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Summary 

Ouabaln-bmdmg and phosphorylatlon of (Na ÷ + K+)-ATPase (EC 3 6 1 3) of 
the plasma membranes from kidney were investigated after t reatment  with 
N-ethylmalelmlde or ohgomycm Either of these lnhlbltors brought about the 
following changes the phosphoenzyme, formed in the presence of Na ÷,Mg 2+ 
and ATP became essentially insensitive to sphttmg by K ÷ but was spht by ADP 
One mole of this ADP-sensltlve phosphoenzyme bound one mole of ouabam 
but the enzyme-ouabaln complex was less stable than m the native enzyme 
primarily because the rate of its dissociation increased Ouabaln was bound to 
the ADP-sensltlve phosphoenzyme in the presence of Mg 2+ alone and addition 
of morgamc phosphate enhanced both the rate of formation and the steady- 
state level of the enzyme-ouabaln complex The lnhlbltors did not  affect the 
propertms of this second type of complex 

Both m the native enzyme and m the enzyme treated with the two mhlbltors 
inorganic phosphate enhanced ouabam binding by phosphorylatlng the active 
center of the enzyme as shown (a) by mapping the labeled peptldes from the 
enzyme after peptic digestion, (b) by mhlbltmn of this phosphorylatmn with 
Na ÷ and (c) by the 1 1 stolchlometrm relatmn between this phosphorylatmn 
and the amount  of bound ouabaln 

Unhke the phosphoenzyme, the binding of ouabam remained sensitive to K ÷ 
m the enzyme treated with the mhlbltors K ÷ slowed ouabaln-bmdmg either m 
the presence of Na +, Mg 2+ and ATP or of Mg 2÷ and lnorganm phosphate A 
higher concentration of K ÷ was needed to slow ouabaln-bmdlng than to stimu- 
late dephosphorylatlon This finding is interpreted as being an Indication of 
separate sites for K ÷ on the enzyme a site(s) with high K+-afflmty whmh 

Abbrevlatlons (Na + + K+)-ATPase, (Na + + K+)-actlvated ATPase (ATP phosphohydrolase, EC 

3 6 1 3), EI-P, phosphorylated (Na + + K+)-ATPasc sensltlve to sphttmg by ADP, E2-P, phosphory- 

fated (Na + + K+)-ATPase sensltlve to sphttmg by K+~ CDTA, (1,2-cyclohexylenedmltrtlo) tetra- 

acetate, EGTA, ethylene glycol b~s (~-ammoethyl)-N,N tetraacetate 
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stimulates dephosphorylaUon, another  site(s) with moderate  K'-afflnlty which 
inhibits ouabam-blndmg Inhlbltors may enhance formation of the ADP-sensl- 
Uve phosphoenzyme by blocking interaction between K ÷ and the site(s) with 
high aff imty 

In t roduc tmn 

(Na + + K÷)-ATPase (EC 3 6 1 3) is an enzymatic componen t  of  the Na ÷ pump 
that  probably converts the chemical energy of ATP into osmotm work [1,2] 
The hydrolysis of ATP proceeds through a cycle of phosphorylat lon and de- 
phosphorylat lon of an aspartyl residue at the actwe center [3--6] Phosphory- 
latlon requires Na ÷ and Mg 2÷, dephosphorylat lon is stimulated by K ÷ m the 
native enzyme The phosphoenzyme appears to have at least two major confor- 
mations, though several other  reactive states were postulated recently [7] The 
first conformation,  (El-P),  can react with ADP to resyntheslze ATP and it is 
not  split by K ÷ The second conformation,  (E2-P), is spht by K ÷ and can 
equlhbrate with inorganic phosphate [7] In the native enzyme primarily, if 
not  exclusively, E2-P is formed, but  E I-P accumulates if the enzyme is pol- 
soned with N-ethylmalelmlde or ohgomycln [8,9] The relation between these 
two forms is obscure E~-P may be a precursor of E2-P [8 ,9] ,  or it may 
represent an alternative pathway [10] for sphttmg ATP The native enzyme 
can be phosphorylated by P, also, this reaction is inhibited by Na ÷ and en- 
hanced by K + Car&oactlve glycosides, such as ouabam, specifically inhibit the 
enzyme by binding to and stablhzmg the phosphoenzyme,  formed either from 
ATP or f rom P1 [11--13] Some ouabam can be bound apparently without  
phosphorylat lon in the presence of Mg 2÷ alone [12] though catalysis of  this 
process by trace amounts of P1 adsorbed to the membranes has never been 
excluded It is convenient and customary to &stlngulsh enzyme-ouabam com- 
plexes by the hgands that  were present at bmdmg Thus type I complex is 
formed in the presence of  Na ÷, Mg 2÷ and ATP, and type II complex in the 
presence of Mg 2+ and P, [14] This operational definition will be used in this 
paper also For the native enzyme the formatmn of  both type I and type  II 
complex means binding of  ouabam to E2-P In most prevmus reports the bind- 
mg of ouabam to the native enzyme was investigated, though it was recogmzed 
that  N-ethylmalelmlde-treated enzyme can also bmd ouabam [15--17 ] 

This paper describes some charactenstms of ouabam-bmdmg to (Na* + K*) - 
ATPase poisoned with N-ethylmalelmlde or ohgomycm Membranes treated 
with these mhlbltors bound some ouabam in the presence of  Mg 2+ alone and 
the rate and the steady-state level of ouabam-bmdmg rose ff Na ÷ and ATP or P~ 
were also added together  with Mg 2+ Kmetm data mdmated that  the (E1-P)- 
ouabam complex was less stable than the (E2-P)-ouabam complex with regard 
to the dissociation of ouabam Smce K ÷ slowed the rate of  ouabam-bmdmg to 
E~-P without  actually sphttmg this phosphoenzyme,  there may be two types of  
K ÷ sites one for enhancing dephosphorylatmn,  another  for mhlbltmg ouabam- 
binding Finally it was shown directly that the N-ethylmalelmlde treated en- 
zyme can be phosphorylated by P, 



367 

Methods 

Uniformly labeled [G-3H]ouabam was purchased from Amersham-Searle, 
[7.3 :p] ATP was synthesized enzymat:cally by the method of Post and Sen 
[181 

