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Running Ti. t l e  : 180 Exc!L~~\:c:I? KI!,:ICT~ONS OF (Na f-, Kf) -ATPases 



N ~ C ~ O S O ; ~ ~ ~ I .  p r e p n r a t i o n s  of the ( ~ i i + ,  1 < - 9 - ~ ~ i 3 2 s e  from p o r c i n e  o u t e r  

med~i!.la a n d  e l e c t r o p l a x  ca t a lyzed  a r a p i d  

o f  wa te r  oxygens w i t h  i n o r g a n i c  phosplirii-e i u  t h e  absence o f  ATP o r  ADP. 

, E s c l ~ a n g e  a c t i v i t y  was una f fec t ed  by uncocip lcus  nnd i n h i b i t o r s  o f  o x i d a t i v e  

2 -;-A- and KS- d e pe nd en  t cxcha nge 

p2;os phory l a  t i o n  but  was ir,hi.b i t ed by Ih .+-, ou-?!~.? i n ,  N, N ' --d i cyc 1.ohexy l c a  r- 

b o d i i w i d e ,  o r  p-mercuribenzoate .  No n u c l e o t i d e  requi rement  f o r  t h e  exchange 

c o u l d  be denionstra t e d .  

Addi.tion of ATP t o  a Nat inhibi ted sys!:em r e s u l t e d  i n  an  exchange of 

oxygc'ns of medium Pi concomitant  w i t h  A T P  h y d r o l y s i s ,  This  ATP-induced 

exchange amounted t o  1..5 oxygen atoms per  Pi- r e l e a s e d .  N e i t h e r  AEP n o r  

a d e n y l y i  methyLene diphosphonate  would  ser-\7e t o  a c t i v a t e  t h e  exchange. 

Treati-iieilt of t h e  p r e p a r a t i o n s  w i  t h  t i ~ n ~ ~ 7 c h n l  a t e  apparent1 .y  ijnrnr.pIe8 

t h e  metliu:;1 Pi 8 HOH exchange b u t  was witi!out a r i e c t  on t h e  ATP-induced 

exrhni~ge  . 
The d a t a  sugges t  t h a t  t h e  exchsnge a r i i e c  by p a r t i a l  r e v e r s a l  of a 

l a t e  s t e p  i n  ATP h y d r o l y s i s  by t h e  (Na", I d - )  -ATPase. 
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INTROD UC T 1 ON 

A s od i. imi - a nd p o t a s s iuin-d e pend en  t ad e110 :i i. ii (1 t I: i. p!i o s pha t n s e , i n  t ima t e 1.y a s s c - 

ciaitcci 1witl.i ce l l .  meiubranes, i s  be l ieved  t o  be r e s p o n s i b l e  foi- t h e  coupled a c t i v e  

t ~ : ~ i l ~ j > o ~ t  of sodi.um and potassium 2nd of c e r t a i n  o r g a n i c  s o l ~ i t e s  a c r c s s  e u c a r y o t i c  

c e l l  nieiiil~i-aiies (1,2). The mechanism by which ei;ei.gy Lrom ATP i s  coupled t o  

t r a m p o r t  by t h i s  s p e c i a l i z e d  ATPase i s  no t  unc1erst:ood ( 3 ) .  

S e v c ~ : ~ ~ l  ATP-associated energy- t ransduci  ng systems i n  which t h e  h y d r o l y t i c  c I ~ a v - -  

age  o f  A T P  i s  coupled t o  an  ene rgy- requ i r i cg  p r o c e s s ,  a s  i n  c o n t r a c t i l e  systems,  

o r  i.n which  A.'TP i s  formed by e l i m i n a t i o n  of wa te r  f rom P i  and ADP, a s  i n  o x i d a t i v e  

a n d  pho tosyn the t i c  phosphoryla t ion ,  have been  fouixl t o  c a t a l y z e  oxygen exchaiiges 

between s u ! i s t r a t e s  and 1-120. Recogni t ion  t h a t  e i lcrgy-coupl ing mechanisms w i t h i n  

en e r g  y - t r R n s d u c i 178 s y s t enis may ha v e s i m  i 1 a r i t i e s o f mo 1 e cu 1 a r d e s i g: n p r 017 i d  e s i m  e tu 3 

t o  s e a r c h  f o r  mechan i s t i c  a n a l o g i e s  among s p e c i a l i z e d  ATPases, o x i d a t i v e  and photo- 

synthr  t i c ~ h o s p h o r y l a t i o n ,  and myosin-actomyosii, c o n t r a c t i l e  systems.  Measurement 

o f  oxygen exchange r e a c t i o n s  and t h e  f a t e  o f  phosp!?ate oxygens w i t h  t h e s e  systems 

has  give,  i n s i g h t s  i n t o  t h e i r  i n t e r a c t i o n s  w i t h  ATP, Pi and H20 ( 4 - 8 ) .  

The s t u d i e s  r epor t ed  he re  s e r v e  t o  document the occurrence  and p r o p e r t i e s  of 

r ap id  oxygen-  18 exchange r e a c t i o n s  ca t a lyzed  by t h e  membrane-bound (I\la+, &-ATPase 

i s o l a t e d  froni two d i v e r s e  sou rces ,  the o u t e r  medcl l la  o f  po rc ine  kidney and t h e  

electi-o;?1a): of t h e  e l e c t r i c  e e l .  P re l imina ry  p r e s e n t a t i o n s  o f  some of t h i s  d a t a  

have appeared ( 9 ) .  

I. EXPERIMENTAL PK0CEL)URES 

Ma t e r i a  1 s 

E lec t  1-ophorus e l e c t r i c u s  was obta ined  from World Wide Aquarium Trade r s ,  

Marina d e l  Rey, Los Angeles,  C a l i f o r n i a .  

sources i i a s  p u r i f i e d  b e f o r e  u s e  ass desc r ibed  by DeLuca ,et a l .  (10) .  Normalized 

w a t e r  rii approz imatc ly  1 .4  atom % excess  l 8 O  was obttaiiied from Yeda Research 

and I > c a v i  I O ~ J , I ~ C ~ I I L  Company, Rehovoth, I s r a e l .  0 l i g m y c i  n was purchased irom 

t h e  1 ' 1  r 1 I I ,  121timni Research Foundat ion,  Madison, [ ' i  5cor.sin.  5-Chloro-3- 

t - l ) u t b  1 I - L I  Ioro-4'-nitrosalicylanilide ( S - 1 3 )  i 1 . 3 . i  L l i c  g i f t  of Monsanto 

3 2 P i  from v a r i o u s  commercial 



Chemicals. Carbonyl cyan4 d e  m-chlorophenylhyd?:nzone (m-CCCP) was obta ined  

froin DuPont L a b o r a t o r i e s ,  Ouabain, L - g i s t i d i n e ,  sodium deoxycholate ,  and 

T r i s - b a s e  were purchased from Sigma Chemicals. Imidazole  was purchased 

from Eastman and was r e c r y s t a l l i z e d  from a c e t o n e .  Disodium adenos ine  

t r i p h o s p h a t e  was obtained f r o n  Boehringer and was conver ted  t o  t h e  T r i s  

form b e f o r e  u s e .  N,N'-Dicyclohexylcarbodiimide v a s  purchased from A l d r i c h  

Chemical Company and was d i s s o l v e d  i n  a b s o l u t e  e t h a n o l  t o  g i v e  a c o n c e n t r a t i o n  

of 10 mbl. Adenylyl methylene diphosphonate  was t h e  g i f t  of D r .  Rober t s  A .  

Sm i t h . 
Methods 

Enzyme i s o l a t i o n  and a s s a y ,  (Na+,K+)-depecdent ATPase from porc ine  

kidney was prepared by m o d i f i c a t i o n  of t h e  method of Jbrgensen and Skou (11). 

k l i  procedures  were c a r r i e d  o u t  a t  4 ° C  u n l e s s  o t h e r w i s e  noted .  

t h e  d a r k  red o u t e r  medulla was obta ined  by d i s s e c t i o n  on a cfiiiieci g l a s s  

T i s s u e  from 

p l a t e  of l o n g i t u d i n a l  b i s e c t i o n s  of f r e s h  porc ine  kidneys.  The t i s s u e  was 

suspended i n  a 10-fold volume of  0.03 M h i s t i d i n e ,  0.25 M s u c r o s e  (pH 7 . 2 ,  

2OOC) and homogenized i n  a Waring b lender  f o r  one minute.  The homogenate 

w a s  f i l t e r e d  through gauze and c e n t r i f u g e d  a t  7,000 x g f o r  15 minutes .  The 

r e s u l t a n t  p e l l e t  was homogenized i n  o n e - t h i r d  t h e  o r i g i n a l  volume of b u f f e r  

and was r e c e n t r i f u g e d .  The two s u p e r n a t a n t s  were combined and spun a t  

42,000 x g f o r  30 mi.nutes. The s u p e r n a t a n t  was decanted .  I n  o r d e r  t o  lower 

the  endogenous K+,Na+ and Pi  c o n c e n t r a t i o n s ,  t h e  remaining p e l l e t  was 

resuspended i n  a 5-fo ld  volume of  f r e s h  b u f f e r  and was r e c e n t r i f u g e d  a t  

42,000 x g f o r  30 minutes .  The p e l l e t  was suspended i n  b u f f e r  t o  a concen- 

t r a t i o n  of 20-30 mg per  m l  and was f r o z e n  i n  i sopropanol -dry  i c e  and s t o r e d  

a t  - 2 O O C .  The ATPase p r e p a r a t i o n  was s t a b l e  f o r  s e v e r a l  months under t h e s e  G r s ,  
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c o n d i t i o n s .  Approximately 85 mg of  @.crosomes were obta ined  per  kidney.  

