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b U M M A R Y  

Specific [3H]ouabain binding to guinea pig kidney (Na + + K*)-ATPase (ATP 
phosphohydrolase,  EC 3 6 I 3) at 37 ° was determined At less than I IO 6 ~I ouabam 
specific binding to the native enzyme wa~ neghgible Specific binding occurred in two 
way~ Binding was st imulated by  Mg 2+ or Mg 2+ and P~ which great ly increased the 
affinity of  the enzyme for ouabain This binding was saturated at IO #M ouabaIn and 
reduced by  Na + or E D T A  The Na + inhibltmn showed cooperative effects, apparent  
/x'z values between 2 5 and 7 ° mM and appeared to be Indirect K + at lo~ concentra- 
tions stimulated, then at higher concentrat ions inhibited this binding The inhibition 
appeared to be competi t ive Binding in the presence of  2oo mM Na + reqmred ATP 
and Mg ~+ In the presence of  ATP and Mg 2+, binding was ~tlmulated by o-16 mM Na) 
and further Increased bv 2oo mM Na+ SrC12 or A D P  dad not  support  binding in the 
presence of  Na + The half-life of  the enzyme-ouaba ln  complex was 9 h at o ° On 
warinmg, the rate of  dissociation increased exponential ly with temperature to t~ --  
3 rain at 3 7  The experiments ~uggest tha t  there i~ one type  of ~peclfic binding site 
and tha t  the banding pathway~ are reciprocally related with respect to Na + The5" 
suggest different binding sites and confornlatlons of  maxinmm aftlnlty for Na ~ and 
ouabam The Na~-st imulated pa thway  requires phosphorylat lon Phosphorylat ion 
and/or  ouabaln binding appear  to alter the affimty of  the Na + sites Anv single non- 
covalent bond type  appears m~ufficlent to explain the enzyme-ouaba in  anteraetmn 

IN'I RODUCTION 

Cardiac glycosides are specific mhlbltors of the (Na T + K+)-ATPase (ATP 
phosphohydrolase,  EC 3 6 I 3) which is beheved to be associated with cation transport  
in most  m a m m a h a n  tissues 1,~ This inhibition is stolchaometrlc and relativel 5, stable a,4 
I t  is asymmetr ic  m that  at occurs only from the extracellular medium 5 and appears 
under some conditions to be at least partially competi t ive with K + (refs I and 6) 
In  keeping with these observataon% early results auggested tha t  cardiac glycosade~ 
mlublted this enzyme by banding to the phosphoryla ted form4,7, s Recent ly  9,1°, x~e 
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OUABAIN BINDING TO (Na + + K+)-ATPase  i 2 t  

have ou t l ined  the condi t ions  under  which o u a b a m  al ters  the  r eac t iv i ty  of  this  enzyme 
at  o ° Binding  was not  measured  d i rec t ly  bu t  inferred from the a l tered r eac t i v i t y  
Changes in affini ty for o u a b a m  were inferred from differences in the  ra te  of ac t ion of 
ouaba in  as b lndmg at  o ° was essent ia l ly  i r reversible  l° F r o m  these observat ions ,  a 
scheme for ion t r anspo r t  and  ouaba ln  inhibi t ion  of  this  enzyme was proposed  Two 
malor  forms, the  na t ive  and phospho forms of the enzyme were pos tu l a t ed  with  l inked 
changes in carr ier  p resen ta t ion  and hgand  affinity occurrmg durmg the t r anspor t  
cycle ~0 

For  thla communica t ion  we used [aH]ouabaln to measure  ouaba ln  b lndmg 
Blndmg at 37 ~ was readi ly  reversible and we present  d a t a  ob ta ined  under  equ lhbr lum 
and  s t eady- s t a t e  condi t ions  suggesting the existence of  two malo r  conformat ions  ot 
the  enzyme u lth l inked changes in affini ty for ouaba in  and Na + Evidence  is presented 
to suppor t  the  couphng of  changes In affinity" and or ienta t ion  of b i d i n g  sites to 
phosphory la t lon  of  the enzyme under  cer ta in  condi t ions Also, the  s tab i l i ty  of tile 
e n z y m e - o u a b a m  complex  is at  present  controvers ia l  Pubh~hed repor ts  suggest re- 
ve r s lb lh tyL<n ,  difficult.'," in reversaP°,  12 or an in terac t ion  which is "e>sentlally lrre- 
x e rs lb le"a t  physiological  t empe ra tu r e  and p H  (ref 13) A dependence  of the dissocia- 
t ion ra te  cons tan t  of  the enzyme--ouabaln  complex on t empe ra tu r e  is demons t ra ted ,  
which m a y  pa r t i a l l y  expla in  the discrepancies  m the l i t e ra ture  A p r e h m m a r y  repor t  
has been communica t ed  ~4 

MATERIALq AND METHODS 

Enzyme preparatzon 
Guinea  pig k idney  (Na + + K+)-ATPase  was p repared  b y  the me thod  of POST 

AND SEN ~5 I t  was washed 3 t imes with  a solut ion con tammg 25 o mM lmldazole,  
I2 5 mM hlst ldlne,  o I mM E D T A  (pH 7 5 • o I) to reduce endogenous Mg 2+ and 
Na  + Specific ac t i v i t y  of  the  enzyme was lOO-25 ° #moles  P~ per mg prote in  per  h at  
37 °, and more than  9o% of  the a c t i v i t y  u a s  (Na ÷ + K+)-dependent  