Plasma membranes rich m (Na ÷ + K')-ATPase were prepared from the red 
outer medulla of rabbit or sheep kidney [19] by the method of Post and Sen 
[20]. These membranes were also extracted with 2 M NaI by a modffmatlon of 
the procedure of Nakao et al [21,22] 

Rabbit kidney membranes (2-3 mg of membrane proteln/ml) were incubated 
at 37° C in the presence of 20 mM NaC1, 2 5  mMTr:s  EDTA, 2 5  mMTr:s  
EGTA (ethyleneglycol bls(a-ammoethylether)N,N'-tetraacetlc acid), 10 mM 
lm:dazole-HC1 (pH 7 5) and 5 mM N-ethylmale:mlde until (Na + + K+)-ATPase 
activity declined to 10--20% of the original value Th:s process usually took 
20--30 mln and followed pseudo-f~rst order klnet:cs. For each new batch of 
membranes the time necessary for 80--90% mactlvatmn was determined before 
treating the bulk of membranes w:th N-ethylmalelmlde This procedure assured 
reproducibility Reaction of the membranes with N-ethylmalelm:de was stop- 
ped by 5 vol of me-cold 10 mM lmldazole HC1 (pH 7 5) containing 10 mM 
2-mercaptoethanol Subsequently the membranes were washed three times with 
10 mM :mldazole HC1 (pH 7.5) by repeated centrffugatlon and resuspenslon 
In sp:te of protect:ve hgands, 20--50% of Na ÷ dependent  phosphorylatlon was 
also inhibited, particularly when higher concentratmns of N-ethylmalelm:de 
(up to 10 mM) were employed in some experiments 

Ohgomycm was dissolved m acetone and dried to the bo t tom of the test 
tube under a stream of mr before addmg an ahquot  of membranes Membranes 
were incubated with ohgomycm at 0°C for 30 mm before the addition of other 
hgands Ohgomycm was used only in exper:ments at 0°C 

For measurmg total ATPase-actlv:ty, one ml of reaction mixture contained 
100 pmol of NaC1, 20 pmol of KC1, 3 pmol of MgC12, 3 pmol of Trls ATP, 20 
pmol of lmldazole HC1 (pH 7 4) and 5--15 pg of membrane protein For 
measuring (Na ÷ + K+)-msensltlve ATPase one ml of the reaction m:xture con- 
tamed 3 pmol of MgC12, 3 pmol of Tns ATP, 1 pmol of ouabam, 20 pmol of 
:mldazole HC1 (pH 7 4) and 5--15 pg of membrane protein Inorgamc phos- 
phate hberated from ATP m both mixtures was measured by the procedure of 
Goldenberg and Fernandez [23] (Na ÷ + K+)-ATPase was taken as the differ- 
ence in hberated phosphate between the two mixtures One umt of enzyme 
splits one pmol of ATP per mln Protein was measured by the method of Miller 
[24] 

The membranes were phosphorylated with [7-32P]ATP essentmlly as de- 
scribed by Post and Sen [18]. One ml of the reactmn mixture usually con- 
tamed either 100 pmol of NaC1, 1 pmol of MgC12, 5--50 nmoles of [7-32P] - 
ATP (200 cpm/pmol),  20 pmol of lmldazole HC1 (pH 7 4) and an aliquot of 
membranes (1 0--2 0 mg of membrane protein), or 100 pmol of KC1 in place of 
NaC1 m an otherwise identical m:xture Specific phosphorylatlon of (Na ÷ + 
K+)-ATPase refers to the difference in the amount  of phosphoproteln between 
these two mixtures The reaction was stopped with 25 ml of ice-cold 5% 
trlchloroacetlc acid containing 10 mM of phosphor:c acid, the mixture was 
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filtered through Mllhpore-hlter (pore size 0 45 pm) and the precipitated mem- 
branes were washed on the filter with 90 ml of ice-cold 30 mM HC1 Phos- 
phorylatlon reached steady-state at 0°C m about 4 s [3] 

Before phosphorylatlon w~th 32p,, the plasma membranes were washed at 
0°C three times with a solution containing 1 mM MgC12 and 20 mM lmldazole 
HC1 (pH 7 4) to ehmmate any Na ÷ absorbed to the membranes smce Na t would 
mhlblt this phosphorylatlon [7] One ml of the reaction mixture contained 0 5 
pmol of MgC12, 1 pmol of Trls 32 p,, (2000 cpm/pmol) 20 pmol of lmldazole 
HCI (pH 7 4) and about 2 mg of membrane protem and othel hgands as indi- 
cated m the legend to tables or figures To estimate non-speclfm phosphoryla- 
tlon either 20 mM NaC1 was included m the above medmm or the membranes 
were denatured by bolhng for 3 mm prior to addition to a Na ÷ free medium 
Phosphorylatlon reached mammum at 0°C m 3--4 mm, therefore 4 mm was 
chosen as the mlmmal incubation time The reaction was stopped with 25 ml 
ice-cold 5% trlchloroacetlc acid containing 10 mM H3PO4 The membranes 
were sedlmented, washed once with 30 ml of 20 mM HC1 and then resuspended 
m 50 pl of 10 mM HC1 Pepsin (Worthmgton) was dissolved also m 10 mM HC1 
and added to the membranes (1 mg pepsin per mg membrane protein) After 
digestion at room temperature for 30 mm, the samples were centrifuged and 
peptldes, released from the active site and labeled with 32p, were separated 
from 32p1 by high voltage electrophoresls [7] Condltmns for electrophoresls 
were buffer 2% (v/v) formic acid (about pH 2), paper Whatman 3 MM, tem- 
perature 2°C, potential difference 35--40 volts per cm, time 90 mm The 