The s p e c i f i c  a c t i v i t y  of t h e  (Naf,K+)-ATPase was 30-100 u n i t s  p e r  mg p r o t e i n ;  

o u a b a i n - i n s e n s i t i v e  ATPase was r o u t i n e l y  5-8 f o l d  lower.  

(Na+, K+)-ATPase from e l e c t r o p l a x  was i s o l a t e d  from f r e s h l y  k i l l e d  e e l s  

by t h e  method of Albers  e t  a l .  (12 ) ,  w i t h  t h e  fo l lowing  e x c e p t i o n s .  The 

s u p e r n a t a n t s  r e s u l t i n g  from t h e  9,000 x g c e n t r i f u g a t i o n  were spun a t  42,000 

x g f o r  one hour .  The 4.2,OOO x g p e l l e t  was suspended i n  0.05 M T r i s  (pH 

7.5, 2OOC) and was spun a g a i n  a t  42,000 x g t o  lower endogenous K+,Na+ 

and Pi .  The s p e c i f i c  a c t i v i t y  of t h e  enzyme was 250-450 u n i t s  per  mg of 

p r o t e i n ;  ouabain i n s e n s i t i v e  ATPase was r o u t i n e l y  10-20 f o l d  lower.  

P r o t e i n  was determined by t h e  method of Lowry e t  a l .  (13) a f t e r  p r e c i p -  

i t a t i o n  and wash w i t h  5% TCA a t  0-4OC. 

For t o t a l  ATPase a c t i v i t y ,  t h e  enzyme a s s a y  contained 140 mM NaC1, 

20 mM KC1, 3 mM Tris-ATP, 5 mM I.lgC12, 30 mM h i s t i d i n e  (pH 7.5, 37OC), and 

a n  a p p r o p r i a t e  amount of t h e  microsomal f r a c t i o n  i n  a t o t a l  volume of 1.00 m l .  

The r e a c t i o n  was commenced by a d d i t i o n  of enzyme t o  t h e  a s s a y  components 

e q u i l i b r a t e d  a t  3 7 O C .  A f t e r  10-20% h y d r o l y s i s  of  ATP, t h e  r e a c t i o n  was 

quenched by t h e  a d d i t i o n  of 1.0 m l  1.5% ammonium molybdate i n  1.0 N H2SO4. 

I n o r g a n i c  phosphate was e x t r a c t e d  i n t o  i s o b u t y l  a lcohol-benzene and was 

determined by t h e  method of M a r t i n  and Doty (14 ) .  Hydrolys is  of ATP i n  

t h e  a c i d  molybdate was n e g l i g i b l e  i n  t h e  t i m e  of a s s a y  a t  O O C .  I n  some 

experiments  r e l e a s e  of  32P from ATP-Y-32P was employed f o r  d e t e r m i n a t i o n  

of ATPase a c t i v i t y .  I n  t h e s e  i n s t a n c e s  a l i q u o t s  of t h e  i s o b u t y l  a l c o h o l -  

benzene phase were t r a n s f e r r e d  t o  p l a n c h e t s ,  . evapora ted  and t h e  32P counted. 

ATP-Y-32P was prepared e s s e n t i a l l y  a s  d e s c r i b e d  by Post and Sen (15) w i t h  

t h e  e x c e p t i o n  t h a t  i t  was p u r i f i e d  by t h e  DUE-bicarbonate  chromatographic  



procedure of Kamaley e t  a l .  ( 1 6 ) .  

To c o r r e c t  f o r  Mg2f-dependent adenos ine  t r i p h o s p h a t a s e  a c t i v i t y ,  samples 

were assayed i n  t h e  presence of 1 mM ouabain by adding 100 p1 of  a 10 mM 

s o l u t i o n  t o  s e l e c t e d  t u b e s .  ATPase s p e c i f i c  a c t i v i t i e s  were expressed a s  

micromoles of Pi  r e l e a s e d  per  m i l l i g r a m  of membrane p r o t e i n  per  hour ,  and 

(Na+,Kf)-ATPase a c t i v i t y  was expressed a s  t h e  d i f f e r e n c e  between t o t a l  and 

Mg2+-ATPase a c t i v i t i e s .  

Determinat ion of P i  $ HOH Exchanpe. Reac t ion  m i x t u r e s  were prepared 

e s s e n t i a l l y  a s  o u t l i n e d  i n  Table  I. The i n c u b a t i o n  medium was brought t o  

37'C, u n l e s s  o therwise  s t a t e d ,  and t h e  r e a c t i o n  was i n i t i a t e d  by t h e  a d d i t i o n  

of t h e  microsomal p r o t e i n .  The r e a c t i o n  was quenched by t h e  a d d i t i o n  of  

co ld  p e r c h l o r i c  a c i d  t o  a f i n a l  c o n c e n t r a t i o n  of 0.4 M. Denatured p r o t e i n  

was removed by a t e n  minute  c e n t r i f u g a t i o n  a t  2 ,000  x g. The r e s u l t i n g  

s u p e r n a t a n t  was e x t r a c t e d  w i t h  an e q u a l  volume of i sobutanol -benzene  (1: 1) 

and was c e n t r i f u g e d .  The o r g a n i c  phase was d i s c a r d e d ,  and t h e  aqueous l a y e r  

was made 1 N i n  H + w i t h  1 2  N H C 1  and 0.012 M i n  ammonium molybdate.  

was e x t r a c t e d  i n t o  isobutanol-benzene and was f u r t h e r  p u r i f i e d  a s  d e s c r i b e d  

by Chaney and Eoyer (17) .  

Phosphate 

180 was determined by t h e  guanidine-HC1 procedure ' 

as d e s c r i b e d  by Boyer and Bryan (18). 

C a l c u l a t i o n  of t h e  Pi  Oxygen Exchange. In  t h e  absence  of  adenos ine  

t r i p h o s p h a t e  h y d r o l y s i s ,  t h e  methods d e s c r i b e d  by Boyer and Bryan (18) were 

employed. 

I n  t h e  presence of adenos ine  t r i p h o s p h a t e  h y d r o l y s i s ,  c a l c u l a t i o n s  

were made based on t h e  fo l lowing  e q u a t i o n s  ' as  d e s c r i b e d  by Dempsey e t  a l .  ( 5 )  

where P = mM P i  r e l e a s e d  from ATP; Po = i n i t i a l  mM P i ;  l801 and 1802 = 

i n i t i a l  and f i n a l  atom % excess  180 i n  t h e  P i ;  = atom % excess  l80 i n  H20.  
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When Pi180 and 5 1 6 0  a r e  p r e s e n t ,  t h e  fo l lowing  approximates  t o t a l  

exchange from average  v a l u e s  of excess  180 i n  the  P i :  

- 1802 = atom X excess  l 8 O  l o s t  by exchange PO18O1 
P + Po 

atom % excess  180 l o s t  b y  exchangg = fraction of 

4 (average  Pi c o n c e n t r a t i o n )  In  (1-Fex) = mM P i  8 H O H  

(Fex) (2) 

( 3 )  

1801 

(mM P i  2 HOH exchange) (ml volume) = patoms 0 exchange ( 4 )  

When Pi160 and H2180 a r e  p r e s e n t ,  t h e  atom % excess  l 8 O  of t h e  f i n a l  

Pi in t roduced  by exchange i s  g iven  by 

- -  - atom % excess  in t roduced  by exchange l80, 02 - P 18 
 PO ( 5 )  

exchanpe = f r a c t i o n  exchange (Fex) ( 6 )  a ~ v m  ‘ib excess inLroduced by  

18% 

M i l l i m o l a r i t y  of Pi 2 HOH exchange and patoms t o t a l  exchange may be 

c a l c u l a t e d  acco rd ing  t o  equa t ions  3 and 4 .  

Determina t ion  - of -- t he  pi 7’- ATP - and ATP $ HOH Exchanges. The Pi i? ATP , 

exchange w a s  determined by use  o f  3 2 P w i t h  s e p a r a t i o n  of P i  from adenine  

n u c l e o t i d e s  by e x t r a c t i o n  of t h e  phosphomolybdate complex ( 1 9 ) .  

ATP was determined by a d s o r p t i o n  of n u c l e o t i d e s  on cha rcoa l  followed by 

ac id  h y d r o l y s i s  t o  l i b e r a t e  t h e  /3- and Y-phosphoryl groups and mcasurement 

of t h e  180 i n  t h e  P i  formed (20).  

180 i n  t h e  

11. RESULTS 

E f f e c t s  of Na+ and K+ on the pi 2 HOH Exchange. I n  the  absence of ------ 
added ADP o r  ATP and i n  t h e  presence  of K+ and Mg2+, t h e  membranc-bound 

kid 
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(Na+, K+)-ATPase w i l l  c a t a l y z e  the  r ap id  exchange of oxygen between wa te r  

and i n o r g a n i c  phosphate (Table  I). The Pi 2 HOH exchange r a t e s  were about  

20 f o l d  the  r a t e  of o u a b a i n - s e n s i t i v e  ATPase a c t i v i t y .  The exchange was 

reduced t o  l e s s  t han  4% o f  t he  o r i g i n a l  l e v e l  when analyzed i n  t h e  presence  

of 140 mM Na+. A sma l l  amount of exchange was p r e s e n t  i n  t h e  absence of 

added K+, which might be accounted f o r  by endogenous K+ ( 2 1 , 2 2 )  o r  a low 

l e v e l  of i no rgan ic  pyrophosphatase ( 2 3 )  i n  t h e  medul la r  p r e p a r a t i o n .  When 

both  Na+ and K+ were p resen t  under c o n d i t i o n s  a s  f o r  Table  I, t h e  exchanges 

were reduced t o  2% and 16% f o r  the e l e c t r o p l a x  and medul la r  p r e p a r a t i o n s ,  

r e s p e c t i v e l y  . 
Mp2+ Requirement. Exchange of phosphate oxygens w i t h  wa te r  r equ i r ed  

t h e  presence  of Mg2+ (Table  11). EGTA, which does no t  c h e l a t e  a p p r e c i a b l e  

Mg2+ under t h e  exper imenta l  c o n d i t i o n s ,  s l i g h t l y  a c t i v a t e d  t h e  exchange 

i n d i c a t i n g  probable  removal of i n h i b i t o r y  heavy me ta l  i o n s .  KF a t  0.3 ml4 

produced only  s l i g h t  i n h i b i t i o n .  