Bzndlng of [aHlouabaln 
Binding was d e t e r m m e d  b y  the me thod  of MATSUI AND SCHWARTZ 1 All reac- 

t ions were carr ied out  in I5-ml  corex centrifuge tubes  contamlng  o 2-0 4 mg prote in  
and IO/ ,moles  each of  lmidazole  and g lycy lg lycme (pH 7 4 =k o I) Subsequent  addi-  
t ions of reagents  were made  in o i-m1 volumes to give the  s t a ted  concentra t ions  in 
the  final volume of  I o ml Unless otherwise s ta ted ,  incubat ions  were at  37 ° for 3 nnn 
in the  presence of  A T P  or for a t  least  20 mill in i ts absence The tubes  were then  
centr i fuged at  48 ooo x g for 5 m m  at  o ° The ~uperna tan t  was discarded,  t i le re- 
m a m m g  drople ts  removed  with a Klmwlpe  4 and the complete  pellet  solubfllzed in 
o 2 ml of  Nuclear  Chicago Solubfllzer Counting wa~ m IO ml of scint i l la t ion med ium 
(IOO nag of  1 ,4-bls-(5-phenyloxazolyl-2)benzene , 4 g of  2 ,5-dlphenyloxazole  m a to ta l  
volume of  I 1 of  toluene) in a Nuclear  Chicago or Pa c ka rd  Tri-Carb h q m d  scmtfl la t lon 
spec t romete r  P ro te in  was de te rmined  b y  the me thod  of LowRy et al ~6 Binding of  
I~H]ouabam is expressed as pmoles [aH]ouabaln per mg prote in  Specific ac t iv i ty  of 
the  EaH]ouabam ~ a s  IOO C/mole 
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Chemicals and reagents 
I~H]ouabam was obtained from New England Nuclear, Boston, Mass Carrier 

ouabam was from Sigma Chetmcal Company, St Louis, Mo The sodium salts of ATP 
and ADP (Sigma) were converted to their respective Tns salts by passing over an 
AG 5oW-X8 (Blo-rad Laboratories, Richmond, Cahf ) column in the Trls form Other 
chemicals and reagents were obtained or prepared a~ described prewously 1° 

"1 A B L E  l 

NONSPECIFIC BINDING OF I3]-IlOUABAIN TO TV~'O PREPARATIONS OF (Na  + + K + ) - A T P a s e  

E n z y m e ,  IO niM I m i d a z o l e - g l y c y l g l y c m e  a n d  o 25 t i m  [ a H ] o u a b a m  ,~ere i n c u b a t e d  for  20 ra in  
a t  37 ~ in t h e  p r e s e n c e  o f  v a r i o u s  h g a n d s  or  a f t e r  t r e a t m e n t  as  l n d m a t e d  B i n d i n g  ~ a s  m e a s u r e d  
as  i n d i c a t e d  i n  MATERIALS AND METHODS 

Pr@a- Addd~ons Conch pmoles 
at~on (raM) [3H]ouaba~ n 

per mg 
protezn 

A Na(_l 16 o 8 o i  
NaC1 too  o 0 31 
KC1 16 o 8 9 ° 
O u a b a m  (un labe led)  2 5 8 io  
T r l s  A T P  2 o 9 7 ° 
H e a t - d e n a t u r e d  e n z y m e  ---  i o  3 ° 
MgC12 plus o 4 /  
HaP{)~ ~ o f  265 oo 

Tr l s  L D T A  IO o 5 7 ° 
NaC1 200 o 4 75 
KC1 t6  o 4 75 
---  - -  6 4 ° 
MgCI~ ph,s 4 o /  
HaPO 4 I Of 1 5 3  7 ° 

B 

RESULTS 

Nonspec~fic bzndzng 
Previous expenmentsg,  ~° showed a s low binding of ouabaln to the nahve  en- 

z y m e  and Inhibition of this binding by Na  + or ATP Table I confirmed and extended 
these findings The varlou~ hgands and treatments  of  Table I produced comparable 
levels of  binding which are a small  fraction (2-4%) of  the possible binding The amount  
of  this binding varied directly with the concentration of  [3H]ouabaln added, con- 
s lstent with the counts  being in pellet water 4 In the experiments  reported here, non- 
~peelfic binding was usually that occurring in the presence of 200 mM Na +, although 
in some experiments  16 mM K + or 5 o mM E D T A  were used Specific binding was 
any increment above the background est imated in this way  Nat ive  enzyme  exposed 
to 2 5 IO-7 M [3H]ouabam appeared to bind a small  amount  (1%) of  ouabam speci- 
fically (see also Fig 3) In another experiment  at 22 ° this binding did not increase 
with txme (but ~ee ref 3) 

T~me-course, type and e~tent of Na+-znh~b~ted b,ndzng 
Specific binding occurs in two ways 1° One is nucleotlde-dependent40 ° and stm~- 
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Fig I Time-course  of [ aHlouabam b ind ing  by  the  Na+-mhlb l t ed  p a t h w a y  The reac t ion  tubes  
con ta ined  enzyme,  i o  mM amldazole -g lycy lg lycIne  and 2 5 IO-V M E3H]ouabaln After  the  indi-  
ca ted  t imes  a t  37 ° b ind ing  was s topped  by  centr l fugatzon as descr ibed under  M~TERIALS AND 
METHODS F u r t h e r  add i t ions  ~ e r e  as below I - m ,  b ind ing  in the  presence of i mM Mg*+ and 
I mM P~, [] [~, b ind ing  In th is  m e d i u m  wi th  60 mM Na + added ,  © - - C ) ,  b ind ing  in the  pre- 
sence o f I  m M M g  2+, ~ O ,  b I n d l n g l n t h e p r e s e n c e o f I  m M M g  *+plus  i mM K +, × , b l n d l n g l n  
the  presence of i mM Mg ~+ plus 16 mM K + 