2 P-peptldes were located by a thm-wmdow Gelger counter, and also by vmw- 
mg the paper under ultraviolet light Although the bulk of peptldes seen are 
probably non-labeled contammatmg peptldes, viewing the paper under ultra- 
violet light, in addition to detecting the radioactivity, helps to separate neigh- 
boring spots derived from different samples The peptlde spots were cut out, 
dried and the radmactlvlty was measured by liquid scintillation counting in a 
toluene-based mLxture To correct for the hydrolysis of the phosphopeptldes 
during digestion and electrophoresls an ahquot of the membranes was labeled 
with [3'-32 p] ATP, and the radioactivity in this sample was measured both by 
Mllllpore filtration as described earher and by dlgestmn and electrophoresls 
Estimated this way, the loss of radioactivity was 20--30% It was assumed for 
further calculations that  all samples lost radmactlvlty to the same extent  The 
validity of this procedure was proved by the good agreement among the level of 
phosphorylatmn from 32p, and from [3'-32P]ATP (measured by flltratmn, 
without  digestion) and the level of ouabam-bmdmg (cf Tables I and V) To 
measure the amount  of membranes from which the phosphopeptldes were 
derived by peptic digestion, the residue was hydrolyzed with perchlonc acid 
and the total phosphate content  of  the hydrolyzate was measured [25] The 
amount  of membranes could be calculated on the basis of the total phosphate 
content  of native enzyme which was not affected by acid-precipitation and was 
derived essentially from phosphohplds since the amount  of phosphoprotems 
and of absorbed morgamc phosphate was negligible [7] 

Binding of [ 3H] ouabam was measured according to Matsul and Schwartz 
[26] One ml of reaction mixture contained 50--200 pg of membrane protein, 
1 nmol of [ 3HI ouabam (unless otherwise indicated), 20 pmol of lmldazole 



369 

HC1 (pH 7 4) and one of four combinations of hgands (final concentratmns) 
either 2 mM MgC12 or 2 mM MgC12 and 1 mM Tns P1, or 100 mM NaC1, 2 mM 
MgCl~ and 2 m M N a  ÷ ATP, or 5 m M T r l s  E D T A a n d 0 1 m M o u a b a m  The 
last mixture served for the measurement of non-specific bmdmg and this value 
was subtracted from the prewous ones After mcubatmn at the temperature 
and for the time mdmated m the legends the membranes were sedlmented, 
dissolved m alkah and the radmactlvaty was measured by hquld scmtfllatmn 
counting External standardlzatmn was used to correct for quenchmg. 

Dlssocmtmn of ouabam from the enzyme was measured similarly to the 
method of Tobm and Sen [27]. First ouabam was bound to the membranes m 
the presence of one of the hgand combmatmns described prevmusly After 
mcubatmg at 37°C for 30 mm bmdmg was stopped and dlssocmtmn was started 
by adding one ml of 10 mM Tns EDTA prewarmed at 37°C. At different 
times samples were rapidly frozen m dry me-acetone to block further dlssocm- 
tmn At the end of the experiment all frozen samples were thawed at 0°C and 
the amount  of bound ouabam was measured 

All assays were done at least m tnphcates and the average of these values is 
shown m the figures and tables 

Results 

One purpose of these experiments was to study the binding of ouabam to 
the ADP-sensltlve phosphorylated from of (Na + + K+)-ATPase The ADP-sensl- 
tlve phosphoenzyme is formed m appreciable amounts only after polsomng the 
enzyme wath ohgomycm or N-ethylmalelmlde Ohgomycm is a reversible inhibi- 
tor that  can be apphed easily and does not  affect Na*-dependent phosphoryla- 
tlon Unfortunately at 37°C ohgomycm seems to dissociate from the enzyme 
and does not inhibit more than about 50% of the activity [28--31] Ohgomy- 
cm was therefore used only at 0 ° C. On the other hand N-ethylmalelmlde is an 
Irreversible inhibitor that  forms a stable covalent bond with some SH groups of 
the enzyme Like some other mhlbltors of (Na ÷ + K+)-ATPase (e g ouabam 
[12], F- [ 32,33], Be 2÷ [ 34,35] ), N-ethylmalelmlde reacts differently with van- 
ous hgand mduced conformatmns of the enzyme it can reactivate preferentml- 
ly either Na÷-dependent phosphorylatlon, or K*-dependent dephosphorylatmn 
or both dependmg on the hgands By a double labehng procedure Hart and 
Titus [36] elegantly demonstrated that  different combmatmns of hgands ex- 
pose SH groups that  are otherwise not  accessible to N-ethylmalelmlde For our 
expenments  we ideally needed a preparatmn whmh formed 100% El-P, 1 e a 
phosphoenzyme completely insensitive to K ÷ In the reactmn mixture (cf 
Methods) EDTA and EGTA protected Na÷-dependent phosphorylatmn proba- 
bly by chelating endogenous Ca 2÷ and/or Mg 2÷ [37] and the low concentratmn 
of Na ÷ enhanced the reactmn Inactlvatmn of the enzyme by N-ethylmalelmlde 
followed a single exponentml (not shown) By the time 80--90% of the enzyme 
activity was inhibited (20--30 mm at 37°C with 5 mM N-ethylmalelmlde) Na ÷ 
dependent  phosphorylatmn dechned only by 40--50% and the phosphoenzyme 
became almost completely insensitive to K+ Such preparatmns were used 
primarily m this experiment though some experiments were repeated with 
ohgomycm-treated membranes also The use of two chemmally different mhlbl- 
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Fig 1 E f f ec t  o f  N - e t h y l m a l e l r m d e  on  d e p h o s p b o r y l a t l o n  Na t ive  (0 32 m g  p ro t e in )  or  N - e t h y l m a l e l m l d e  

t r e a t ed  (0 2 mg  p r o t e i n )  r a b b i t  k i d n e y  m e m b r a n e s  were  i n c u b a t e d  at  0~C m a to ta l  v o l u m e  of  one ml ,  m 

the  p resence  of  20 m M  NaC1, 1 raM MgCl2, 0 02 mM [~,-32p] A T P  and  10 m M  lmldazole-HC1 (pH 7 5) 

N o n - s p e c l h c  p h o s p h o r y l a t l o n  was m e a s u r e d  b y  rep lac ing  NaCl w i t h  20 m M  KCl m the  p r e v m u s  m i x t u r e  
This  value  was s u b t r a c t e d  f r o m  each  s a m p l e  and  the  d i f f e r e n c e  was p lo t t ed  on  the  f igure  P h o s p h o r y l a t l o n  

was s t a r t e d  at  m i n u s  5 s  by  add ing  [ ) - 3 2 p ] A T P  m 0 1  ml  At  0 s  the  r e a c t i o n  was s t o p p e d  m s o m e  

s a m p l e s  ~ l t h  acid,  t he  a m o u n t  of  [ 3 2 p ]  p h o s p h o p r o t e m  ~ a s  m e a s u r e d  and  th is  value was  t a k e n  as 100% 

