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Summary 

1. The steady state levels of Na÷-dependent phosphoenzyme (E-P) in the 
(Na + + K÷)-ATPase (EC 3.6.1.3) of rat brain, obtained from a t ime course study 
of phosphoenzyme formation at 4 ° C, were dependent  on the concentrat ion of  
Na ÷ in the reaction and were maximal in the presence of  64 mM Na ÷. The plot 
of phosphoenzyme vs. Na* concentrat ion gave a curve which on conversion to a 
double reciprocal plot  {1/E-P vs. 1/Na +) gave a line with two breaks, yielding 
apparently three linear segments. This may be taken to indicate the presence of 
multiple Na ÷ sites for the formation of the phosphoenzyme.  To test this hy- 
pothesis further,  the following approach was taken. By making the assumption 
that  the phosphoenzyme may represent bound Na ÷, it was possible to subject the 
data to rigorous multiple-site analysis by utilizing steady-state binding equa- 
tions described by Klotz and Hunston (1971) (Biochemistry 10, 3065--3069),  
and by Scatchard (1949) (Ann. N.Y. Acad. Sci. 51 ,660--672) .  The analysis of 
the data by these methods suggests that  there may be three non-equivalent Na ÷ 
activation sites for the formation of  Na÷-dependent phosphoenzyme in the (Na ÷ 
+ K÷)-ATPase. The estimated intrinsic association constants (K a) for  activation 
by Na ÷ at each of  the three sites were 3.4, 0.295, and 0.025 mM -1 , respectively. 

2. The steady-state level of Na÷-dependent phosphoenzyme was reduced by 
2 H2 O (deuterated water) and Me2 SO {dimethylsulfoxide). This inhibition was 
reversed by increasing the concentrat ion of  Na ÷ in the reaction but  remained 
constant  over a t ime course at any given Na + concentrat ion.  An analysis of  the 
effect  of : H2 O on Na÷-dependent phosphoenzyme formation in the presence 

* Please address all communications to this address. 
Abbreviations: 2H 20, deuterated water; Me2SO. dimethyl sulfoxide; (Na + + K÷)-ATPase, (Na + + 
K+)-stimulated adenosine triphosphatase. 
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of  gradually increasing Na ÷ concen t r a t i on  also revealed the  presence  o f  three  
non-equ iva len t  sites for  Na t. The  intrinsic associat ion cons tants  (K a) for  the 
act ivat ion o f  Na * at  each o f  the  three  sites in the  presence  o f  2 H2 O were 
changed to  1.4, 0 .232,  and 0 .033 mM -1 , respect ively,  which suggests a differen-  
tial e f f ec t  o f  2 H~ O on the three  non-equiva len t  Na t sites. 

3. On statistical grounds  (-+2 S.E. o f  mean)  a tw o  non-equiva len t  site model  
also fits the data.  In this case, the intrinsic associat ion cons tan ts  ( g  a ) were 2.44 
and 0 .041 mM -~ in H~ O med ium,  and 1 .062 and 0 .048  m M - ' ,  in 2 H~ O me- 
d ium,  respect ively ,  showing a d i f ferent ia l  e f fec t  o f  2 H~ O on the two  non-  
equivalent  sites. 

4. The inh ib i to ry  e f f ec t  of  ~ H~ O and Me~ SO on the f o r m a t i o n  of  Na ÷- 
d e p e n d e n t  p h o s p h o e n z y m e  was maximal  when the  e n z y m e  was al lowed a con- 
tac t  with these agents p r io r  to  the  addi t ion  of  Na t in the react ion.  On the o the r  
hand,  pr ior  c o n t a c t  o f  the  e n z y m e  with Na ÷ r educed  or  abol ished the  inh ib i to ry  
e f f ec t  o f  2 H~ O or  Me~ SO. Prior  con t ac t  o f  the  e n z y m e  with ATP also abol- 
ished the  inhib i t ion  o f  Me~ SO. These  results suppor t  the  view tha t  H~ O plays a 
regu la to ry  role in the  active cen te r  o f  the (Na ÷ + K÷)-ATPase so tha t  its pres- 
ence  tends  to  favor  the E2 (Kt-accept ing)  f o rm  of  the e n z y m e  whereas Na t 
binds to  at  least two  of  its ac t ivat ion sites, in an apparen t ly  compe t i t ive  m a n n e r  
with respec t  to  H~ O, yielding the  c o n f o r m a t i o n  suitable fo r  the phosphory la -  
t ion  (E l ) .  At  the  lowes t  af f in i ty  Na ÷ act ivat ion site for  e i ther  the 2 or 3 
non-equiva len t  site case the presence  of  H 2 0  m ay  faci l i tate  its binding. The 
results also suggest tha t  bo th  Na * or ATP can independen t ly  shift  the e n z y m e  
c o n f o r m a t i o n  to  E l .  