A Mg2+ requirement  f o r  t h e  P i  2 HOH exchange has been e s t a b l i s h e d  i n  

submi tochondr ia l  p a r t i c l e s  by Mitchel l  e t  a l .  ( 2 4 ) ,  i n  myosin and actomyosin 

by Dempsey and Boyer ( 2 5 )  and i n  heavy meromyosin by Yount and Koshland ( 2 6 ) .  

E f f e c t  of Ouabain. Ouabain, a c a r d i o t o n i c  s t e r o i d  which produces a 

s p e c i f i c  and s t o i c h i o m e t r i c  i n h i b i t i o n  of t h e  Na+, K+-pump and t h e  (Na+, K+)- 

ATPase ( 2 ) ,  produced 92-97% i n h i b i t i o n  of t h e  exchar,ge (Table  I1 and 111). 

I n h i b i t i o n  a s  h igh  a s  99% has been obta ined  i n  some c a s e s ,  sugges t ing  t h a t  

t h e  exchange r e f l e c t s  a c a t a l y t i c  c a p a c i t y  of t h e  (Na+,K+)-ATPase. 

E f f e c t s  of Sulfhydry l  Reagents.  Data presented  i n  Table I1 i n d i c a t e  

t ha t  r e a g e n t s  which a t t a c k  s u l f h y d r y l  groups produce v a r y i n g  e f f e c t s  on the  

P i  2 HOH exchange. Mi l l imo la r  c o n c e n t r a t i o n s  of t h e  h a l o a c e t a t e s  appear  t o  



a c t i v a t e  whereas 26 pM p-mercuribcnzoate  i n a c t i v a t e s  t h e  exchange, sugges t ing  

t h e  p o s s i b l e  involvement of more than  one type  of -SH group i n  the  exchange 

p rocess .  D i f f e r e n t i a l  responses  towards s u l f h y d r y l  r e a g e n t s  have been noted 

i n  t h e  c o n t r a c t i l e  ATPases; p-mercuribenzoate  a t  micromolar c o n c e n t r a t i o n s  

was found t o  a c t i v a t e  myosin, actomyosin and heavy meromyosin ATPase a c t i v i t y  

whereas h ighe r  c o n c e n t r a t i o n s  produced i n a c t i v a t i o n  (27-31) .  Reac t ion  of 

t h e  c o n t r a c t i l e  ATPases a s  w e l l  a s  t h e  (Na+,K+)-ATPase w i t h  N-ethylrnaleirnide 

has  g iven  s i m i l a r  responses  (31,32).  p-Mercuribenzoate i s  a l s o  known t o  

i n h i b i t  o x i d a t i v e  phosphoryla t ion  and t o  dec rease  t h e  prominent P i  3 HOH 

exchange ( 2 8 ) .  

E f f e c t  of Hydroxylamine. I n t e r e s t i n g l y ,  hydroxylamine a c t i v a t e d  t h e  

exchange (Table  11). A s  w i l l  be emphasized l a t e r ,  t h e  ATPase can  be 

phosphorylated by i n o r g a n i c  phosphate t o  form an  a c y l  phosphate  i n t e r m e d i a t e ,  

and i t  i s  probably through t h i s  i n t e r m e d i a t e  t h a t  t h e  Pi 2 HOH exchange 

proceeds.  

t o  hydroxylaminolysis  whereas t h e  t r i c h l o r o a c e t i c  ac id-denatured  p r o t e i n -  

bound a c y l  phosphate i s  s u s c e p t i b l e  ( 3 3 , 3 4 ) .  The l a c k  of i n h i b i t i o n  of 

hydroxylamine on the  P i  $ HOH exchange agrees well with t h e s e  p r e v i o u s  

r e s u l t s  ob ta ined  on ATPase a c t i v i t y .  A c t i v a t i o n  of t h e  exchange may be 

due t o  t h e  f a c t  t h a t  hydroxylamine s e r v e s  a s  a p a r t i a l  s u b s t i t u t e  f o r  K+ 

i n  t h e  (Naf, K+)-ATPase ( 3 5 ) .  

The n a t i v e  a c y l  phosphate de r ived  from ATP o r  Pi i s  not  s u s c e p t i b l e  

E f f e c t s  of Uncouplers I n h i b i t o r s  of Oxida t ive  Phosphoryla t ion .  

Data i n  Table  I11 demonst ra te  t h a t  t h e s e  compounds do n o t  i n h i b i t  t h e  

microsomal exchange r e a c t i o n  under c o n d i t i o n s  where t h e  mi tochondr i a l  

exchange would be ' nea r ly  f u l l y  i n h i b i t e d .  

a c t i v a t i o n  and i n a c t i v a t i o n  a r e  produced by 2 , 4 - d i n i t r o p h e n o l  and ol igomycin 

S u b t l e  d i f f e r e n t i a l  e f f e c t s  of 



on t h e  medul la r  and e l e c t r o p l a x  enzymes, r e s p e c t i v e l y ,  and a r e  s i m i l a r  t o  

r e s u l t s  ob ta ined  by Dempszy (36)  on 2 ,4 -d in i t rophcno l  i n h i b i t i o n  and 

a c t i v a t i o n  of actomyosin and myosin, r e s p e c t i v e l y ;  t h e s e  r e s u l t s  may r e f l e c t  

d i f f e r e n c e s  i n  p r o t e i n  conformation o r  a c c e s s i b i l i t y  t o  c a t a l y t i c  o r  

r e g u l a t o r y  s i t e s .  

The i n h i b i t o r y  e f f e c t s  of ol igomycin on t h e  (Na+,K+)-ATPase a r e  

r eve r sed  on a d d i t i o n  of p u r i f i e d  phosphol ip ids  (37 ) ,  and thus  t h e  d i f f e r e n t i a l  

responses  between the  two p r e p a r a t i o n s  may r e f l e c t  a q u a l i t a t i v e  o r  q u a n t i -  

t a t i v e  d i f f e r e n c e  i n  phosphol ipid con ten t .  2 ,4-Dini t rophenol  has been 

r epor t ed  t o  have no a f f e c t  on a de t e rgen t -NaI  t r e a t e d  p r e p a r a t i o n  of t h e  

(Na+,K+)-ATPase (38)  o r  the  e l e c t r o p l a x  enzyme (39)  whereas ol igomycin i s  

a po ten t  i n h i b i t o r  of t he  enzyme (40 ) .  

Concen t r a t ion  and Time Dependency of t h e  Exchange Reac t ion .  The oxygen 

exchange was found t o  b e  l i n e a r  w i t h  t ime and i t s  r a t e  a f u n c t i o n  of pH, 

w i t h  a broad optimum from pH 6 .3  t o  7.3. The appa ren t  &, f o r  P i  was 

es t imated  t o  be 6 mM u s i n g  t h e  medul la r  p r e p a r a t i o n ,  and 1 mM us ing  t h e  

e l e c t r o p l a x  p r e p a r a t i o n .  The appa ren t  &Is f o r  K+ and Mg2+ were l i k e w i s e  

e s t ima ted  t o  be 0.89 and 0.69 mM us ing  t h e  e l e c t r o p l a x  p r e p a r a t i o n .  

The r e l a t i o n  of P i  c o n c e n t r a t i o n  t o  the  P i  2 HOI-I exchange i n  o t h e r  

systems has  rece ived  only  l i m i t e d  a t t e n t i o n .  Dempsey et c. have noted a 

h igh  appa ren t  K, of 50 mM f o r  t h e  medium exchange ca t a lyzed  by actomyosin.  

A p r e c i s e  & v a l u e  f o r  t h e  medium exchange v a l u e  ca t a lyzed  by heavy meromyosin 

has  no t  been determined but  an  upper l i m i t  of 10-4 M has  been a s s igned  (30). 

-- Lack of Nucleot ide  Requirement f o r  t h e  P i  &! HOH Exchange. The r e q u i r e -  

ment of the P i  &! IIOH exchange f o r  n u c l e o t i d e s  has been shown p r e v i o u s l y  f o r  

s e v e r a l  energy- t ransducing  sys tems,  An appa ren t  a b s o l u t e  requi rement  of 
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ADP f o r  t h e  Pi  2 HOH exchange of  m i t o c h o n d r i a l  o x i d a t i v e  phosphoryla t ion  

h a s  been e s t a b l i s h e d  by Jones and Boyer ( 4 1 ) .  The pronounced s t i m u l a t i o n  

of t h e  P i  $ HOH exchange d u r i n g  n e t  photophosphorylat ion by adenine  n u c l e o t i d e s ,  

a s  noted by Shavi t  e t  a l .  ( 2 0 ) ,  h a s  been i n t e r p r e t e d  t o  i n d i c a t e  t h a t  such  a 

requirement  e x i s t s .  I n  a d d i t i o n ,  a n u c l e o t i d e  requirement  f o r  t h e  medium 

P i  $ HOH of myosin, n a t u r a l  and r e c o n s t i t u t e d  actomyosin and heavy meromyosin 

h a s  been r e p o r t e d  by s e v e r a l  workers  (5 ,30) .  