In o t h e r  s amp l e s  f u r t h e r  p h o s p h o r y l a t l o n  was b l o c k e d  and  d e p h o s p h o r y l a t l o n  was in i t i a t ed  w i t h  (1 ,2-  

c y c l o h e x y l e n e d l m t r f l o ) t e t r a a c e t a t e  ( C D T A )  (Trls-sal t ) ,  C D T A  + KC1 or C D T A  + A D P  m c o n c e n t r a t m n s  

i n d i c a t e d  on  the  h g u r e  The  m e a s u r e m e n t s  o f  [ 3 2 p ]  p h o s p h o p r o t e m  is desc r ibed  m M e t h o d s  

Fig 2 E f f ec t  o f  N - e t h y l m a l e l m l d e  and  o h g o m y c l n  on the  ra te  of  d e p h o s p h o r y l a b o n  r e d u c e d  by K + The  

ra te  c o n s t a n t  of  d e p h o s p h o r y l a t m n  (h) at 0 °C  was  ca lcu la ted  f r o m  graphs  such  as F ig  1 A f t e r  phos -  

p h o r y l a t m n  r each ed  a s t e a d y  s t a t e  m 5 s, d c p h o s p b o r y l a t l o n  was s t a r t ed  w i t h  5 m M  T r m - C D T A  and  KCl 

as i n d i c a t e d  on  the  absc issa  The  c o n t r o l  and  o h g o m y c m - t r e a t e d  samples  c o n t a i n e d  0 61 rag, the  N-e thy l -  

m a l e l n u d e - t r e a t e d  s a m p l e s  c o n t a i n e d  0 44  m g  of  m e m b r a n e  p ro t e in  f r o m  rabb i t  k i d n e y  

tors  he lped to  separate  ef fec ts  tha t  might  have been  due  to  the specific struc- 
tu re  of  the lnhlb l te rs  f r om effects  tha t  re f lec ted  p roper tms  of  E ~-P itself 

Fig 1 shows the  character is t ics  o f  the  p h o s p h o e n z y m e  in native and N-ethyl-  
male lmlde- t rea ted  membranes  Both  p h o s p h o e n z y m e s  spht  spon taneous ly  at  a 
s low rate  (k = 0 087 s -1 and 0 064 s -1 respec twely)  In the  na twe  e n z y m e  
d e p h o s p h o r y l a t l o n  was enhanced  s lgmflcant ly  by  0 05 mM K ÷ (k = 0 202 s -~), 
bu t  no t  by  2 mM ADP (k = 0 087 s -~) On the con t r a ry  in N-e thylmale lmlde-  
t r ea ted  e n z y m e  2 mM ADP m d u c e d  rap]d d e p h o s p h o r y l a t l o n  (k = 0 204 s -~) 
while 0 05 mM K ÷ had h t t l e  e f f ec t  (k = 0 074 s -~) Fig 2 shows the K÷-depen - 
dence  of  the rate  of  d e p h o s p h o r y l a t l o n  over  a wider  range of  K ÷ concent ra-  
t ions N-e thy lmale lm]de  and o h g o m y c m  were equal ly  effect ive  m decreasing 
sensl twlty to  K ÷ 

The tu rnove r  n u m b e r  and the re fo re  the  e n z y m e  ac twl ty  decreased af te r  
t r e a t m e n t  with N-e thy lmale lmlde  because of  this slow rate  o f  dephosphory la -  
t lon  even m the  presence  of  K ÷ (Table  I) For  the  native e n z y m e  the  tu rnove r  
n u m b e r  was a b o u t  10 000 if it was assumed tha t  one  mol  o f  e n z y m e  bound  
1 mol  of  ouabam or fo rmed  I mol  of  p h o s p h o e n z y m e  [4] For  the  N-ethyl-  
male lmlde- t rea ted  e n z y m e  the  tu rnove r  n u m b e r  was 2570,  specific ac twl ty  o f  
(Na ÷ + K*)-ATPase decreased  by  87%, ouabam  by ab o u t  50%, p h o s p h o r y l a t m n  
f rom ATP by a b o u t  45% One mol  o f  p h o s p h o e n z y m e  b o u n d  1 mol  o f  ouabaln  
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T A B L E  I 

S T O I C H I O M E T R I C  R E L A T I O N  A M O N G  (Na + + K+)-ATPase A C T I V I T Y ,  P H O S P H O R Y L A T I O N  AND 

O U A B A I N - B I N D I N G  OF N A T I V E  AND N - E T H Y L M A L E I M I D E  E N Z Y M E  

P r e p a r a t m n  of  rabbi t  k idney  m e m b r a n e s ,  t r e a t m e n t  wi th  N - e t h y l m a l e : m l d e  and assay p r o c e d u r e s  were  
car rmd ou t  as descr ibed  m Methods  All assays were  p e r f o r m e d  m the p resence  of  the  m d m a t e d  hgands  and 
non-specif ic  act ivi t ies  were  s u b t r a c t e d  The  c o n c e n t r a t m n s  of  subs tances  were  2 mM ATP for  (Na + + K+) - 
ATPase ,  1 pM [3H]  o u a b a m  for  b ind ing  and  0 04  m M  [T-32p]  ATP f~r p h o s p h o r y l a h o n  Ouaba ln  was 
b o u n d  to the e n z y m e  at 37°C  

Assay U m t  Llgands Enz~ m e  
(mM) 

Nat ive  N-ethyl-  
ma le lmlde-  
t r ea ted  

(Na + + K+)-ATPase p m o l  mg  p ro t e in  -1 NaCI (100 )KCI (10 )  1 5 0 2 
m m  -1 MgC12 (2) 

O u a b a m - b l n d m g  p m o l  m g  p r o t e i n  -1 MgC12(2) 61 8 12 1 
MgC12(2 ) P~(1) 151 6 74 1 