Fig  2 Op t ima l  concen t ra t ions  of Mg *+ and  Pl  for [3Hlouabam b ind ing  Enzyme ,  IO mM lmlda-  
zole glycylglyczne and 2 5 IO 7 M [3H]ouabain ~ e r e  i ncuba t ed  for 20 rain a t  37 ° and  the  reac t ion  
s topped  by  cen t r f fuga t lon  P i  concen t ra t ion  ~ a s  ~ a n e d  as ind ica ted  on the  hor izon ta l  axis  a t  
different  Mg 2+ concen t ra t ions  The  Mg 2+ concen t ra t ions  were ~ - - ~ ,  no added  Mg *+, © - - @ ,  
o i mM Mg 2+, ~ O ,  o 4 mM Mg 2+, ~ - - A ,  I mM Mg 2+, and  & - - A ,  4 mM Mg ~+ 

ula ted  by  Na  + The o ther  1° 1~ s t imu la t ed  b y  Mg 2+ phts PI and inhib i ted  b y  N a  + The 
Na+- lnhlb l ted  p a t h w a y  was first inves t iga ted  The tune-course of  o u a b a m  binding b y  
this  p a t h w a y  to (Na + + K+)-ATPase  was slow at  o ° and 24 ° (refs IO and 13) F ig  I 
shows the t ime-course  of  I3H]ouabaln b inding  to (Na + + K+)-ATPase  at  37 ° under  
var ious  con&taons Binding was re la t ive ly  slow and appea red  to reach an equ lhbrmm 
an 20 man m all cases Once reached,  equ lhbrmm was ma in t a ined  for a t  least  I h The 
add i t ion  of  Na  + or K + reduced the b inding  In another  exper iment  MgZ+-dependent 
b inding was reduced  following a d & t m n  of E D T A  Mn ~+ also s t imula ted  a b inding  
which was reduced b y  Na  + In all subsequent  exper iments  in the  absence of  nucleo- 
t ides,  a t  least  20 m m  were al lowed for b inding to equ lhbra te  

T A B L E  I I  

M A X I M A L  E a H ] O U A B A I N  B I N D I N G  I N  P R E S E N C E  OF Mg 2+ A, ND P z  

Enzyme ,  i o  mM l m l d a z o l e - g l y c y l g l y c m e  and 2 5/~M ? H ] o u a b a l n  u e r e  i ncuba t ed  wi th  add i t ions  
as ind ica t ed  Tubes  con ta in ing  &TP were i ncuba t ed  for 3, and  those con ta in ing  P~ for 20 rain 
(P < o oI )  

Addzttons Conch pmoles [3H]ouabazn per 
(tn3I) mg protezn ~ S E 

MgCI2 4 o 409 61 ± 12 6 (n = 6) 
HaPO 4 I o 

NaC1 zoo 
MgCI~ 2 34 ° 25 ± 15 4 (n = 6) 
~ T P  2 
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I 2  4 T TOBIN,  A K s E N  

Specific binding in the presence of Mg ~+ and P~ was substantial ly tugher than 
the maximal  binding by the Na+-stamulated pa thway  (Table II) Maximal binding 
appeared to occur in the presence of  4 mM Mg ~ (Fig 2), being ~5°o higher than a 
curve at xo mM Mg a+ m another experiment P l  alone dad not  support  any" substantml 
binding Thus 4 mM Mg 2+ and ~ mM P, were r .u t lne ly  used where mammal  binding 
was required Later  ~t was found tha t  tins binding could be further ~tlmulated by K, 
(Fig 6) 

Apparent ajfimt~es of the en:3,me for ouaba~, 
The lower curve of  Fig 3 straws that  specific binding of  ouabam to the nat~x e 

enzyme occurred an the absence of added hgands and increased with increasing oua- 
baln concentrat ion However  extrapolat ion of  th>  curve suggests tha t  the concentra- 
tmn for half saturat ion is h~gh Addition of optimal concentratums of  Mg ~+ and P, 
greatly increased the affinity of the enzyme for ouabaln to give an apparent  /'(m of 

8 xo -v M The data  suggest a greater than zoo-fold change m the apparent  Km ot 
the enzyme for ouabaln Using the relatmnshlp E -- - -2  3o3 RT log K the s tandard 
free-energy change for the interaction at highest apparent  affinity was about  9 5 kcal/ 
haole FronI a hnear tran~fi~rmatlon of  the same data,  binding at ~ ~o -5 M ouabam 
was estmmted as 94°o of  binding at infinite concentrat ion 

7he NaV .~h~b~tzo~ of ouabat~z b~M.tg 
Though Na + has been q~own to inhibit ouabain blndlnga, 9,1°,1~ occurring by the 

Mg 2+ plus P, p a t h u a y ,  there are no report~ tha t  ouabaln binding is reversed by" Na~ 
The time-course of  the anhlbmon by  Na + in F~g ~ suggested tha t  the effect of Na '  
was to shift an equlhbrium Ihg 4 was an experiment designed to test this posslbdlty 
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big ~ E f fec t  oI MR 2~ plus PI oll a f f imt  5 ot t he  enzx m e  for  [ ~ H i o u a b a m  l 'wo cnzx m e  p r e p a r a t i o n s  
w e r e  i n c u b a t e d  a t  37 ' w i t h  t he  l n d m a t e d  c o n c e n t r a t i o n s  of  {XH]ouabam m t h e  prc>ence  a n d  
a b s e n c e  of  4 m M  MR 2+ a n d  i m M  P~ , ' O,  Mg 2+ a n d  P~ ~ I ,  no a d d e d h ~ a n d s  B m d m < l ~ e x -  
p r e s sed  as p e r  c e n t  m a x i m a l  to  allox~ c o m p a r l q o n  of  txx o d i f f e r en t  e x p e r l m e n t ~  