R e s u l t s  of t h e  measurement of  e f f e c t s  of  added ADP on t h e  P i  $ HOH 

exchange c a t a l y z e d  by a (Na+,K+)-ATPase p r e p a r a t i o n ,  which has  been 

p r e v i o u s l y  d e p l e t e d  by endogenous n u c l e o t i d e s  by a n  ion-exchange procedure,  

a r e  g i v e n  i n  Table  I V .  The expected d e c r e a s e  i n  t h e  e x t e n t  of  exchange due 

t o  Mg2+ c h e l a t i o n  by ADP i s  a l s o  inc luded .  The d a t a  show t h a t  added ADP 

does n o t  a c t i v a t e  t h e  exchange and t h a t  t h e r e  i s  1-10 a p p a r e n t  requirement  

of ADP f o r  t h e  exchange. S l i g h t  i n h i b i t i o n  by 5 rrJ4 ADP was noted w i t h  t h e  

n a t i v e  p r e p a r a t i o n  whereas p r i o r  t r e a t m e n t  w i t h  t h e  ion-exchange r e s i n  

a p p a r e n t l y  s e n s i t i z e d  t h e  enzyme t o  ADP thereby producj-ng 50% i n h i b i t i o n  of 

exchange. This  may be i n t e r p r e t e d  a s  i n d i c a t i n g  t h a t  ion-exchange t rea tment  

removed a n o n - i n h i b i t o r y ,  f irmly-bound anion at the ADP s i t e  t h u s  a l lowing  

ADP e n t r y ,  b inding  and i n h i b i t i o n .  

-- Lack of pi 2 ATP -- and ATP $ HOH Exchanp,eg. The d a t a  i n  Table  V show 

t h e  r e l a t i v e  r a t e s  o f  t h e  P i  i! ATP and t h e  ATP $ H3H exchanges o c c u r r i n g  

d u r i n g  ATP h y d r o l y s i s  compared t o  t h e  r a t e  of t h e  P i  2 HOH i n  t h e  absence 

of  added ATP. 

under  t h e  c o n d j t i o n s  employed f o r  ATP c leavage ,  i n  agreement w i t h  prev ious  

r e p o r t s  (42,43) .  I n  a d d i t i o n ,  t h e  enzyme does n o t  c a t a l y z e  a n  ATP it HOH 

exchange. The enzyme w i l l ,  however, c a t a l y z e  a n  ADP 2 ATP exchange ( 2 , 3 , 4 3 ) .  

The (Na+,K+)-ATPase does n o t  c a t a l y z e  a P i  2 ATP exchange 



P. 8 HOH Exchange d u r i n g  ATP Cleavage. H y d r o l y t i c  c leavage  o f  ATP -1 

t o  form ADP and P i  must r e s u l t  i n  t he  i n c o r p o r a t i o n a f  a t  l e a s t  one oxygen 

atom i n t o  t h e  ADP o r  Pi; a l l  i n c o r p o r a t i o n  appears  t o  be i n  t h e  P i .  Data 

shown i n  F i g .  1 i n d i c a t e  t h a t  t h e r e  i s  a n  a p p r e c i a b l e ,  r e l a t i v e l y  c o n s t a n t  

i n c o r p o r a t i o n  of 180 from H1801-I i n t o  P i  i n  excess  of t h a t  expected f o r  ATP 

h y d r o l y s i s .  F igure  2 shows t h a t  t h i s  e x t r a  i n c o r p o r a t i o n  i s  l i n e a r  w i t h  

ATP h y d r o l y s i s  and shows no l a g  p e r i o d .  

It was p r e v i o u s l y  noted i n  Table I t h a t  Na+, a t  a c o n c e n t r a t i o n  opt imal  

f o r  (Na+,K+)-ATPase a c t i v i t y  and i n  t h e  absence of added ATP, s e v e r e l y  

i n h i b i t e d  the  medul la r  P i  2 HOH exchange. Table  V I  demonst ra tes  t h a t  t h e  

exchange i s  i n h i b i t e d  by Na-; and ouabain and t h a t  a n  e x t r a  i n c o r p o r a t i o n  of 

l80 occurs  d u r i n g  t h e  course  of ATP h y d r o l y s i s .  

r e p r e s e n t s  e i t h e r  a p p a r e n t  r e v e r s a l  of N a + i n h i b i t i o n  by ATP w i t h  r e s t o r a l  

of  t h e  medium exchange, o r  i t  r e p r e s e n t s  a new exchange which a r i s e s  s o l e l y  

d u r i n g  ATP c leavage .  

This e x t r a  i n c o r p o r a t i o n  

The e x t r a  exchange of  H 2 0  oxygen i n t o  phosphate  d u r i n g  ATP c leavage  

by myosin and actomyosin has  been p r e v i o u s l y  recognized t o  be of  two types- -  

t h a t  o c c u r r i n g  p r e f e r e n t i a l l y  w i t h  P i  formed from c leavage  of ATP, d e s i g n a t e d  

as " in te rmedia te  exchange, " and t h a t  o c c u r r i n g  w i t h  P i  of  t h e  r e a c t i o n  

medium, des igna ted  a s  ''medium exchange'' ( 4 ) .  R e s u l t s  from exper iments  

des igned  t o  a s s e s s  whether t h e  ATP-dependent exchange was medium o r  i n t e r -  

media te  exchange a r e  presented  i n  Table  V I .  Measurements were made of t h e  

comparat ive amount of exchange a s  determined by t h e  l o s s  of l80 from 180- 

l a b e l e d  Pi  and t h e  g a i n  of  180 i n t o  P i  from 180-labeled w a t e r .  Exchange 

o c c u r r i n g  w i t h  a phosphoryl group, w i t h  Pi of  t h e  medium,or w i t h  P i  r e l e a s e d  

from ATP would r e s u l t  i n  i n c o r p o r a t i o n  of 180 from water i n t o  p i .  I n  c o n t r a s t ,  
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exchange a s  measured by lo s s  of 180 from 180-labeled P i  would r e f l e c t  only 

exchange w i t h  P i  of t h e  medium. 

l i m i t s  of  exper imenta l  e r r o r ,  t h a t  t h e  g a i n  of exygen from w a t e r  ba lances  

Line 4 of Table V I  i n d i c a t e s  w i t h i n  the  

t h e  l o s s  of oxygen from P i  and t h a t  t he  observed exchange may be accounted 

f o r  a s  "medium exchange"-- h e r e a f t e r  r e f e r r e d  t o  a s  t h e  ATP-dependent 

medium exchange. A s  noted i n  Table V I  the  ATP-dependent medium exchange 

i s  a l s o  i n h i b i t e d  by ouabain.  

F u r t h e r  r e s u l t s  presented  i n  Table V I 1  i n d i c a t e  t h a t  n e i t h e r  adeny ly l  

methylene diphosphonate  nor  ADP can  induce t h e  exchange and sugges t  t h a t  

ATP c leavage  may be necessa ry  f o r  r e s t o r a t i o n  of t h e  exchange. 

E f f e c t  of Deoxycholate on the  Medium ATP-dependent Medium Exchange. 

An appa ren t  uncoupl ing of the  medium exchange r e a c t i o n  from t h e  (Naf, K f ) -  

ATPase a c t i v i t y  was observed fo l lowing  p r i o r  t r ea tmen t  of t h e  enzyme w i t h  

va ry ing  amounts of deoxychola te .  A s  can be seen  i n  F ig .  3a ,  t h e  exchange 

c a p a c i t y  f e l l  p r e c i p i t o u s l y  w i t h  50% i n h i b i t i o n  produced a t  0.021% deoxy- 

c h o l a t e  whereas ATPase a c t i v i t y  was a c t i v a t e d  a t  even h i g h e r  deoxychola te  

l e v e l s .  C h a r a c t e r i s t i c a l l y ,  b r a i n  and kidney ATPases a r e  a c t i v a t e d  by l m  

concentrations of deoxycholate (1). 

However, i n  marked c o n t r a s t  t o  the  a b i l i t y  of t h e  d e t e r g e n t  t o  i n h i b i t  

t h e  exchange a t  a very  low Na+ c o n c e n t r a t i o n ,  t he  ATP-dependent medium 

exchange, dep ic t ed  i n  F ig .  3b, which was measured a t  a h i g h  Na+ c o n c e n t r a t i o n  

opt imal  f o r  ATPase a c t i v i t y ,  was r e l a t i v e l y  i n s e n s i t i v e  t o  deoxychola te  

and appeared t o  p a r a l l e l  t h e  response  shown by ATPase a c t i v i t y .  

- DCCD I n h i b i t i o n  of t h e  Exchangg Reac t ion  and -- t h e  ATPase. Carbodi imides 

a r e  known t o  a c t  a s  po ten t  i n h i b i t e r s  of membrane ATPase systems presumably 

involved i n  energy t r a n s d u c t i o n  processes  (44 -49) .  Carbodi imides a l s o  



i n a c t i v a t e  the  (Naf, K-b)--ATPase a s  w c l l  a s  the  K+-dependent p-n i t rophenyl  

phosphatase,  a r e a c t i o n '  be l ieved  t o  r e p r e s e n t  t h e  t e r m i n a l  dephosphoryla t ion  

s t a g e  of ATP h y d r o l y s i s  by t h e  (Na+,K+)-ATPase ( 3 ) .  

e l e c t r o p l a x  (Na+,K+)-ATPase w i t h  0.5 mM DCCD ( 0 . 5 3  pmoles/mg p r o t e i n )  

r e s u l t e d  i n  an  i n i t i a l  s t i m u l a t i o n  of (Na+,K+)-ATPase a c t i v i t y  followed by 

a l i n e a r  p r o g r e s s i v e  i n a c t i v a t i o n  w i t h  a t 1 / 2  of about  25 minutes  (F ig .  4 ) .  