NaCI(100)  
MgC12(2)ATP(2)  149 6 64 2 

P h o s p h o r y l a t m n  p m o l  m g  p r o t e i n  -1 NaCI(100)MgC12(1 ) 152 0 82 8 

both in the native and m the N-ethylmale:mlde-treated enzyme 
If ouabam saturates the enzyme its binding follows pseudo-first order kinet- 

ics [38], i e. the free-binding s:tes disappear according to a single exponentml 
(Fig 3) at least at the beginning of the reaction The rate constant for this 
process at a g:ven concentration of ouabaln was calculated from graphs such as 
F:g. 3 and was taken as the rate constant for association of ouabam with the 
enzyme. The rate of assoclat:on was always fastest in the presence of Mg 2÷ and 
P~ and slowest In the presence of Mg 2+ alone (Table II). This difference became 
even more pronounced after treating the membranes with N-ethylmalelm:de or 
ohgomycm both of wh:ch slightly but consistently slowed binding in the pres- 
ence of Na +, Mg ~÷ and ATP and accelerated binding in the presence of Mg 2÷ and 
P, In all media, sheep kidney membranes bound ouabaln about twine as fast as 
rabb:t kidney membranes Both native and N-ethylmalelm:de or ohgomycln- 
treated enzyme formed type I complex more slowly than type II complex 
Since in a medmm containing Na ÷, ATP and Mg 2÷ the nahve enzyme formed 
E2-P and the N-ethylmalelm:de or ohgomycm-treated enzyme formed E,-P, 
these exper:ments also lnd:cated that  E~-P bound ouabaln somewhat more 
slowly than E2-P did Slow conversion of E~-P to E2-P was not  excluded 
though seems to be unhkely for the following reasons In the presence of Na ÷, 
Mg 2+ and ATP the rate of ouabaln-blndlng by the N-ethylmale:mlde-treated 
enzyme was d:stlngulshable from that  of the native enzyme and the disappear- 
ance of the free binding sites (as m F:g 3) could be described by a single 
exponential up to 40 minutes at 0°C If E~-P had been converted mto E2-P 
during this permd, disappearance of the free binding sites should not  have 
followed a single exponential and the rate constant calculated at a later phase 
of the process (e g between 30 and 40 mln) might have been more similar to 
that  of the native enzyme Unfortunately small differences In these values 
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Fig 3 T ime  course  of  o u a b a m  b ind ing  Ligands p resen t  d u n n g  o u a b a m  binding  are s h o w n  on the figure 
In  add t t l on  each  sample  c on t a ine d  m one  ml  0 68 m g  of m e m b r a n e  p ro t e in  f r o m  rabbi t  l~dney  and 10 
m M  lmldazole-HC1 (PH 7 5) Non-specif ic  b ind ing  (cf  Methods)  was s u b t r a c t e d  f r o m  each value p resen ted  
on the g raph  The  to ta l  n u m b e r  of  b ind ing  sites (100% on the  graph)  was m e a s u r e d  b y  incuba t ing  some  
samples  unt i l  b ind ing  r e a c he d  a s t eady  s ta te  (2 h a t  0°C)  O u a b a m  at  the  c o n c e n t r a t i o n  used near ly  
s a tu r a t ed  the  b ind ing  sites whose  d t s soc lahon  c o n s t a n t  was a b o u t  65  nM (cf  Table  IV)  The  m e a s u r e m e n t  
of  o u a b a m - b m d m g  is desc r ibed  in Methods  

might have escaped detection because of  the relatwe lnsensltwlty of  the meth- 
ods employed 

Binding of  ouabaln is a relatively slow process [12 ,13 ,39]  K + antagonizes 
the effect of  ouabam by slowing the rate of  ouabam binding without  affecting 
the steady-state level of  the enzyme-ouabam complex [40] K ÷ may slow 
ouabam binding by decreasing the steady-state level of  the phosphoenzyme 
since K + greatly accelerates dephosphorylatlon (cf Fig 1) As an alternatwe ex- 
planation there may be separate sites for K + to enhance dephosphorylahon or 
to inhibit ouabam-bmdlng N-ethylmalelmlde-treated enzyme offers a model to 

T A B L E  II 

P S E U D O - F I R S T  O R D E R  R A T E  C O N S T A N T S  OF F O R M A T I O N  OF A M E M B R A N E - O U A B A I N  COM- 

PLEX AT 0°C 

The  pseudo-f i r s t  o rde r  ra te  c ons t a n t s  of  associa t ion  m the  p resence  of  1 pM [ 3 H ]  o u a b a m  were  ca lcu la ted  
f r o m  the rate  of  d i s appea rance  of  free b inding sites at 0°C (ef Fig 3) Llgands and mh lb l t o r s  p re sen t  
dur ing  labehng  are s h o w n  on the  table 

Species E n z y m e  Rate  c o n s t a n t  (k 104 s -1 ) in t h e p r e s e n c e  of  (raM) 

NaCI(100)- MgCl2 (2) 
MgCI2(2) P1(1) 
ATP(2) 

MgCI2(2) 

Sheep nat ive  7 5 7 9 2 9 

na t ive  + 90  #g 
o h g o m y e m  6 0 8 7 3 0 

Rabb i t  na t ive  3 2 3 7 1 4 

N-e thy lmale -  
lmlde - t r ea ted  2 6 4 0 1 6 
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Flg 4 E f f e c t  o f  N - e t h y l m a l e l m l d e  and  K + on  the  r a t e  o f  o u a b a m - b m d m g  at  0 ° C  T h e  c o n c e n t r a t i o n s  o f  

KCl and  of  o t h e r  h g a n d s  p r e s e n t  d u r i n g  o u a b a m - b m d m g  are s h o w n  on  the  absc issa  and  on  the  panel ,  resp 