tqg  4 Na+ inh ib i t i on  of  o u a b a m  b i n d i n g  I7.nzyme ~ a s  i n c u b a t e d  a t  ~7 for  t h e  i n d i c a t e d  t m m ~  
m t h e  p r e s e n c e  of  2 5 lo  7M [ a H ] o u a b a m  a n d  x a n o u s  h g a n d ~  • O,  no a d d t d  h g a n d s ,  • • ,  
coo m M  N a*  A, in t h e  u p p e r  lef t  q u a n d r a n t  shox~s b i n d i n g  m th e  pre>encc  of  4 m M  Mg 2+ 
I m M  I'~ a f t e r  L5 m m  i n c u b a t i o n  \ t  15 m m  o, i o, 3 o, or  6o m M  N a  + x~crc a d d e d  a n d  b i n d i n g  
e s t n n a t e d  a t  3 ° a n d  45 m m  k t  45 m m  coo mM N a  + w e r e  a d d e d  to  all t u b e s  a n d  t h e  l n n d m <  
e s t i m a t e d  a t  t)o rain 
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IaHlouabaln was bound in the presence of  Mg 2+ and P~, then followed by  different 
concentrat ions of Na + Na + reduced the binding to a new equlllbrlunl level which was 
dependent on the concentrat ion of  Na + Subsequent addition of  2oo mM Na + lowered 
the binding to a level close to tha t  for nonspeclfiC binding The &screpancles may  be 
accounted for by  the 3-mln half-hfe of  the enzyme ouabaln complex (Fig 9) The 
control points show that  no bmdlng of  ouabaln to the native enzyme occurred over 
tile tmle period of  thl~ experiment 

Fig 5 shows the effect of varying the concentrat ions of Mg 2+, Pt and ouabaln 
on the qlape of the Na+-lnhlbltlon curve At low concentratmns of hgands antago- 
nistic to Na + (Mg 2+, P~, ouabam), the lnhxbltmn was weakly cooperative (n = I I I )  
Also, the concentra tmn dependence of  the inhibition approximates the concentratmn 
at x~hmh Na + stimulate> phosphoryla tmn Increasing the concentrat ion of  antago- 
nistic hgands (particularly ouabam) exposed a strongly cooperative ~v interaction 
(n = 2 5) (ref 18) At tile same time, the apparent  affinity' of the enzyme for Na + 
dropped from 2 5 to 7 ° mM 
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F~g 5 N a +  m h f l n t l o n  o f  o u a b a l n  b i n d i n g  e f f ec t  o f  v a r y i n g  t h e  a n t a g o m s t l c  h g a n d s  [ a H ] o u a b a m  
w a s  allox~ed t o  b r a d  t o  t h e  e n z y m e  u n d e r  d i f f e r e n t  c o n d l t m n s  f o r  2o n l l n  ~ , - - [ ~ ,  I n d i c a t e s  o u a b a m  
b i n d i n g  in  t h e  p r e s e n c e  o f  o I m M  M g  =+ a n d  2 5  IO ~ M  o u a b a m  4 u l M  MR ~+, i m M  P i  a n d  
2 5  i o  7 M  ( C / - - C , ) ,  2 5  I o - 6 M  ( l l - - I I ) ,  o r  2 5  IO 5 M  (Q- - -O)  o u a b a m  x~lth N a  + v a n e d  as  in -  
d i c a t e d  B i n d i n g  is p l o t t e d  as  p e r  c e n t  o f  t h e  v a l u e  a t  o o m M  N a C I  T h e  r e s e t  s h o w s  a Hi l l  p l o t  
ot  t h e  s a m e  d a t a  

F i g  () K+ a n d  o u a b & l n  b i n d i n g  e f fec t  o f  d i f f e r e n t  l l g a n d  c o n c e n t r a t i o n s  [ a H l o u a b a l n  w a s  
allox~ed t o  b i n d  u n d e r  d i f f e r e n t  c o n d i t i o n s  fo r  2o r a in  O - - - O ,  o u a b a l n  b i n d i n g  in  t h e  p r e s e n c e  o f  
o 4 m M  M g  2+ a n d  2 5  i o  6 M  o u a b a l n ,  { ~ - - ~ ,  4 m M  M g  2+, i m M  P l  a n d  2 5  i o  7 M  o u a b a m ,  

~ - - & ,  4 m M  M g  z+, i m M  P~ a n d  2 5  IO 6 ~I o u a b a m  w h e n  K + xxa~ x a n e d  as  I n d i c a t e d  B i n d i n g  IS 
p l o t t e d  a~ p e r  c ~ n t  o f  t h e  v a l u e  a t  o o m M  KC1 

Effect of K + on ouaba2n bzn&ng 
The Interaction between K + and ouabam has been suggested to be competi t ive ~, 

partially competi t ive I and noncompeti t ive TM Also, K + has been shown to inhibit 
EaH~ouabaln binding occurring by  both pathways  13 Since both K+ and ouabaln have 
their highest affinities extracellularly for the phospho form of the enzyme, they  will 
tend to favor this conformation of  the enzyme 17 Thus separate K + and ouabam sites 
would allow K+ to st imulate ouabaln binding Fig 6 bhows tha t  K+ at low concen- 
trat ions in the presence of  Mg e* and P, st imulated ouabam binding At higher con- 
centrations it inhibited Plott ing the inhibitory portlonb of  thebe curves as per cent 
maximal  binding showed them to be parallel 
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The Na*-shmulated pathze,av reqmrement for ATP 
The time-course of the Na+-~timulated binding 1% shown in l;'lg 7 Binding was 

supported flit 8 mAn bv I niM ATP, whereas at o I mM ATP it dropped rapidly froni 
an initial high value The Mg-°+-dependent ATPa~e of the preparatmn ~as  sufficient 
to account for hydrolysi.~ of the lower levels ~lf ATP in 3 mln Thus, low level~ of 
ATP only supported a tran.~ient pulse of IaHlouabaln binding In other expernnent~, 
I o mM ADP supported 5 o 70°o of the blndmg observed x~lth I o niM ATP a~ re- 
ported bv othersL13 The>e observations suggest ouabaln binding in the absence of 
phosphorylatlon However, the lower curve~ in F i g  7 >lIo~X that,  vchile o 05 mM .A.TP 
supported a substantial,  rapidly peaking pulse of ouabaln binding, a pulse x~ lth 
o 05 niM ADP peaked later and was only one eighth of that  with ATP Slnte the~e 
enzyme preparations are contaminated with aden}late kma~e activity,  ATP frl/m 
this source would account for the later peaking and small rise of the peak The ex- 
periment also suggests that  ouabaln enzyine formed by thi~ pathway ha~ the same 
half-life a~ that  fornied bx the equihbrium pathwa3 (Fig ~)) Binding bv ttus pathway 
thus appeared to depend on the avallal i iht\  of ATP 