I n t r o d u c t i o n  

(Na ÷ + K÷)-st imulated t r anspor t  ATPase (EC 3.6 .1 .3)  p resen t  in m o s t  mam-  
malian p lasma cell membranes ,  is cons idered  to  represen t  the  enzymic  basis for  
the  m o v e m e n t  o f  cat ions across the cell m e m b r a n e  [1 ] .  Evidence  f ro m  several 
labora tor ies  has suggested tha t  the  ope ra t ion  o f  this e n z y m e  proceeds  th rough  a 
series o f  in t e rmed ia ry  steps involving c o n f o r m a t i o n a l  changes re la ted to  Na ÷- 
d e p e n d e n t  p h o s p h o r y l a t i o n  o f  the  e n z y m e  and the  K÷-dependent  b r e a k d o w n  of  
the  p h o s p h o e n z y m e .  In this c o n t e x t ,  the use of  modif iers  or  inhibi tors  of  the  
part ial  reac t ions  o f  this e n z y m e  sys tem has p rov ided  a considerable  a m o u n t  o f  
i n f o r m a t i o n  on  the ionic in te rac t ions  in the ATPase,  and possible mechanism(s)  
o f  its ope ra t i on  ( for  r ecen t  reviews see e.g. refs. 1--3).  In previous  work,  we 
d e m o n s t r a t e d  tha t  subs t i tu t ion  o f  2 H 2 0  (deu te ra t ed  water )  fo r  H 2 0  in the 
ATPase reac t ion  resul ted  in an inhib i t ion  o f  the  Na ÷ act ivat ion o f  the  ATPase in 
an apparen t ly  compe t i t ive  manner ,  while the  associated K÷-dependent  p-n i t ro-  
pheny l  phospha tase  was s t imula ted  by  2 H: O [4 ] .  These  observat ions  based on  
a s tudy  o f  the  kinetics o f  (Na ÷ + Kt)-ATPase led us to pos tu la te  tha t  the 
binding o f  Na ÷ to  the  (Na t + K÷)-ATPase p r o d u c e d  a c o n f o r m a t i o n  which was 
requi red  for  the  ini t ia t ion o f  the  p h o s p h o e n z y m e  f o r m a t i o n  in the  presence  o f  
ATP, and fur ther ,  t ha t  H 2 0  p l ayed  a role in this in te rac t ion  be tween  Na t and 
the  e n z y m e  at  this site. Several s tudies on  the  ef fec ts  o f  a var ie ty  o f  solvents  on  
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the (Na t + K~)-ATPase have been reported recently | 5 - -9 ] .  Among the various 
solvents examined, dimethylsulfoxide (Me2 SO) appears to have some features 
in common with 2 H~ O, in that  it inhibits the Na%dependent activation of the 
enzyme while concomitant ly  stimulating the K%dependent p-ni t rophenyl  phos- 
phatase [6,7].  However, the results reported on the effect  of Me~ SO on the 
Na%dependent phosphoenzyme formation in the (Na ~ + K+)-ATPase are at 
variance [6,8].  We have extended these studies and have examined in detail the 
action of ~H~O and Me2 SO on the formation of Na%dependent phospho- 
enzyme in the (Na t + K÷)-ATPase complex. These experiments offer some clues 
to the possible nature of  the interaction of Na ÷ and H~ O at the phosphoryla- 
tion sites in the (Na t + Kt)-ATPase. Further,  we have measured the steady-state 
levels of phosphoenzyme formed when the concentrat ions of Na t are gradually 
increased (in K%free reaction media), and have devised an approach to analyze 
and relate these data in terms of  the possible activation sites for  Na ÷ for the 
formation of Na%dependent phosphoenzyme in the ATPase complex. On the 
basis of these studies, we suggest the presence of three non-equivalent sites for 
Na t interaction with the (Na ÷ + Kt)-ATPase. A preliminary account  of this 
work has been given [10] .  