T h e  c o n c e n t r a t m n  o f  m e m b r a n e  p r o t e i n  ( f r o m  r a b b i t  l ~dne y )  was  0 4 m g / m l  m the  con t ro l ,  0 78 m g / m l  

m t h e  N - e t h y l m a l e l n u d e - t r e a t e d  s a m p l e  T h e  r a t e  o f  d m a p p e a r a n c e  of  f r e e  b i n d i n g  s i tes  was  t a k e n  as 

p seudo - f i r s t  o rde r  ra te  c o n s t a n t  o f  a s s o c m t l o n  (k)  and  it  w a s  ca lcu la ted  f r o m  g raphs  such  as F ig  3 T h e  

e x p e r i m e n t a l  p r o c e d u r e  is  d e s c r i b e d  i n  M e t h o d s  

test this hypothesis  it forms a K÷-reslstant phosphoenzyme  from ATP whmh 
nonetheless bmds ouabam Any direct effect of  K ÷ on ouabam-bmdmg could 
therefore be separated from its effect on dephosphorylat lon Indeed, low con- 
centratlons of K + that did not  increase dephosphorylat lon slgmfmantly (Fig 2) 
did slow the rate of ouabam-bmdmg to the N-ethylmalelmlde-enzyme as much 
as to the natwe one (Fig. 4) K ÷ decreased the rate of bmdmg both m the Na ÷ + 
Mg 2+ + ATP and m the Mg 2+ + P, medmm and the K ÷ reduced changes were 
similar for the natwe and the N-ethylmalelmlde-treated enzyme Thus, m the 
Na ÷ + Mg 2+ + ATP medmm, K ÷ could slow ouabam-bmdmg to N-ethylmalelm- 
1de-treated enzyme without  slgmfmantly changing the steady state level of the 
phosphoenzyme The experiments shown m Fig 2 and Fig 4 can be compared 
directly with each other because the same membrane preparatmn was used at 
the same temperature (0°C}, only  the substrate concentratmns were modffmd 
for optimal phosphorylatmn and ouabam-bmdmg Ohgomycm (90 pg/ml),  just 
as N-ethylmalelmlde, did not  affect the K ÷ sensltwlty of ouabam-bmdmg (not  

T A B L E  III  

R A T E  C O N S T A N T S  F O R  D I S S O C I A T I O N  O F  T H E  E N Z Y M E - O U A B A I N  C O M P L E X  AT 3 7 ° C  

Di s soc i a t i on  ra te  c o n s t a n t s  w e r e  m e a s u r e d  as d e s c r i b e d  in  M e t h o d s  a n d  w e r e  ca lcu la ted  f r o m  graphs  such  
as F ig  5 These  s a m p l e s  c o n t a i n e d  m one  m l  0 23 m g  of  m e m b r a n e  p r o t e i n  f r o m  r a b b i t  k i d n e y ,  1 /~M 

[ 3 H] o u a b a m  and  o t h e r  l lgands as l n d m a t e d  

L lgands  ( m M )  Rate  c o n s t a n t  for  d l s s o e l a h o n  (k 103 s - 1 )  

N a t i v e  e n z y m e  N - e t h y l m a l e l m l d e - t r e a t e d  
e n z y m e  

MgCI2(2) 3 2 1 4 
MgCI2(2)PI(1) 3 2 2 8 
NaCI(100)MgCI 2 (2) 

ATP(2) 4 2 10 5 
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T A B L E  I V  

D I S S O C I A T I O N  C O N S T A N T  O F  T H E  E N Z Y M E - O U A B A I N  C O M P L E X  A T  3 7 ° C  

T h e  d i s s o c i a t i o n  c o n s t a n t  ( K s )  w a s  d e t e r m i n e d  b y  m e a s u r i n g  t h e  s t e a d y  s t a t e  l eve l  o f  b o u n d  o u a b a l n  a t  

d i f f e r e n t  o u a b m n  c o n c e n t r a t i o n s  m t h e  p r e s e n c e  o f  t h e  h g a n d s  i n d i c a t e d  a n d  b y  p l o t t i n g  t h e  d a t a  ac-  

c o r d i n g  t o  S c a t c h a r d  [ 4 1 ]  R a b b i t  k i d n e y  m e m b r a n e s  w e r e  u s e d  i n  all e x p e r i m e n t s  

L l g a n d s  ( m M )  D i s s o c i a t i o n  c o n s t a n t  ( K s )  

N a t i v e  e n z y m e  N - e t h y l m a l e l m i d e - t r e a t e d  

e n z y m e  

N a C I ( 1 0 0 ) M g C 1 2 ( 2 )  65  5 n M  1 4 2  6 n M  

A T P ( 2 )  

M g C 1 2 ( 2 ) P I ( 1 )  6 4  8 n M  58  6 n M  

shown), thus the phenomenon did not depend on the chemmal structure of the 
inhibitor employed for producing E1-P Dissociation of the enzyme-ouabam 
complexes was measured at 37 ° C (half-time is 3--5 mm) because at 0 ° C dissocia- 
tion is very slow (half time is about 9 h [27] )  The type I complex was less 
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F i g  5 E f f e c t  o f  N - e t h y l m a l e l m l d e  o n  t h e  d i s s o c i a t i o n  o f  t h e  e n z y m e - o u a b a l n  c o m p l e x  a t  3 7 ° C  L l g a n d s  
p r e s e n t  d u l a n g  b i n d i n g  a re  s h o w n  o n  ¢he g r a p h  In  a d d x t i o n  e a c h  s a m p l e  c o n t a i n e d  m o n e  m l  1 n m o l  o f  
[ 3 H ]  o u a b a m  a n d  0 4 8  m g  o f  n a t i v e  ol  0 88  m g  o f  N - e t h y l m a l e l m l d e - t r e a t e d  m e m b r a n e  p r o t e i n  f r o m  

r a b b i t  k i d n e y  O u a b a l n - b m d m g  r e a c h e d  a s t e a d y  s t a t e  In 3 0  m m  a t  3 7 ° C  a n d  t h i s  l eve l  o f  b o u n d  o u a b a m  
w a s  t a k e n  as  1 0 0 %  o n  t h e  g r a p h  T h e  e x p e r i m e n t a l  p r o c e d u r e  is d e s c r i b e d  i n  M e t h o d s  
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stable than the type  II complex both  in the native and m the N-ethylmalelmlde- 
treated enzyme (Fig. 5 and Table III) This difference m stablhty was even 
more pronounced m the N-ethylmalelmlde-treated enzyme because dissociation 
of  the type  II complex was shghtly slower and that of  the type I complex 
about  twine as fast as m the native enzyme (Table III) These changes were also 
reflected m the dissociation constant  of  the enzyme-ouabam complexes mea- 
sured at 37°C and calculated from Scatchard plots [41] (Table IV) The sim- 
plest interpretation of these data is that N-ethylmalelmlde decreased primarily 
the stablhty of the type  I complex, 1 e ouabam formed a less stable complex 
with E1-P than with E2-P On the other hand, N-ethylmalelmlde did not  modi- 
fy the properties of  the type  II complex to the same extent  (cf e g the 
dissociation constants m Table IV) 