" ' - ' ~  ' o' - - Z Z  ' ' , II. 
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lqg  7 " l i m e - c o u r s e  a n d  bub~ t r a t e  r e q u l r e i n e n t  of  N a  +- s t i m u l a t e d  o u a b a n l  bxndllag F m z ~ m c ,  
~o inM l in ldazo le -g lx  c 3 lg lyc lne ,  6o m M  N a ( 1 ,  a n d  2 5 io  7 M [ a H j o u a b a l n  were  i n c u b a t e d  a t  ]7 

[~, b i n d i n g  a f t e r  a d d i t i o n  of  i m M  ~ T P  a n d  i m M  Mg ~+ , , ,, o 1 lnM &TP a n d  o i mM 
lXlta °'~, ' ~  Zk, o o  5 1 n \ [  ~ T P a n d o  I m M  Mg~+, A - - A ,  o o  5 m M  A I ) t ' a n d  o r mM .Xlg 2+ 

1,,< a E laec t  ot lXlg-"~ on o u a b a i n  b i n d i n g  in t he  p r e s e n c e  of  X a  + a n d  \ l I '  l~IlZVme, 2oo m \ I  
N a ( l ,  4 m M  A T P  a n d  2 5 ~o-6 lXl LaH]ouaba ln  u e r e  I n c u b a t e d  u t t h  th~ i n d i c a t e d  c o n c e n t r a t i o n s  
o f  Mg 2+ for  3 r a i n  a t  37 O - - O ,  a d d e d  Mg ~+, , ,, no a d d e d  Mg 2+, ID, 5 r a M  ~lrls F . I ) ' IA  In t h e  
Inse t  e n z y m e ,  2 r a m  A T P  a n d  2 m M M g  2+ a n d  2 5 i o - T M  [ a H ] o u a b a l n  u c r c  i n c u b a t e d  x~ th  th~ 
i n d i c a t e d  c o n c e n t r a t i o n s  of  N,I~ for  ~ m m  a t  37' 

Reqmrement for 51g 2+ 
Indlvidua]]y ATP or Na + dld not support binding a,1° If tlle Na÷->timu]ated 

binding required phosphory]ation of the enzyme, then Na + enzvme-ATP should show 
a requirement for Mg 2~ This dependence on Mg 2+ i~ ~hown in Fig 8 In the presence 
of EDTA no binding occurred, but residual Mg ~+ supported considerable binding and 
low level~ of Mg 2+ were adequate to support maximal binding Table I l l  show~ that 
binding was reduced by addltlon of EDTA and recovered on addition of excess Mg 2+ 
Mg 2+ presumably acted bv allowing ATP to pho~phorylate the enzyme 

Effects of 'Na+ 
The effects of Na~ further support th> hypothes> Na + stimulates phosphory- 

l¢eochm~ B*,@hv~ 4~la, t(~S ( t07  o) 12o i:;t 



OUABAIN BINDING TO (Na + + K+)-ATPase 12 7 

T A B L E  I I I  

~ I g  2+ REQUIREMENT OF Na+-STIMULATED BINDING 

E n z y m e ,  io  m M  l m i d a z o l e - g l y c y l g l b  c m e  a n d  o 2 5 t ,M ? H i o u a b a m  u e r e  i n c u b a t e d  w i t h  s e q u e n t i a l  
a d d l t m n  o f  t he  m d m a t e d  l l ga nds  

Addztw~zs Conch Tzm~ T~m~ pmohs 
(m.,~I) ad&d ce*dr@4ged • ~Hjouaba~,~ 

( m . O  ( . . n )  p, r mg 

MgC1 a o I 
HAP()* 4 o o 15 [8 I  7 

+ NaC1 200 o 15 3 ° 33 7 
+ A'l P 4 o 30 33 lOI 9 
+ E D T ~  IOO 33 3 ~ 62 5 

Mg(1 a I O o  3 6 39 227 2 

latlon at o-I6 mM (ref 2o), and at higher concentrations (2oo mM) it accelerates 
ouabamn binding to the phospho-enzymO ° Samilarly with sqmd axons 12, high Na + 
extracellularlv accelerated the ouabain inhibition of the pump If ouabaxn were 
binding to the phospho-enzyme, a similar sensltlwty to Na + might be expected The 
experiments show that Na + stimulated ouabain binding at concentrations which 
~tlmulate phosphorylatlon of the enzyme (Fig 8 inset) and again at concentratmns 

T A B L E  I V  

[3H]OUABAIN BINDING W'ITH 20 AND 200  In~[  N a ( l  

E n z y m e ,  IO m M  m n d a z o l e - g l y c y l g l v c m e ,  I m M  Mg(_l,, o 25 p M  ? H ] o u a b a m  a n d  I 3 niM k Y P  
x~ere i n c u b a t e d  x~lth NaC1 as m d m a t e d  for  3 m m  a t  37 ¢ ( P  < o 05) 

NaCI conch pmoles [aH]ouaba*n per 
(m3I)  mg pvole~n ± S E 

20 1 3 o 5  5= II  4 (n - -  7) 
200 I59  9 ~ IO 6 (n 7) 