A s t i m u l a t o r y  e f f e c t  of DCCD towards (Na+,K+)-ATPase a c t i v i t y  of e r y t h r o c y t e  

membranes has  been noted p rev ious ly  by Godin and S c h r i e r  ( 4 8 ) .  Data i n  

Incuba t ion  of t h e  

F ig .  4 a l s o  show t h a t  the  P i  $ HOH exchange e x h i b i t e d  by t h e  enzyme p repa r -  

a t i o n  was l i k e w i s e  s u s c e p t i b l e  t o  DCCD i n h i b i t i o n  ( 0 . 4 5  mM, 0.33 p,moles/ 

mg p r o t e i n ) .  I n  c o n t r a s t  t o  t h e  ATPase a c t i v i t y ,  however, t h e  exchange 

r e a c t i o n  e x h i b i t e d  an  apparent  b i p h a s i c  response t o  DCCD. There i s  r ap id  

22% i n h i b i t i o n  of t h e  exchanse c a p a c i t y  (ti/; > 1 m i p , )  f n l l n ~ ~ ~ e r !  hy a spcogd 

slow phase of i n a c t i v a t i o n  (tl/2 about  60 min). Schoner and Schmidt ( 4 5 )  

i n  p rev ious  s t u d i e s  on DCCD i n h i b i t i o n  of a c e r e b r a l  (Na+,K+)-ATPase have 

noted m u l t i p l e  temperature-dependent ,  r e a c t i n g  components. These responses  

may r e f l e c t  s u b t l e  d i f f e r e n c e s  i n  the  conformat iona l  s t a t e  of t he  membrane . 

f ragments  o r  a c c e s s i b i l i t y  t o  r e a c t i v e  membrane components. 

changes i n  t h e  r e g i o n  14-20' have been p rev ious ly  invoked t o  e x p l a i n  

b i p h a s i c  Arrhenius  p l o t s  of (Na+,K+)-ATPase a c t i v i t y  (50,51).  

Conformational  

111. DISCUS S I O N  

The r e s u l t s  presented  i n  t h i s  s tudy  c l e a r l y  demonst ra te  t h a t  (Na+,K+)- 

ATPase p r e p a r a t i o n s  are  capab le  of c a t a l y z i n g  a r a p i d ,  K+-dependent P i  3 HOH 

exchange. 

s p e c i f i c  i n h i b i t o r  of t h e  (Na+,K+)-ATPase demonst ra tes  t h a t  t h e  exchange 

The n e a r l y  complete i n h i b i t i o n  of t h e  exchange by ouabain,  a 
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i s  a c a t a l y t i c  c a p a c i t y  of t h e  (Naf,K+)-ATPase. The l a c k  of i n h i b i t i o n  by 

uncouplers  and i n h i b i t o r s  of o x i d a t i v e  phosphoryla t ion  and t h e  p a r t i c u l a r l y  

s i g n i f i c a n t  e f f e c t s  of K+ and Naf on the exchange f u r t h e r  s e r v e  t o  demonst ra te  

t h e  o r i g i n  of t h e  exchange. 

Of p a r t i c u l a r  i n t e r e s t  i s  t h e  f a c t  t h a t  t h e r e  was no demonstrable  

requi rement  of  t h e  P i  7-! KO11 f o r  ADP. C h a r a c t e r i s t i c s  of t h e  ADP requirement  

f o r  t h e  P i  8 HOH of  o x i d a t i v e  phosphoryla t ion  i n d i c a t e  t h a t  t h e  exchange 

occurs  a s  a r e s u l t  of  r e v e r s a l  of  o v e r a l l  format ion  of ATP and HOH from 

A D 2  and F i  ( 4 ) .  

c o n t r a c t i l e  ATPases has  been f i r m l y  e s t a b l i s h e d ,  t h e i r  a p p a r e n t  l a c k  of 

P i  2 ATP and ATP 

i n v o l v e s  r e v e r s a l  of ATP b inding  and c leavage .  R e v e r s a l  of c leavage  of 

f i r m l y  bound ATP remains p o s s i b l e .  Our r e s u l t s  on l ack  of ADP requirement  

and l a c k  of P i  $ATP and ATF 2 HCH exchanges make i t  ex t remely  u n l i k e l y  

t h a t  t h e  F i  2 HOH exchange of t h e  (Na+,K+)-ATPase i n v o l v e s  t o t a l  r e v e r s a l  

of ATP c leavage .  The l a c k  of ar, ADP requirement  could be i n t e r p r e t e d  t o  

i n d i c a t e  t h e  presence  of a f i rn i ly  bound ADP a t  t h e  c a t a l y t i c  s i t e ;  however, 

t h e r e  i s  no p r e s e n t  evidence f o r  a f i r m l y  bound ADP, A l s o ,  t he  l a c k  of 

ADP s t i m u l a t i o n  of t h e  exchange a f t e r  t r e a t m e n t  of t h e  membrane p r e p a r a t i o n  

w i t h  a n  a n i o n  exchange r e s i n  a r g u e s  a g a i n s t  such a proposa l .  The ADP 

i n h i b i t i o n  of t h e  exchange a f t e r  r e s i n  t r e a t m e n t  may s i g n i f y  c o m p e t i t i v e  

i n h i b i t i o n  o r  i n h i b i t i o n  due t o  i n t e r a c t i o n  a t  some r e g u l a t o r y  s i t e .  

Although an ADF requirement  f o r  t h e  P i  2 HOH exchange of 

HOH exchanges make i t  u n l i k e l y  t h a t  t h e  P i  2 HOH exchange 

Ouabain a p p a r e n t l y  a c t s  t o  s t a b i l i z e  a phosphoenzyme formed from P i .  

The yhosphoenzyme h a s  been shown t o  be a n  a c y l  phosphate ( 5 2 , 5 3 )  and t o  

be i d e n t i c a l  t o  t h a t  formed from ATP, p-n i t rophenyl  phosphate  o r  a c e t y l  



phosphate ( 5 4 , 5 5 ) .  

absence  of ouabain ( 9 ) .  Toda e t  a l .  ( 5 6 )  have a l s o  documented t h i s  l a t t e r  

o b s e r v a t i o n  and have found h igh  l e v e l s  of phosphoenzyme i n  t h e  presence  of 

Kf and M g f t ,  t h e  c o n d i t i o n s  under which the  P i  $ HOH exchange i s  manifest . .  

It i s  a l s o  noteworthy t h a t  phosphoryla t ion  of t h e  n a t i v e  enzyme by Pi was 

i n h i b i t e d  by Na+ and by added n u c l e o t i d e ,  c o n d i t i o n s  under  which t h e  P i  2 HOH 

exchange i s  i n a c t i v a t e d  (Tables  I and V I ) .  

The enzyme can a l s o  be  phosphorylated by Pi i n  t h e  

I 

Rapid mixing and quenching experiments  of Kanazawa e t  a l .  (57 )  have 

e s t a b l i s h e d  t h e  k i n e t i c  competency of t h e  phosphoryl enzyme a s  a n  i n t e r m e d i a t e  

i n  t h e  h y d r o l y s i s  of ATP by the  (Naf,R+)-ATPase. Although k i n e t i c  e v a l u a t i o n s  

a r e  c u r r e n t l y  l ack ing ,  i t  appears  l i k e l y  t h a t  a cova len t  phosphoenzyme, an  

a c y l  phosphate ,  i s  a c a t a l y t i c  i n t e r m e d i a t e  i n  t h e  P i  $ HOH exchange r e a c t i o n .  

Discuss ion  on t h e  mechan i s t i c  o r i g i n  of t he  exchange w i l l  be g i v e n  i n  a 

f u t u r e  p u b l i c a t i o n  concerning 180 i n c o r p o r a t i o n  i n t o  t h e  enzyme a c y l  phosphate 

i n t e r m e d i a t e .  B r i e f l y ,  t h e  mechanism i s  c o n s i s t e n t  w i t h  r e v e r s i b l e  e l i m i n a t i o n  

of  wa te r  from Pi i nvo lv ing  displacement  by a ca rboxy la t e  an ion .  

I n a c t i v a t i o n  of t he  Pi  2 HOH exchange by DCCD occurred  t o  about  t h e  

same e x t e n t  a s  i n a c t i v a t i o n  of the  (Na+-, K+)-ATPase a c t i v i t y ,  p rov id ing  

a d d i t i o n a l  suppor t  f o r  the  l o c a l i z a t i o n  of t h e  exchange. I n t e r e s t i n g l y ,  

t h e  &*+-ATPase a c t i v i t y  a s s o c i a t e d  w i t h  t h e  e l e c t r o p l a x  and t h e  medul la r  

p r e p a r a t i o n s  i s  more s u s c e p t i b l e  t o  DCCD than  the  h y d r o l y t i c  and exchange 

r e a c t i o n s  of t he  (Na+,K+)-ATPase, S i m i l a r  o b s e r v a t i o n s  were made w i t h  the  

e r y t h r o c y t e  enzyme by Godin and S c h r i e r  ( 4 8 ) .  The appa ren t  s u s c e p t i b i l i t y  

of  t h e s e  membrane systems t o  carbodi imides  and t h e  r e s u l t i n g  s i m i l a r  

biochemical  consequences p o s s i b l y  r e f l e c t  a common s t r u c t u r a l  o r  f u n c t i o n a l  

o r g a n i z a t i o n  e s s e n t i a l  f o r  t h e  energy t r a n s d u c t i o n  p r o p e r t i e s  of t h e s e  membranes. 
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The s i m i l a r  mode of a c t i o n  of DCCD and oligomycin i n  mi tochondr ia  has  

been e s t a b l i s h e d  by Reechy and coworkers (58 ) .  Oiigonycin i s  a po ten t  

i n h i b i t o r  of t h e  (Na+,K+)-ATPase and blocks the  proposed E1P -+ E2-P 

t r a n s i t i o n  ( 3 )  and i s  wi thout  a f f e c t  on the  K+-act ivated a c y l  phosphatase 

(59 ) .  

a c t i v i t y  were una f fec t ed  by ol igomycin but  were i n h i b i t e d  by carbodi imides ,  

t h e  s i t e s  of a c t i o n  of t h e s e  two i n h i b i t o r s  may not  be i d e n t i c a l  i n  the  

(Na+,K+)-ATPase. There i s  some evidence  t h a t  ol igomycin may be a b l e  t o  

i n t e r a c t  w i t h  t h e  phosphatase s i t e  and, a t  low c o n c e n t r a t i o n s  , p a r t i a l l y  

overcome Na+ i n h i b i t i o n  and, a t  h ighe r  c o n c e n t r a t i o n s ,  b lock  ATP r e v e r s a l  

of Nae i n h i b i t i o n  of t h e  K+-activated phosphatase a c t i v i t y  ( 5 9 ) .  