Experimental  procedure 

Materials 
2 H 2 0  (99.5%, lot TTS) was purchased from Mallinckrodt Chemical works, 

and was distilled twice in an all-glass apparatus before use. Me~ SO of the 
analytical grade was purchased from Baker Chemicals. Sucrose and Tris were of 
the ultrapure grade from Schwartz-Mann, New York; NaC1, KC1, and MgC12 
were spectroscopically pure. Solutions of ATP, including those containing [~,- 
~ ~ P] ATP, were passed through large columns of  Tris form of  AG-50 × 8 cation 
exchange resin, to eliminate any contaminat ion from Na t, K + or NH~. EDTA 
was dissolved in Tris base, and treated the same way as ATP, described above. 
All other  details concerning the materials used have been given previously 
[4 ,11--13] .  

Methods 
Preparatio~ of  (Na ~ ÷ K÷ )-A TPase. The details concerning the preparation of 

rat brain membrane (Na t + Kt)-ATPase and its properties are the same as 
described in previous work [4,14].  The enzyme preparation was suspended in a 
medium consisting of  0.25 M sucrose, 10 mM imidazole-HC1 and 1 mM EDTA, 
pH 7.4, following two additional washes in this medium. It was stored frozen in 
small aliquots and was stable over several weeks. The specific activity of the 
(Na t + K* )-stimulated ATPase on the average was 125 pmol/mg of protein per h 
while the basic Mg2÷-stimulated component  was generally between 5--10% of 
the total (Mg 2÷ + Na ÷ + K÷)-dependent ATPase. 

Preparation of  phosphoenzyrne. The standard reaction medium, in a final 
volume of 2 ml, maintained at 4 ° C, consisted of 30 mM Tris • HC1, pH 7.45 (at 
4°C), 0.3 mM MgC12,8 mM NaC1, 0.05 mM [~/.32 p] ATP {6 • 104 dpm/nmol  of  
ATP) and between 350 to 500 pg of rat brain membrane (Na t + K÷)-ATPase 
preparation. In general, the reaction time was 4 s which gave the steady-state 
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level phospho ry l a t i on ,  and unless o therwise  s ta ted,  the reac t ion  was ini t ia ted 
by the  add i t ion  o f  [7 -3 a P] ATP and was t e rmina ted  by adding 25 ml of  ice cold 
5% (w/v) t r i ch loroace t ic  acid conta in ing  15 mM NaH~ PO4 and 0.6 mM ATP. 
The radioact iv i ty  due  to  3 ~p incorpora ted  in the pro te in  was measured  as 
descr ibed  before  [ 11 ] .  

To de t e rmine  the accuracy  of  the p h o s p h o e n z y m e  activi ty measured  at low 
added Na * concen t ra t ions  (e.g. at 0.5 mM Na*), con t ro l  expe r imen t s  were 
p e r f o r m e d  to  de t e rmine  the con t r i bu t ion  of  the endogenous  Na ÷ in the ATPase. 
Fo r  this, p h o s p h o e n z y m e  fo rmed  in the presence  o f  0.3 mM Mg ~÷ alone,  and 
0.3 mM Mg 2÷ + 16 mM K ÷ was measured.  The  d i f fe rence  be tween  these two  
values should represen t  the  a m o u n t  o f  p h o s p h o e n z y m e  act ivi ty due  to the  
endogenous  c o n t a m i n a t i o n  o f  the  e n z y m e  by Na÷; in several expe r imen t s  the 
mean  values of  p h o s p h o e n z y m e  act ivi ty were precisely the  same in b o th  cases. 
Fur ther ,  by  a tomic  absorp t ion  spec t roscopy ,  the  e n z y m e  prepara t ion  was 
found  to con ta in  no  de tec tab le  NH~ and K *, while the a m o u n t  of  Na ÷ presen t  
was 60 n m o l / m g  pro te in ,  which would con t r i b u t e  negligible amoun t s  of  Na ÷ in 
the  react ion.  The  value o f  the  p h o s p h o e n z y m e  ob ta ined  in the  presence  o f  
(Mg ~÷ + K ÷) was subt rac ted  f rom tha t  in the  presence o f  (Mg 2÷ + Na÷), the  dif- 
fe rence  being the Na÷-dependent  p h o s p h o e n z y m e  fo rmed  in the (Na÷+ K÷) - 
ATPase system.  The  value of  p h o s p h o e n z y m e  in the presence o f  (Mg ~÷ + K ÷) 
was no more  than  6% of  tha t  ob ta ined  in the  presence  o f  (Mg 2÷ + 64 mM Na÷). 
All da ta  are calculated as pmol  3 ~p per  mg of  p ro te in  or  as pe rcen t  phosphory l -  
a t ion  ( c ompa re d  wi th  maximal  p h o s p h o e n z y m e  fo rm ed  in the  presence o f  
64 mM Na ÷) when  d i f fe ren t  e n z y m e  prepara t ions  were used. 