"I A B L E  V 

[aH]OUa.BAIN BINDING IN PRESENCE OF Sr ~+ OR Sr 2+ plus NaCI  

E n z y m e ,  io  m M  l m l d a z o l e - g l y c y l g l y c l n e  a n d  2 5 IO-V M [ ~ H ] o u a b a l n  w e r e  i n c u b a t e d  in the  
p r e s e n c e  a n d  a b s e n c e  o f  i oo  m M  NaC1 for  20 n u n  a t  37 c N o n s p e c l h c  b i n d i n g  w a s  .3 8o a n d  m a x >  
rea l  b i n d i n g  80 86 p m o l e s  I a H ] o u a b a m  pe r  m g  p r o t e i n  

A dddwns Conch pmoles 
(m3I)  ]aH]ouabaz~z 

ptr mg p~ oh zn 

SrC1 a 

NaC1 plus brC1 a 

I o 0 0 3  
5 0  0 1 8  

I O 0  0 I ]  

I O  2 2 8  
5 0  I I  7 

IO o 0 76 
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128 T T O B I N ,  A K S E N  

~a h lch  inc reased  b ind ing  to  the  p h o s p h o - e n z y m e  (Table IX') SrC12 has been  r e p o r t e d  

to  suppo r t  o u a b a m  b i n d m g  in the  presence  of  N a -  (ref 3) Ttns  \~as n o t  o b s e r v e d  m 

our  s y s t e m  (Table  V) 

Temperature-dependent stabll@' of ouabanz enzyme complet 
In  a p r e v m u s  r epo r t  ~°, u e i n d m a t e d  the  di f f icul ty  of  r eve r s ing  the  o u a b a m  m- 

h l b m o n  at  o:  xx hereas  the  expe r lmen t~  r e p o r t e d  here  >uggest r ap id  d l~socmtlon of  the  

e n z y m e  o u a b a m  c o m p l e x  at  37 ~ W e  the i e f~ re  l n v e s n g a t e d  the  e f l e t t  of  t e m p e r a t u r e  

on  the  s t a b l h t y  o f  the  e n z y m e  ouaba in  ( o m p l e x  F ig  9 sh(,w~ the  r e l a t ive  s t ab f l l t \  

o f  the  e n z y m e - o u a b a l n  c o m p l e x  at  o ° and  its decreas ing  s t ab i l i t y  a~ the  t e m p e r a t u r e  

wa> ra ised Tile d l saoc la tmn ra te  c o n s t a n t  l n c r e a , e d  e x p o n e n t i a l l y  x~lth increas ing  

t e m p e r a t u r e  The  d a t a  fit an A r r h e n m ~  plo t  wi th  an a ( t ~ v a t l . n  energy" of  ab tmt  

28 3 o k c a l / m o l e  

100  . . . .  , 

\% o "--..x.. 
o 

i \  : \  37"  220 o 16 
I I , 

10 2 0  30  

HOURS 

]q~ 9 Stablht>" of cnz3me-ou,tbam comple,c at dltterent temperature~ Enzyme, 4 mM Mg(l 2, 
r mM HAP() ~ and 2 5 IO-7 M IaHlouabam ~erc Incubated for ao mm at 37 "[he tubes x~cre 
then cooled to th~ lndmated temperature and IO mM E1)Tk and 5 io 4 M unlabeled ouaham 
added q_he reaction xxas stopped b? centrliut~atmn at the indicated tune points ~t --' and {7' 
only unlabeled ouabaln was added kt 37' the reactmn was stopped t)-v rapltll\ freezing (2o s~c) 
the tubes in an acetone dry mc mixture After tha~xmg at o the tubes were centnfllged as betor~ 
The pH of the system (hd not ch,m<e (7 4 " o i pH units) xvlth temperature 

D I q C U S S 1 O N  

These  e x p e r i m e n t s  h a v e  ~hown t h a t  ouaba ln  b ind ing  a t  37 ° is rex erslble (lqg ()), 
whereas  b ind ing  a t  o ° was  a p p a r e n t l y  i r revers ib le  1° The  inc reased  d > s o c l a t u m  ra te  

c o n s t a n t  at  h ighe r  t e m p e r a t u r e s  exp la ins  th is  d i s c r e p a n c y  (Fig 0) A t  37 * b ind ing  x~111 

d e p e n d  on the  ra tes  of  assoc ia t ion  and  d issoc ia t ion  L i t t l e  specific b ind ing  of  ouaba ln  

to t he  n a t i v e  e n z y m e  ~aq  obberved  a t  t he  lo,aer  ouaba In  c o n c e n t r a t i o n s  (Fig 3) The  
e x p e r i m e n t s  h a v e  shown two  p a t h w a y q  b y  which  the  r a t e  of  assoc ia t ion  was  mcrea~ed  
to  g ive  s u b s t a n t m l  b ind ing  13y one p a t h w a y  Mg 2+ a n d  P~ .~tlmulated a b ind ing  wtuch 
x~ as r educed  b y  Na  + and  h igh  K + The  b ind ing  ene rgy  of  the  h g a n d  molecu les  de te r -  

n u n e d  the  e q u l h b r m m  at  wlnch  the  ~vs tem r e m a i n e d  The  o t h e r  p a t h w a y  was ~t inm- 
l a t ed  b y  N a  + I t  r equ i r ed  A T P  and  Mg 2~ and  b ind ing  was m a x i m a l  a t  e o n c e n t r a t u m ~  

of  Na  + winch  c o m p l e t e l y  i nh ib i t ed  the  o the r  p a t h w a y  M a i n t e n a n c e  o f  b ind ing  by  
t h >  p a t l m a y  r equ i r ed  A T P  The  e n z v m e - o u a b a l n  c o m p l e x e s  f o r m e d  by  b o t h  pa th -  
w a y s  a p p e a r  to be  t he  same  B o t h  resul t  in l n l n b m o n  of  the  enzyme ,  are r educed  b v  
K ~ (refs 4 and  13), allox~ i n c o r p o r a t i o n  of  P~ in to  t i le  e n z y m e  9,1°, h a v e  s imi lar  half-  

l'tochzm Bwphys 4eta, 10S (I97 ° ) i2o 131 



OUABAIN B I N D I N G  TO (Na + + K+)-ATPase  1 2 9  

llfes (Figs 7 and 9) and  appa ren t  affinities (Fig 3 and ref  3) These pa thways  and 
produc ts  are re la ted  in the following scheme 

