  ATPase ,  t he  o b s e r v e d  ra t io  should  

v a r y  dire(- th '  wi th  the  degree  of pur i f ica t ion .  Our  resul ts  lead  to the  l a t t e r  conclus ion .  

TAIgLI,; 111 

EFFI: .CT OF P U R I F I C A T I O N  ON 

.Vl'l)ase ACTrVlTY 

SI@ 

RATIO OF PHOSPIIOLIPID-ACTIVATED/PIIOSI)HOLIPID-INDI~PENDI~2NT 

(Na' : N+)-d TPase activity ]¢/A 
(ffmoles P/mg /)er mi~z) 

t)ko@kat~dy/- ~ Pko@katid3~l 

Homogenate o.oq i o.o88 1 .o 
Membrane fraction o.o,~;~ 0.092 i. I 
(NH4),aS() 4 fraction 

a. Undialvzed °.°5o o.4~o 8.2 
b. Dialyze(1 o. ] 23 0.379 3- i 

Agarose eluate °'568 ~.5 [ 2.7 
Glycerol gradient fraction 2.2 5 4 . 8 8  2 . 2  

1;iockim. 13iopky.,..qcla, _,o 3 (rq7 o) l e. t 132 
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The decrease of the ratio phospholipid-activated/phospholipid-independent 
ATPase activities upon purification (Table I I I )  does not appear to be due to instability 
of the phospholipid-activated portion. While o,.. 92 :o of the total activity remained after 
dialysis of the (NH4)2SO 4 fraction, the ratio of ouabain-sensitive ATPase activity in 
the presence of phospholipid to activity in its absence decreased from 8.2 to 3. I. Under 
sinfilar conditions of dialysis, residual deoxvcholate was lowered from o.o87 to o.o38 
rag/rag protein. Phospholipid might, therefore, activate the enzyme by removing 
bound detergent, as suggested by, EMMELOT AND BOS 19. 

T A B L E  I V  

p - N I T R O P H E N Y L P H O S P H A T A S E  ACTIVITY IN PARTIALLY P U R I F I E D  A T P a s e  P R E P A R A T I O N S  

Step Ouabain Specific activity 
(ltmoles p-nitrophcnol/mg per rain) 

3lg2+-activated K + activated 

-- Phos- 4- Phos- -- Phos- {- Phos- 
phatidyl- phatidyl- phatidyl-  phatidyl- 
serine serine scrim' serinc' 

(NH4) . ,SO 4 f r a c t i o n ,  d i a l y z e d  --  0 .030 0.026 0.069 
@ 0 . 0 2 8  0 . 0 2 2  0 . 0 0 4  

G l y c e r o l  g r a d i e n t  f r a c t i o n  - -  0.05 0.02 1.o8 
T O.OI 0 . 0 2  0 . 1 4  

0.077 
0.004 

0.88 
0.06 

The partially purified enzyme contained a highly active K+-activated, ouabain- 
sensitive p-nitrophenylphosphatase (Table IV), which has been found associated with 
(Na++K+)-dependent  ATPase preparations of lower specific act ivi ty 2°-22. Purifi- 
cation of K+-aetivated p-nitrophenylphosphatase followed that  of (Na + -  K*)-depen- 
dent ATPase, with an increase in specific activity of I I .  4- and II.9-fold, respectively' 
from the (NH4)2SO~ fraction to the final purified preparation, giving further evidence 
for close association of the two enzymatic activities. I t  should be noted that  the 
undialyzed (NH4),,SO4 fraction contained an ouabain-sensitive p-nitrophenylphos- 
phatase which was not responsive to added K ~. This enzymatic behavior may  be 
at tr ibuted to residual NH4+ , which substitutes for K - as an activating cation for 
the p-nitrophenylphosphatase 21. 

Phosphatidylserine failed to significantly increase K*-activated p-nitrophenyl- 
phosphatase activity in the (NHa)2SOa fraction (Table IV), in contrast with a recent 
report of TANAKA ~2. In fact, K+-activated p-nitrophenylphosphatase activity' in the 
final purified preparation appeared to be inhibited by phospholipid. On the other 
hand, phosphatidylserine increased (Na -+ -- K+)-dependent ATPase activity of the 
same preparation by I I5 %. I t  thus appears that  while phosphatidylserine is required 
hy the ATPase, it is not required for K +-activated p-nitrophenylphosphatase activity', 
which is thought by some investigators to represent the final step in the mechanism 
of (N a + + K+)-dependent ATPase ~,2a. 

Our results indicate that  (Na=.K+)-dependent  ATPase from rabbit  kidney 
can be stabilized and purified in soluble form, allowing further investigations on the 
mechanism and molecular nature of the enzyme. 
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