S ince  t h e  P i  $ HOH exchange and the  K+-actjvated a c y l  phosphatase 

S i g n i f i c a n t l y ,  i t  was found i n  t h i s  s tudy  t h a t  ??aS could d r a s t i c a l l y  

reduce the  r a t e  of t h e  Pi 2 HOH exchange and t h a t  t h e  exchange may be 

r e s t o r e d  by t h e  s imul taneous  presence  of Na+ and ATP. 

c o r r e l a t e  w e l l  w i t h  prev ious  r e s u l t s  ob ta ined  w i t h  the K+-activated 

These o b s e r v a t i o n s  

phosphatase.  

phosphatase (59-62) ,  whereas phosphatase a c t i v i t y  i s  r e s t o r e d  by t h e  

Na+ o r  n u c l e o t i d e s  a r e  known t o  i n h i k i t  the K+-act ivated 

s imul taneous  presence  of N a +  and nuc leos ide  t r i p h o s p h a t e s  (60-63) .  It i s  

n o t  known whether  phosphoryla t ion  by t h e  nuc leos ide  t r i p h o s p h a t e  i s  

necessa ry  f o r  t h i s  e f f e c t .  Phosphoryla t ion  may no t  be a p r e r e q u i s i t e  

s i n c e  r e v e r s a l  of N a +  i n h i b i t i o n  of t he  K+-act ivated phosphatase could 

a l s o  be produced by nuc leos ide /  which a r e  c leaved s lowly o r  n o t  a t  a l l  by 

t h e  (Na$,K-I-)-ATPase. 

t r i p h o s p h a t e s  

However, ol igomycin can b lock  the  ATP r e v e r s a l  of 

Na+ i n h i b i t i o n ,  sugges t ing  p,erhaps t h a t  phosphoryla t ion  i s  necessa ry  (59 ) .  

It i s  p o s s i b l e  t h a t  ATP b inds  a t  a n  e f f e c t o r  s i t e  producing a conformat iona l  

change r e s t o r i n g  t h e  c a t a l y t i c  component of t he  phQSJ>1latase s i t e .  This  
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proposal. has  been a l luded  t o  by o t h e r s  ( 3 , 5 0 , 6 1 , 6 2 , 6 4 ) .  In  t h i s  v e i n ,  

Robinson ( 6 5 , 6 6 )  has suggested t h a t  t he  phosphorylated enzyme may f u n c t i o n  

a s  a more e f f i c i e n t  phosphatase.  It i s  a l s o  p o s s i b l e  t h a t  b inding  o r  

c leavage  of ATP changes t h e  b inding  a f f i n i t y  f o r  Na+. 

be i n t i m a t e l y  involved wi th  the  energy-coupl ing r e a c t i o n  of t r a n s p o r t .  

Such a p rocess  may 

Recent ly ,  t e s t s  i n  t h i s  l a b o r a t o r y  of t h e  P i  2 HOE exchange c a p a c i t y  

of  o t h e r  membrane p r e p a r a t i o n s  have i n d i c a t e d  t h a t  t h e  Ca2+-act ivated 

ATPase from r a b b i t  muscle sarcoplasmic  r e t i c u l u m  i s  capable  of c a t a l y z i n g  

a s i m i l a r  exchange ( 6 7 ) .  

exchange r e a c t i o n  of t h i s  ATPase a r e  q u a l i t a t i v e l y  s i m i l a r  t o  t h e  e f f e c t s  

of Na+ and K+, r e s p e c t i v e l y ,  on t h e  exchange r e a c t i o n  of t h e  (Na+,K+)-ATPase. 

The e f f e c t s  of Ca2+ and Mg2+ on t h e  Pi 3 HOH 

Experiments a l s o  show a n e a r l y  r e c i p r o c a l  r e l a t i o n s h i p  between Ca2f 

i n h i b i t i o n  of t he  Pi  2 IIOH exchange and t h e  Ca2+ s t i m u l a t i o n  of t h e  ATPase. 

These and o t h e r  r e s u l t s  i n d i c a t e  a l s o  t h a t  r e v e r s a l  of a l a t e  s t e p  i n  ATP 

h y d r o l y s i s  may be r e s p o n s i b l e  f o r  t h e  exchange r e a c t i o n .  It has  l i k e w i s e  

been demonstrated t h a t  ATP can r e v e r s e  Ca2 t  i n h i b i t i o n  of t h e  exchange i n  

a manner s i m i l a r  t o  t h e  ATP r e v e r s a l  of Na-k i n h i b i t i o n  i n  t h e  (Na+,K+)- 

-'.YTase. A p p a r e n t  energy-dependent changes i n  binding a f f i n i t i e s  of the 

p r i m a r y  i o n s  dese rves  c l o s e r  s c r u t i n y .  

The ATP-dependent medium exchange could have a r i s e n  through a 

i f ~ t b v c i i t  mechanism than  t h e  medium exchange, which occurred  i n  t h e  

presence  of Mg2f and K+ a lone .  

o f  l 8 O  from l*O-labeled phosphate was found t o  ba l ance  t h e  g a i n  of l 8 O  

f ro in  180- labe led  wa te r  i n t o  phosphate d u r i n g  ATP c leavage  i n d i c a t i n g  t h a t  

t lic ATPdtpendmt exchange was a l s o  medium exchange. Consequent ly ,  under 

ilte ci)i icii t ions of ATP c leavage  and i n  t h e  presence  o€  subopt imal  c o n c e n t r a t i o n s  

A s  noted i n  Table V I ,  a n a l y s i s  of t h e  l o s s  
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of MgHP04', o r  f r e e  Mgzf, a r e l a t i v e l y  l a r g e  amount of back r e a c t i o n  

occurred .  Thus t h e  phosphoenzyme i n t e r m e d i a t e  appears  t o  be formed 

s imul t aneous ly  from ATP a s  w e l l  a s  Pi under the  c o n d i t i o n s  f o r  maximal 

ATP c leavage .  The l a c k  of 

i r r e v e r s i b i l i t y  of t h e  o v e r a l l  r e a c t i o n  i n  v i t r o .  

exchanges 
Pi 2 ATP and ATP i! HOH/emphasize t h e  appa ren t  

The Pi  2 HOH exchange occur r ing  du r ing  ATP c leavage  was l i n e a r  w i t h  

t ime and showed no l a g  pe r iod ,  s i m i l a r  t o  r e s u l t s  ob ta ined  w i t h  myosin and 

heavy meromyosin by Swanson, Yount and Hermann ( 7 , 3 0 ) .  Dempsey and Boyer 

(5 ,25)  and S a r t o r e l l i  e t  a l .  ( 2 8 )  have observed a l a g  pe r iod ,  however, 

sugges t ing  i n d u c t i o n  of conformat iona l  changes p r i o r  t o  appearance of t he  

exchange. It i s  of i n t e r e s t  t h a t  n e i t h e r  t h e  s o l u b l e n o r  t h e  membrane- 

bound Mg2f-ATPasc of Streptococc.us f a e c a l i s  c a t a l y z e s  a medium o r  ATP- 

induced medium exchange (68) ,  perhaps r e f l e c t i n g  t h e  t o t a l l y  uncoupled 

s t a t e  of t h e  enzyme, 

Under proper  c o n d i t i o n s  the  i n c u b a t i o n  of microsomal f r a c t i o n s  from 

b r a i n  and kidney w i t h  deoxycholate  g i v e s  r i s e  t o  i n c r e a s e s  i n  s p e c i f i c  

a c t i v i t y  of t h e  (Na+, K+)-ATPase whereas t h e  b a s a l  Mg2f-ATPase remains 

unchanged o r  dec reases  (1). Skou (69) has  i n t e r p r e t e d  a c t i v a t i o n  of the 

(Na+,K+)-ATPase a s  be ing  due t o  exposure of l a t e n t  s i t e s  i n  t h e  membrane 

s i n c e  t h e  molecular  a c t i v i t y  remains c o n s t a n t .  S i m i l a r  marked i n c r e a s e s  

i n  a c t i v i t y  were observed w i t h  t h e  porc ine  o u t e r  medul la r  enzyme employed 

i n  t h i s  s tudy ,  whereas no a c t i v a t l o n  of ATPase a c t i v i t y  was observed upon 

s i m i l a r  t r ea tmen t  of t h e  e l e c t r o p l a x  enzyme. 

I n  d i s t i n c t  c o n t r a s t  t o . t h e  e f f e c t  of dGoxycholate on t h e  r a t e  of 

ATP c leavage ,  however, t h e  mediun exchange was s u r p r i s i n g l y  s e n s i t i v e  t o  

t h e  d e t e r g e n t .  These f i n d i n g s  may be r e l a t e d  t o  t h e  o b s e r v a t i o n s  of 
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Martonosi  e t  a l .  (70) on t h e  a p p a r e n t  de te rgent - induced  uncoupl ing of Ca2+ 
Grs 

t r a n s p o r t  from Ca2+-ATPase a c t i v i t y  i n  sarcoplasmic  r e t i c u l u m  v e s i c l e s .  