Na +- inh*bLted pathway 

3 Na + E 1 ~-~ E 1 E2-+~ - ~  E 20u 

E1-P ~ E2-P ~--~ E2- POu 
+-Ou 

Na+- $tlmulated pathway 

The Na+-s t lmula ted  pathx~ay is from the literature",1°, 13 A t rans ien t  ra ter-  
media te  E 1 P formed immedia t e ly  af ter  t i le Na+-s t lmula ted  phosphory la t lon  has been 
demons t r a t ed  9, and  a dephosphoform of this  (El) has been pos tu la t ed  9 This form 
should be Na  + sensit ive (to allow Na + s t imulat ion)  and have a low aff imty for ouaba ln  
Nat ive  enzyme had l i t t le  affinity for ouaba in  (Fig 3 ), and  at  low concentra t ions  of  
Mg 2+ the enzylne had  its highest  apparen t  affinity for Na  + as measured  b y  d]splace- 
inent  of  ouaba ln  (Fig 5) Thus na t ive  enzyme was des ignated  E 1 E2 -P  m the scheme 
lb the  conformat lona l ly  changed phospho-enzyme with  which o u a b a m  has been shown 
to react  r ap id ly  ~,9,1° As suggested by  SCHWARTZ et al 3, It appears  t h a t  " the  confor- 
m a tmna l  s ta te  of  the enzyme is p robab ly  of p r imary  significance in glycoside binding"  
Fur ther ,  x~ hen bound  ouaba ln  appears  to main ta in  "a  s t ructure  of  the  enzyme winch 
is normal ly  a consequence of  phosphory la t lon  'ua Because of  these considerat ions,  
ouabaIn  (Ou) in the Na+- inhib l ted  p a t h w a y  is shown binding to the pos tu la t ed  9,1a 
conformat iona l ly  equiva lent  dephospho-enzyme,  E 2 E 2 is uns tab le  1°,13 unless main-  
t a m e d  b y  ouaba ln  or phosphory la t ion  and tend~ to rever t  to the E 1 form as ind ica ted  
in the scheme 

The appa ren t  aff imtv of na t ive  enzyme (El) for ouabam and Na  + m a y  be 
a l tered b y  the two pa thways  out l ined In  exper iments  a t  o a, Mg 2+ and P1 increased 
the ra te  of  a~bociation of  the enzyme with  ouaba ln  1° They  appear  to do this b y  
affecting the a l los tenc  equi l ibr ium between E 1 and E 2 Due to its re la t ive  s tab i l i ty ,  
this  form (E2Ou) accumula tes  and at  equi l ibr ium there wa~ a grea ter  t han  2oo-fold 
increase m the appa ren t  affinity of the enzyme for ouaba in  (Fig 3) At  the same tmle  
there was a drop  in the  appa ren t  aff imty of the  enzyme for Na + Thls change in aff imtv 
for Na + also suggests  the equivalence of EeOu and E e - P  since the l a t t e r  also appears  
to have a low affinity for Na + (see below) 

Na + and K + a p p a r e n t l y  inhib i ted  this  p a t h w a y  b y  different  mechanisms The 
inhibi t ion b y  Na + was s t rongly  coopera t ive  in the presence of high concent ra t ions  
of  an tagomst ie  l lgands suggesting an al losterle  in te rac t ion  The in terac t ion  was less 
coopera t ive  at  lower concent ra t ions  of  an tagonis t ic  l igands This is a s t anda rd  hetero-  
t ropic  effect of  an al losteric ac t iva to r  ~7 I t  support~ the suggestion t ha t  Na  + and 
ouaba in  have thei r  highest  affinities for different  conformat ions  of  the enzyme which 
are m allo~teric equi l ibr ium Fur ther ,  the concent ra t ion  dependence of the  Na  + ln- 
lnbl t lon at  highest  appa ren t  affinity approx ima tes  the Na + s tmmla t lon  of  phosphory-  
la t lon which is also coopera t ive  2i Tlna suggests t ha t  Na+ inhibi ts  the  Na+- lnhlb l ted  
p a t h w a y  b y  binding to the sites a t  which it s t imula tes  phosphory la t lon  Thus the 
p a t h w a y s  are rec iprocal ly  re la ted  with  respect  to Na + 

The s t Inmla t ion  bv  2oo mM Na + of  ouaba ln  binding occurr ing b y  the  Na +- 
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, t l n lu l a t ed  p a t h w a y  (Table IV and cf ref Io) also indicates  different b inding ,lte~ 
for Na t and  ouaba ln  The K + s t imula t ion  of ouaba ln  binding is consis tent  with both 
llax mg their  highest  aff imty fi)r the E2 fi)rni of the enzyme Whe the r  tlil~ s tnnula t lon  
at low concentrat lon~ lndl( ates d is t inct  b inding ~ltes is difficult to ~av The mlubIt ion 
curves (Fig 6) when n~)rmahzed are parallel ,  ~uggestmg a direct  compet i t ive  mtnbl-  
t lon Thus the exper iments  show different binding sites for Na ~ and ()uabaln, the 
l a t t e r  poss ib ly  shared bx K 