It was surprising that P1 could enhance the formation of the type  II complex 
in the presence of Mg 2+ (Table II) m the N-ethylmalelmlde enzyme This find- 
ing indirectly mdmated that N-ethylmalelmlde did not  abolish phosphorylatmn 
by P~ in the presence of Mg 2+ and therefore the N-ethylmalelmlde-treated en- 
zyme formed E1-P from ATP and probably E:-P from P, Earher Siegel et al 
[15] did not  observe phosphorylat lon of  electroplax membranes by P1 after 
N-ethylmalelmlde t reatment  We reinvestigated this phosphorylat ion by P1 of  
the N-ethylmalelmlde-treated enzyme to exclude the remote possibility that, 
unlike in the native enzyme, P, supported ouabam-blndmg to N-ethylmalelm- 
1de-treated enzyme without  prior phosphorylatmn P~ did phosphorylate the 
N-ethylmalelmlde-treated enzyme and this phosphorylat lon was inhibited by 
Na + just as m the native enzyme (Table V) On the other hand phosphorylahon 
by ATP of both  native and N-ethylmalelmlde-treated enzyme required Na +, and 
Na ÷ could not  be replaced by K ÷ The discrepancy between these and earlier 
findings [15] can probably be resolved by pomtmg out  some technical differ- 
ences We could measure phosphorylat lon by P~ only if the membranes were 
digested and the 32 P-labeled peptldes from the active site of (Na ÷ + K+)-ATPase 
were separated from 32p, by electrophoresls. Repeated washmgs with acids 
[15] were not  always suffmlent to nd  the membranes of  32p, that  was not  
bound covalently but  made the measurement of specific labehng impossible It 
is important  to note that, within the accuracy of  the procedures, the same 

T A B L E  V 

L I G A N D  S E N S I T I V I T Y  O F  P H O S P H O R Y L A T I O N  

R a b b i t  tudney  m e m b r a n e s  were  p h o s p h o r y l a t e d  w i t h  [7-32p]  ATP or  32p 1 at 0 °C  as desc r ibed  in Me thods  

Non-spec i f i c  p h o s p h o r y l a t l o n  was  no t  s u b t r a c t e d  f r o m  the  va lues  s h o w n  (Na + + K+)-ATPase  aetavlty was 

1 62 u n l t s / m g  p r o t e i n  for  the  n a t w e  and  0 20 u m t s / m g  p r o t e i n  for  the  N - e t h y l m a l e l m l d e - t r e a t e d  e n z y m e  

Llgands  ( m M )  [ 3 2 P ] P h o s p h o e n z y m e ( p m o l  m g p r o t e m  -1 )  

Na t ive  e n z y m e  

_ I  

N - E t h y l m a l e l m l d e - t r e a t e d  e n z y m e  

32px(1)MgCI2(0 5) 179 5 
32PI(1)MgCI2(0 5)NaCl(100) 7 9 
[32p] ATP(0 02)MgC12(1 0)NaCI(100) 155 6 
[32p] ATP(0 02)MgCI2(1 0)KCI(100) I 5 

80 5 
2 6  

74 1 
0 2  
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amount  of phosphoenzyme was formed from P1 as from ATP, and both types 
of phosphoenzyme bound one mole of ouabaln both in the native and m the 
N-ethylmalelmlde-treated enzyme (Table I) The N-ethylmalelmlde-treated en- 
zyme formed more phosphoenzyme from either ATP or P, than expected on 
the basis of the remaining (Na ÷ + K+)-ATPase activity and the normal turnover 
(10 000/mln) of a native enzyme (cf legend to Table V) These facts mdmated 
that  indeed the N-ethylmalelmlde-treated enzyme molecules were interacting 
with ATP, P, and ouabam and not  a small fractmn of native enzyme molecules 
that  had not  reacted with N-ethylmalelmlde Ohgomycln (90 pg/ml) did not 
abolish phosphorylatmn by P, either and this phosphorylatmn could also be 
Inhibited by Na ÷ (not shown) (Further study of phosphorylatlon by P, of the 
N-ethylmalelmide or ohgomycln-treated enzyme is m progress and will be re- 
ported later ) 

Discussion 

Formatmn o f  the type I complex 
Type I complex between enzyme and ouabam is formed m the presence of 

Na ÷, Mg 2÷ and ATP In the presence of these hgands the native enzyme forms a 
K+-senslt:ve phosphoenzyme (E2-P), the N-ethylmalelmlde- or ohgomycm- 
treated enzyme forms an ADP-sensltlve phosphoenzyme (E I-P) (see also Intro- 
duction) Formation of a type I complex by the enzyme treated with N-ethyl- 
male:mlde or ohgomycln therefore shows that  E~-P can brad ouabaln This 
phenomenon was described earlier [15,16,17] though Post et al [17] could 
observe this binding only at 23°C but not at 0°C The lack of ouabaln binding 
to an N-ethylmalelmlde treated enzyme m their experiments was probably due 
to the short incubation time (10--50 s m contrast to 20--60 mln in our experi- 
ments) By its kmetm characterlstms (rate constant of association and of disso- 
ciation, dissociation constant,  cf Tables II, III, IV), the (Ei-P)-ouabaln com- 
plex can be clearly distinguished from the (E2-P)-ouabaln complex The most 
prominent  difference was the faster rate of dissociation of the (E~-P)-ouabam 
complex (Table IV) The obvious difference between (E~-P)-ouabain and 
(E2-P)-ouabaIn, formed m the presence of Na ÷, Mg 2÷ and ATP, also showed 
that  the so-called type I complex is not  necessarily a homogeneous species but 
may include both of these complexes even m the native enzyme 