They noted t h a t  ATP-dependent t r a n s p o r t  of Ca2+ was d r a s t i c a l l y  i n h i b i t e d  

under  c o n d i t i o n s  i n  which Ca2+-dependent ATPase a c t i v i t y  was a c t i v a t e d .  

Herman has  a l s o  noted s i m i l a r  d i f f e r e n t i a l  e f f e c t s  of  s u l f h y d r y l  group 

m o d i f i e r s  on heavy meromyosin medium exchange r e l a t i v e  t o  Mn2+-ATPase 

a c t i v i t y  ( 3 0 ) .  Apparent ly  low amounts of d e t e r g e n t s  o r  s u l f h y d r y l  m o d i f i e r  

induce  s u b t l e  s t r u c t u r a l  p e r t u r b a t i o n s  of  t h e  p r o t e i n  conformation r e s u l t i n g  

i n  a disengagement of components necessary  t o  e f f e c t  f u n c t i o n a l  a s p e c t s  o f  

t h e  ATPases. Equal ly  s u r p r i s i n g  i n  t h i s  regard was t h a t  t h e  a p p a r e n t  

uncoupl ing of t h e  P i  $ HOH exchange could be prevented by ATP and Naf a s  was 

evidenced by t h e  r e l a t i v e l y  c o n s t a n t  amount of ATP-induced medium exchange. 

been a l l u d e d  t o  p r e v i o u s l y .  

There a r e  a n  i n c r e a s i n g  number of  i n s t a n c e s  where f u n c t i o n a l  a s p e c t s  

of ATPase systems a r e  a p p a r e n t l y  more s u s c e p t i b l e  t o  d i s r u p t i o n  t h a n  ATPase 

a c t i v i t y .  An example i s  t h e  e l i m i n a t i o n  of t h e  c h a r a c t e r i s t i c  oxygen and 

n u c l e o t i d e  exchange r e a c t i o n s  of t h e  m i t o c h o n d r i a l  and c h l o r o p l a s t  ATP 

s y n t h e t a s e s  w h i l e  r e t a i n i n g  ATPase a c t i v i t y .  Ferhaps,  r e s t o r a t i o n  of oxygen 

exchange c a p a c i t i e s  i n  t h e  (Na+,Kf)-ATPase may provide  p e r t i n e n t  i n s i g h t s  

f o r  f u t u r e  a t t e m p t s  a t  f u n c t i o n a l  r e c o n s t i t u t i o n  o r  may, a t  l e a s t ,  p rovide  

a u s e f u l  c r i t e r i o n  f o r  e s t a b l i s h i n g  such  a r e c o n s t i t u t i o n .  

There i s  a d d i t i o n a l  ev idence  t h a t  t h e  oxygen exchanges of  energy-  

t r a n s d u c i n g  ATPases a r e  more c l o s e l y  r e l a t e d  t o  t h e  f u n c t i o n  of  t h e  system 

r a t h e r  than  t h e  r a t e  of ATP 
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h y d r o l y s i s ,  t h a t  i s ,  t he re  i s  n g2nei:al l a c k  of c o r r e l a t i m  between oxygen 

exchange c a p a c i t i e s  and h y d r o l y s i s  r a t e s  whereas t h e r e  i s  a d i r e c t  c o r r e l a t i o n  

between exchange c a p s c i t i e s  and fur ' c t ion .  With myosin, Levy e t  a l .  ( 6 )  

have made imporiaii t  s t u d i e s  on the  e f f e c t s  of n u c l e o t i d e s ,  d i v a i e n t  c a t i o n s ,  

and tempers ture  and have reached t h e  conc lus ion  t h a t  t h e  e x t e n t  of oxygen 

exchange bea r s  no s imple r e l a t i o n s h i p  t o  h y d r o l y s i s  r a t e .  With heavy 

meromyosin Yount and Koshlond (26 )  have a l s o  demonstrated t h e  l a c k  of 

c o r r e l a t i o n  between nuc leos ide  t r i p h o s p h a t e  hydro1,ysi.s and 180 exchanges 

and, i n  a d d i t i o n ,  showed the  d i r e c t  c o r r e l a t i o n  between t h e  d i v a l e n t  c a t i o n  

and nuc leos ide  t r i p h o s p h a t e  requi.rements f o r  180 exchange arid c o n t r a c t i o n .  

More d i r e c t  ev idence  €o r  such a c o r r e l a t i o n  comes from t h e  o b s e r v a t i o n  of 

Dempsey e t  a l .  (5;) t h a t  t h e  e x t e n t  of exchange ca t a lyzed  by g l y c e r a t e d  

muscle f i b e r s  i n c r e a s e s  v i t h  i n c r e a s e  i n  tens ior ,  on t h e  f i b e r .  

Commencs should Le made about  t h e  i n v e s t i g a t i o n s  of Yount and coworkers 

who have i n v e s t i g a t e d  t h e  a b i l i t y  of red blood c e l l  g h o s t s  and a b r a i n  

microsomal p r e p a r a t i o n  t o  c a t a l y z e  Pi 2 HOH exchanges (30) .  They concluded 

t h a t  exchanging i n t e r m e d i a t e s  s i m i l a r  t o  those  i n  muscle c o n t r a c t i o n  and 

o x i d a t i v e  phosphoryla t ion  probably a r e  no t  formed i n  ' t h e  (Na-i-,Kf)-ATPase. 

Very low l e v e l  exchanges,  o f t e n  z e r o  exchange c a p a c i t y  and f r equen t  

ambiguous r e s u l t s  were ob ta ined .  The i r  f i n d i n g s  may f i n d  e x p l a n a t i o n  i n  

t h e  i n h i b i t o r y  e f f e c t s  of Naf on t h e  exchange. 

enzyme used i n  t h e i r  s t u d i e s  was t r e a t e d  w i t h  0.2% deoxychola te  t o  e l i c i t  

h igh  ATPase a c t i v i t y .  Resu l t s  a l s o  presented  i n  t h i s  s t u d y  show t h a t  50 

and 99% i n h i b i t i o n  of t h e  medium Pi  2 HOH exchange was obta ined  upon pre-  

t r ea tmen t  w i t h  0.02 and 0.06% deoxycholate ,  r e s p e c t i v e l y .  

Also,  t h e  b r a i n  microscmal 
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FIGURE 1 

WATER OXYGEN INCORPORATION IlJTO Pi RELEASED FROM A T P  

AS A FUNCTION OF A T P  HI'DROLTSIS 

Concent ra t ions  of t h e  r e a c t i o n  components were g l y c y l g l y c i n e - i m i d a z o l e  

( 5 0  mM, pH 7.20), 2 0  RIM KC1, 140 mM NaC1, 40 mM ATP, 40 mM M g C l z ,  H180H 

(1 .022  atom p e r c e n t  e x c e s s ) ,  and 0.38 rng medul la r  (lJaf,Kf)-ATPase i n  ii 

t o t a l  volume of 20 n i l .  Each succeeding p o i n t  r e p r e s e n t s  v a l u e s  of oxygen 

exchange and ATP h y d r o l y s i s  a t  i n c r e a s i n g  time a f t e r  s t a r t  of i n c u b a t i o n :  

from l e f t  to r i g h t ,  p o i n t s  r e p r e s e n t  L ,  10, 15, 1 7 ,  and 2 3  min. 
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FIGURE 2 

TLYIE COTJKSE OF TOTil1, OXYGEN EXCHANGE AND ATP KJ’DXOLYSIS 

Conditions were a s  d e s c r i b e d  i n  F i g .  1 
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FIGimE 3 

THE EFFECT OF PRE’JRLA3EhTT OF THE PEDULLAR (Na+, K+)-ATPase 

WITH VARYING fiMOilNTS O r  SODIUM DEOXYCHOLATE 

A ,  e f f e c t  on Pi 2 HOH exchange and (Na+,K+)-ATPase. R ,  e f f e c t  on ATP- 

induced oxygen exchange. Enzyme was incubated  w i t h  deoxychola te  a s  desc r ibed  

by Skou (11). 
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FIGURE 4 

EFFECT OF TIME OF I N C U E A T I O N  WJTI M y  N' - D I C Y C L O H E X Y L C A R E O D I ~ ~ I D E  (DCCD) 

ON Pi 8 HOH EXCHANGE AND (Na+,K+)-ATPase A C T I V I T Y  

Condi t ions  of i n c u b a t i o n  were: P i  i? HdH exchange, 329 nmoles DCCD per  

mg p r o t e i n  (0 .45  mM DCCD), 50 rnM imidazole  pH 7 . 2 ;  (Nz+,KS)-ATPase a c t i v i t y ,  

531 nmoles DCCD per  mg p r o t e i n  ( 0 . 5  mM DCCD), 50 mM imidazole  pH 7 . 2 .  