Na  + lnl l lbl ted the Nab-Inhib i ted  p a t h w a y  by  stabi l izing E I I t  has been sug- 
gested tha t ,  in the presence of sa tu ra t ing  Na-', phosphor} lat lon is required to produce 
ouaba ln  b inding  22 The present  finding> supp~rt  ttll~ hypothes i s  In the presence (,f 
Na ~, b inding  required free l~lg 2~ and A T P  and was not  suppor ted  by  A D P  (l:lg~ 7, 8 
and  Table I I I )  Binding wa> ~tmmlated  b y  Na ~ consis tent  wi th  i ts occurring to E2-P  
(l~'ig 8, Table  IV) This blphaa~( effect of Na  ÷ 1~ ~)f c(mslderable in teres t  Firs t ly ,  
Na+ ~ti lnulated binding at concentra t ions  which s tmmla t e  the p l losphory la t lon  , t ep  
Tins s t ln iu la t lon  is p resumably  ln t racel lu lar  2~ Sec~ndly, at  a nmch higher concen- 
t r a t i on  (2oo raM) Na + again s tnnu la ted  ouabam binding (Table IV) "l'ln~ act ion ~ 
ex t race l lu la r  ~-" and  occurs to the phospho-enzynIe  1° The d a t a  suggest  t ha t  following 
phoaphory la t ion  the Na + b ind ing  ~ltea have changed their  orlentati()n from lntra-  
(e l lu lar  to ext racel lu lar  Since the  second phase ~)f Na ~tlmulat~on ~s not  seen at  
ioo  mM Na÷ the reor~entated a~tes appear  to have lost a large pa~t of their  Na + 
affinity Tlns ob~exvat~on (or responds  with the  drop  m appa ren t  af l inl ty for Na~ 
produced  b y  ouabaln  in the Na - ln lnbl ted pathx~av The>e changes in affinity and 
o r ien ta t ion  of the Na ~ slte~ are conslatent  w~th the t r anspor t  role of t lus enzyme 
Hydro lys i s  of  ATP  lna ln tams  E~-P The s teady-~ta te  na tu re  <if E ,  P (ref 2o) g~ves 
b inding  by  this pathx~ ay its requi rement  fi~r subat ra te  and  the pa thway ~s tha t  (~f 
ac t ive  Na + t r anspo r t  

The c(mclu~lon t ha t  ouaba ln  binding in the presence of Na + depends  on phos- 
phory la t Ion  contrast~ with tho~e of o ther  mve~t lgators  I t  lIaa been repor ted  t ha t  Na + 
and A T P  or A D P  or Na+ and SI 21 will suppor t  ouaba in  binding t,la The high ~en~ltl\ ~ty 
of N a ÷ - E  A T P  to Mg ~+, the pre~ence of  adenv la te  klnase a c t v i t y  in these menibrane  
p repa ra t ions  ~4, t empera tu re  1~ and tissue ~ differences niax expla in  the  dlserepan~ ~e, 

W h e n  the ~ysteni 1~ Na  + s tmmla ted ,  free enz? me formed af ter  the dlssocmt~on 
of ouaba ln  recyele~ through the Na~-mlnb~ted pa thwa  3 Under  physiological  ~ond~- 
tlon> tlll~ p a t h w a y  has been ~uggested to t r anspor t  K* (ref~ ,o  and ~3) The met lia- 
nlsm of  its pa r t i a l  t eve~ sal t~ produce the Na*- lnh lb l ted  p a t h w a y  l~ not  (-lear Though 
P, accelerates  bindings  b y  thi~ pa thway ,  ~t has not  been ~hown to ptiosphorx late the 
na t ive  enzyme ~° ~0 The K+ ~tliimlat~on of  ouaba ln  binding (Irlg ()) would appea~ to 
rule out  format ion  of the  K+-senalt ive Ea P from P~ as a mechanism of this  p a t h ~  a\  
This p a t h w a y  m a y  be re la ted  to the N a + - N a  + exchange of red cell~ ~a Both  are energ 3 
independent ,  inhib i ted  by A T P  and high mt race l lu la r  Na  + (ref 2()) The Na  + lnhl- 
b I tmn of both l~ reheved by  P, No K+-~ensitlve in t e rmed ia te s  appea r  to be ln'~ olved 
m the mechanism of e~ther The ATP requ i rement  of the  Na* Na ~ exchange is the  

onlx a p p a r e n t  dl~crepanc 3 
The exponen tml  decay  of the enzvme-ouaba ln  complex ()ver the t empe ra tu r e  

range s tud ied  ~uggests one type  of  ~peclfiC binding s~te Ualng the app roxmmte  free 
energy of  inter act ion of  the  enz} me ouaba ln  complex (Fig 3) and  the en tha lpy  value 
ob ta ined  from an Arrhenms  plot  of  t l ie da t a  in Irig 9, the  en t ropy  change for the  
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i n t e r a c t i o n  w a s  e s t i m a t e d  a t  123 e n t r o p y  u n i t s  T h i s  h i g h  v a l u e  1s c o n s i s t e n t  w i t h  a 

l a rge  c o n f o r m a t I o n a l  c h a n g e  An}" b l n g l e - b o n d  t y p e  c a n n o t  e x p l a i n  t h e  cha rac t e r ib t l c~  

o f  t h e  i n t e r a c t i o n  S i m p l e  h y d r o p h o b l c  b o n d i n g  is n o t  c o m p a t i b l e  w i t h  t h e  p o s i t i v e  

_ I l l  w h i c h  d o es  n o t  d i m i n i s h  w i t h  t e m p e r a t u r e  a n d  t h e  l a rge  p o s i t i v e  e n t r o p y  c h a n g e  27 

H y d r o g e n  b o n d i n g  is a lso  u n h k e l v  P r e s u m a b l y ,  a n u m b e r  o f  n o n c o v a l e n t - b o n d  t y p e s  

a re  i n v o l v e d  in  t h e  i n t e r a c t i o n  
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