The role of E1-P m the reaction mechamsm of (Na ÷ + K+)-ATPase is still not 
resolved It has been assumed, but never proved, that  E ~-P is precursor of E 2-P 
with the equlhbrlum shifted toward the formatmn of predommantly E2-P 
[8,9] This idea was supported by the demonstrat ion of some E~-P that  could 
react with deoxy-ADP in the native enzyme also [42] E~-P also accumulated 
upon lowering the Mg 2÷ concentration and without  adding any Inhibitor but 
only If the enzyme was prepared from the electroplax of the electrm eel and 
not  from mammalian tissues [9] In contrast to the previous interpretation It 
was suggested [10] that  E~-P may represent an alternative pathway of the 
reaction and may not  occur in the native enzyme Our results do not  answer 
this problem conclusively but te.nd to support the second hypothesis Since 
ouabaln should stabilize (" t rap")  E 1-P even in a native enzyme, if E 1-P were a 
mandatory intermediate the kinetic properties of the type I complex should 
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then be ldentmal In both the native and the N-ethylmale:mlde-treated enzyme, 
contrary to what was found m these experiments This apparent lack of 
(E1-P)-ouabaln in the native enzyme, however,  does not  rule out  that  some 
E1-P was formed because (a) :f the conversion of  E~-P Into E2-P Is much faster 
than the formation of the (E~-P)-ouabmn complex, ouabam cannot " t r ap"  
minute amounts  of (E~-P); and (b) (E1-P)-ouabaln may not  be detected by 
klnetm measurements alone in the presence of large excess of  (E2-P)-ouabam 

Formation of type H complex 
Both the native and the N-ethylmalelmlde- or ohgomycm-treated enzymes 

bound some ouabam in the presence of Mg 2+ alone, however, the addition of P, 
greatly enhanced both  the rate and the steady-state level of ouabam-blndlng 
(Table I, II) P, was bound covalently to the active site of N-ethylmalelmlde- 
treated enzyme also because (a) labeled peptldes hberated by peptic dlgestmn 
and separated by high voltage electrophoresls have the same mobili ty as those 
formed by the native enzyme, (b) phosphorylat lon by P: was inhibited by Na ÷ 
(Table V) both  in the native and m the N-ethylmale:mlde-enzyme, and finally 
(c) the same amount  of phosphoenzyme was formed from P, as from ATP P1, 
therefore, enhanced ouabam-blndlng by  phosphorylatmg the active center 
rather than by non-covalent bmdlng to some allosterm site Na ÷, whmh inhib- 
Ited phosphorylatmn by P,, abolished the enhancement of  ouabaln-bmdmg by 
P, also Dahms and Boyer [43] showed that ohgomycm did not  lnh:blt the 
exchange of  oxygen between P, and water whmh involves phosphorylat lon of  
(Na ÷ + K÷)-ATPase. It came as a surprise, however, that  N-ethylmalelmlde did 
not  Inhibit phosphorylatmn by P1 either (S:egel et al [15] did not  observe th:s 
phosphorylat lon possibly for techmcal reasons as explamed m the Results ) 
Obv:ously the SH group(s) that  N-ethylmalelmlde blocked under the specific 
condltmns of these experiments were not  necessary for phosphorylatmn by P, 
These experiments therefore directly demonstrated that  the N-ethylmalelmlde- 
treated enzyme forms E1-P from ATP and E2-P from P, 

From the analysis of ATP bmdlng [22,44] and phosphorylat lon by P, [7] :t 
became evident that  the dephosphoenzyme ex:sts at least in two reactive states 
one form has high affmlty for ATP and Na ÷, and can be phosphorylated by 
ATP (El) ,  another form has low aff lmty for ATP, binds K ÷ and can be phos- 
phorylated by P, (E2) Phosphorylatmn by P, requires conversion of E~ to E2 
and this conversion :s apparently inhibited by Na ÷ [7] N-ethylmalelmlde d:d 
not  inhibit this conversmn since the N-ethylmalelmlde-treated enzyme could be 
phosphorylated by both ATP and P, 

Effects of IC on phosphorylatzon and ouabam-bmdlng 
K + stimulates (Na + + K+)-ATPase at multiple sites with cooperative interac- 

tions among these sites [45] In addition K ÷ accelerates dephosphorylat lon 
[4] ,  slows ouabam-bmdlng [13,40] ,  stimulates the sphttlng of p-mtrophenyl-  
phosphate or acetylphosphate [1,2] modlfms inhibition by N-ethylmalelm:de, 
F- [32,33] and Be 2÷ [34,35] and stablhzes some form of the enzyme-ouabmn 
complex [ 4 6 - 4 8 ] ,  though th:s final effect was not  observed m intact cells 
[40] K + probably brings about  these effects at sites w:th different affinity 
[49] In our experiments the rate of dephosphorylat lon of  native phospho- 
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enzyme was doubled by as low as 0.015 mM K ÷ but only 0 29 mM K ÷ de- 
creased the rate of formatmn of  type I complex by a factor of  two (0 35 mM 
K ÷ for type II complex) In the case of N-ethylmalelmlde enzyme, dephos- 
phorylatmn was almost completely insensitive to K ÷ (Fig 1) but formatmn of 
the enzyme-ouabam complexes could be inhibited by K ÷ {two-fold decrease m 
the rate of formatmn was brought about 0 21 mM K ÷ for type I complex and 
by 0 38 mM K ÷ for type II complex).  These facts can be interpreted so that 
N-ethylmalelmlde or ohgomycm blocked some high affmlty sites at whmh K ÷ 
normally enhances dephosphorylatmn but these mhlbltors did not affect some 
moderate affinity sites at whmh K ÷ slows the rate of ouabam-bmdmg In sup- 
port of  prevmus kmetm evidence our own experiments showed directly that 
these two classes of K ÷ sites (with high and moderate affinity) can be inhibited 
independently and are therefore probably separate Different mhlbltors (e g 
N-ethylmalelmlde or ohgomycm) may thus promote the formatmn of E ~-P by 
modifying these high affinity sites or by blocking the access of  K ÷ to them 
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