Samples were incubated  f o r  the i n d i c a t e d  time and t h e n  d i l u t e d  2 0 : l  f o r  

a s say .  Condi t ions  f o r  a s s a y  were: Pi 8 HOK exchange, 5 mM NgC12, 40 nlM 

KH2P04, 50 mM imidazole  g l y c y l g l y c i n e  (pH 7 . 2 )  and 0.84 atom p e r c e n t  excess  

K180H, 25'C, 120 minutes ;  (NaS,K+)-ATPase a c t i v i t y ,  a s  d e s c r i b e d  i n  Methods, 

411 measurements were c o r r e c t e d  f o r  c o n t r o l s  c o n t a i n i n g  no DCCD. 
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TABLE 1 

K+-ACTIVATION AND Na+-IIWIRITION OF A Pi 2 KOK EXCHANGE REACTION 

Medullar  r e a c t i o n  mixtures  conta ined  37 mM Tris -phosphate  and 50 nlE: 

im idazo le -g lycy lg lyc ine  ( p H  7.20), 5 . O  mM MgCL2, 0.3 mg kidney (Ma+,K+)- 

ATPase per  ml, KI80H (1,099 atom pe rcen t  e x c e s s ) ,  -1: 140 id1 N a C 1 ,  and $: 

20 mM KC1 and were incubated  f o r  60 minutes  a t  25OC. In  a d d i t i o n  t o  t h e  

above, t he  e l e c t r o p l a x  r e a c t i o n  mixtures  conta ined  0.98 1aI4 KH2P04, 0.63 mg 

e l e c t r o p l a x  (Na+,K+)-ATPase, and H18011 (1.14 atom pe rcen t  excess )  and were 

incubated  f o r  10 minutes  a t  37OC. Analyses and ca l . cu la t ions  were made a s  

desc r ibed  under  "Experimental  Procedure.  

Add i t  i o n  Oxygens exchanged per  Pi p r e s e n t  

medul la r  e l e c t r o p l a x  

-- 

None 0.12 - 

Na' < 0.02 < 0.06 

K+ 1.21 2.83 

Na+, I(+ 0.19 < 0.06 
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TABLE I1 

EFFECTS OF VARIOUS CONI'OUh'DS ON THE E'i 2 HOZ EXCHANGE REACTION 

Reac t ion  mixtures  conta ined  50 r.iM g lycylg l .yc ine- imidazolc  (plI 7.201, 

5 rnN MgC12 ,  3 .0  rng kidney (Naf,I:f)-ATPase per  ml, and 40 mM KH~POC, and were 

incubated  f o r  60 ininutes a t  37°C. 

Addi t ion  Oxygen Exchange 

01 P i  7; of c o n t r o l  

None 4.51 100 

Minus NgCl 

5 mN EDTA 

5 mP1 EGTA 

0.74 

0.06 

4.86 

16 

1 

108 

0.3 mM KF 3.87 85 

1 mM ouabain 

2G cif.1 p-inercuribenzoa t e  

1 .9  mM bromoacetate  

2 . 7  I ~ M  c h l o r o a c e t a t e  

5 mM T r i s - a c e t a t e  

0.34 8 

0.24 5 

5.60 124 

5.06 112 

4.61 102 

25 fi NH20H 6.10 135 



TABLE 111 

EFFECTS OF VARIOUS IIiHIBITORS ON THE P i  8 II0I-I EXCHANGE REACTION 

Reac t ion  mixtures  contained 50 mM g lycy lg lyc ine - imidazo le  (pH 7.20), 

40 mM KH2P04, 5 InN MgC12, and 1 . 2  and 1.0 mg r e s p e c t i v e l y  of kidney o r  

e l e c t r o p l a x  (Na+,K+-)-ATPase per  nil and were incubated  a t  3 7 O C  f o r  60 

minutes .  

Addi t ion  E l e c t r o p l a x  Med u 1 l a  r 

o/ P i  % of c o n t r o l  O f  p i  of c o n t r o l  

None 

800 pM 2 , 4 - d i n i t r o -  
phenol . 

1 I-LM 5-ch lo ro -3 - t -  
b u t y l ,  2 ' ch lo ro -4  ' - 
n i t r o s a l i c y l a n i l i d e  

11 p,g/ml ol igomycin 

36 pM m-chlorocar-  
bony l cyan ide  
pheiiy lhyd  r a z  one 

1 mX ouabain 

0.64 IO0 2.68 100 

8.84 9 1. 3.28 122 

9.67 101 3.38  12  6 

8.84 9 1. 3.03 113 

2.68 100 - - 

0.29 3 0.13 5 



EFFECT OF ADP ON THE Pi 8 FI0I-I EXCHAKGE RELICTION 

R e a c t i o n  mixtures  contained 50 IILX g l .ycylg lyc ine- imidazole  (pH 7 . 2 0 ) ,  

39.2 mM KH2P04, 5 mN MgC12, 0 .93 tng e l e c t r o p l a x  (Na+,K+)-ATPast? p e r  m l ,  

f NaADP, and H180H (0.886 atom p e r c e n t  excess)  and were incubated  f o r  60 

minutes  a t  3 7 ° C .  

C a l c u l a t e d  Oxygens 

p e r  Pi 

Dowex i n h i b i t i o n  due I n h i b i t  i o n  
t r e a t e d  t o  c h e l a t i o n  of due t o  ADP ADP exchanged I n h i b i t i o n  

Ffg2-' by ADP 

% % % 

G 12.9 0 0 0 - 

-f- 0 12.9 0 0 0 

+ 0.5 tnM 11.0 15 4 11 

- 5 rilM 8.90 31 23 8 

+ 5 m M  3.61 72 23 49 
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TAELE v 

REL~ATIVE UTES OF P, ?. ATP, K r P  8 HOH AND pi 2 HOH EXCFANGES ... 

The porc ine  kidriey o u t e r  medul la r  enzyme was used  ( s p e c i f i c  a c t i v i t i e s  

of the  (hTa+,K+)-ATPasc and F.Ig2-k-ATPase were 0.20 and 0.17 uni ts /mg,  r e spec -  

t i v e l y ) .  A l l  tubes  coc ta ined  t h e  fo l lowing :  50 mM imidazo le -g lycy lg lyc ine  

(pl-l 7 . 2 0 ) ,  20 nLE1 K C l ,  a c d  5 ni!? MgC12, t h e  r e a c t i o n  mix tu re  a l s o  

conta ined  10.22 nM l h2ATPy  1.04 mM 32Pi (1.36 x 106 cpm pe r  m l ) ,  1 .45 mg 

Pi 2 ATP: 

enzyme, and 140 ml4 NaC1, T o t a l  volume was 5.0 m l .  The r e a c t i o n  t ime was 

8 minutes  a t  3 7 O C  r e s i i l t i i i g  i n  36% h y d r o l y s i s  of ATP, ATP 2 HOH: t h e  

r e a c t i o n  tube a l s o  conta ined  1.0.22 rrN Na2ATPy 1.155 atom pe rcen t  excess  

H1801C, 0.29 mg enzyme, and 140 nll.I NaC1. 

time was 30 minutes  a t  3 7 O C  r e s u l t i n g  i n  71.5% h y d r o l y s i s  of  ATP. The 

f i n a l  atoni pe rcen t  l 8 O  i n  ATP was 0.204. 

a l s o  conta ined  0.29 mg enzyne, 39.2 mM KH2PO4, and 1.016 atom pe rcen t  

excess  €I180H, t o t a l  volurcc was 1 .0  ml. 

3 7 O C .  

T o t a l  volume was 1.0 m l .  Reac t ion  

Pi 2 HOH: t h e  r e a c t i o n  mixture  

Reac t ion  t ime was 30 minutes  a t  

Exchange Total  Exchange Per Cent of 
React i o n  (patoms/hr/mg p r o t e i n )  Pi r! HOH Exchange 

Pi 8 ATP 0.049 0.013 

ATP 2 HOH 3 . 3  f 4.1  

Pi $ HOH 252 * 5 

0.02 

0 

100 
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TABLE V I  

ATP-DEPENDENT RESTORATION OF PlEDIUK P i  $ HOH I N  PRESENCE OF Na+ 

Rea c t i  on mix tu res  con t a  i n e d  t h e  f o l  1 owing : g l y  cy 1 g l y c  j.nc - i m i d  a z o  l e  

( 5 0  inM, pH 7 . 2 0 ) )  5 mM MgC12, 0 .98  inM l<H2P04, 20 mM K C 1 ,  0 .63 mg e l e c t r o p l a x  

(Na+,K+)-ATPase, h 140 rnM N a C l ,  f H18CIH (1.140 atom p e r c e n t  e x c e s s ) ,  * l80 

i n  t h e  P i  ( 1 . 6 7  atom p e r c e n t  e x c e s s ) ,  i 5 inM Na2ATP, o r  k 1 mM ouabain  and 

were incubated  f o r  10 minutes  a t  3 7 ' C .  

Add i t i ons ua toms oxygen exchanged 

~ 1 8 0 ~  Pi18O 

None 2.83 - 

Na + < 0.06 .= 0.06 

&a ba in < 0.06 < U.Ub 

ATP, Na 

ATP, Na', Ouabain < 0.00;'; < 0.06 

2.14;; 2.15f: 4- 

*Corrected for oxygen i n c o r p o r a t i o n  d u e  t.0 ATP c leavage .  



-42 - 

LACK OF RESTORATION OF t E D I U l 4  P i  2 HOE EXCHANGE BY AN ATP ANALOG 

React ion mix tu res  conta ined  g lycy lg lyc ine - imidazo le  (50 I ~ M ,  pH 7.20), 

5 mM IlgCl.2, 1.0 mg kidney (Nai-,KS)-ATPase, 20 mlii KC1,  and 140 mnN NaC1, 

t o t a l  volume was 5 m l .  The r e a c t i o n  was run f o r  60 minutes  a t  3 7 ° C .  

--- 
Add i t i o n  mM Pi pa toms oxygen exchanged 

Minus NaCl 1 ,27  

1.27 0.796 None 

1.2 In13 adeny ly l  1.27 
m e  t hy  l e n e  d iphos  phona t e 

0.438 

1 ndd ADP 1.27 0.820 

'1 I .  9 
L I L t J  

I .-..I 

L t . L / "  

--. - -- 

*Corrected f o r  oxygen i n c o r p o r a t i o n  due t o  ATP c l eavage .  