Other procedures. Methods  for  the es t imat ion  o f  pro te in ,  and p repara t ion  of  
[7 -3~ P] ATP were the same as given before  [ 1 1 ,1 2 ] .  Prepara t ion  of  the solu- 
t ions in 2 H~ O was the same as r epo r t ed  previously [4 ,1 1 ] .  

Results 

Effect  o f  2 H2 0 and Me2 SO on Na%dependent  phosphoenzyme  formation. I t  
has been r epo r t ed  tha t  the  concen t ra t ions  at which 2 H 2 0  [4] and Me~ SO 
[6,7] p r oduc e  maximal ,  reversible, inh ib i to ry  ef fec ts  on the (Na + + K÷)-ATPase 
are 80---90 and 30%, respect ively.  The  maximal  inhibi t ion of  Na÷-dependent  
p h o s p h o e n z y m e  fo rma t ion  by 2 H~ O was also observed at concen t ra t ions  of  
80- -90% [11 ] .  In the  presence  of  80% 2 H~ O or 30% Me~ SO, the  inhib i t ion  o f  
the  f o r m a t i o n  o f  Na÷-dependent  p h o s p h o e n z y m e  was modi f ied  by the  level o f  
Na ÷ in the reac t ion .  The inhib i t ion  at 0.5, 1.0, 8.0, and 64 mM Na ÷ in the 
presence  o f  2 H 2 0  was 50, 28, 23, and 7%, respect ively.  However ,  even at 128 
mM Na ÷, a small bu t  reproduc ib le  inhibi t ion ( abou t  7%) by ~ H 2 0  was still 
apparent .  Similarly,  inhib i t ion  by  Me2 SO was r educed  f rom 69% at 8 mM Na ÷ 
to  20% at 64 mM Na ÷. It  may  be m e n t i o n e d  tha t  in previous work,  it  was 
established tha t  the  inhib i t ion  o f  (Na ÷ + K÷)-ATPase [4] or Na%dependen t  
p h o s p h o e n z y m e  fo rma t ion  [11]  by  ~ H 2 0  was n o t  due  to  a l terat ions in the pH 
o p t i m a  for  these activies in the  presence  o f  ~ H~ O. 

Time course o f  the ef fect  o f  2 H~ 0 on the formation o f  phosphoenzyme.  
The  da ta  given in Fig. 1 dep ic t  the  variat ions of  s teady-s ta te  p h o s p h o e n z y m e  
with varying concen t r a t i ons  o f  Na ÷. However ,  at any given concen t r a t i on  of  
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Fig. 1. T i m e  course  of  Na+-dependent  p h o s p h o e n z y m e  f o r m a t i o n  in the presence  and absence  of  2 H 2 0 .  
The  e x p e r i m e n t a l  detai ls  are  the  s ame  as descr ibed u n d e r  Methods ,  excep t  t ha t  the  r eac t ion  t ime  was 
var ied as shown,  in the  presence  of:  ~, 0.5 mM Na ÷, c, 8 mM Na ÷, and B, 64 m M  Na*, all in H 2 0  sys tem;  
and,  ¢, 8 m M  Na t , in 80% 2 H 2 0  sys tem.  
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Fig. 2. Ef fec t  of  va ry ing  c o n c e n t r a t i o n  of  Na + on the  s teady-s ta te  level of p h o s p h o e n z y m e  in the  p resence  
and absence  of  2 H 2 0 .  Na + c o n c e n t r a t i o n  was var ied  as shown.  P h o s p h o e n z y m e  is p lo t t ed  as the p e r c e n t  
of  the  m a x i m a l  p h o s p h o e n z y m e  f o r m e d  (i.e. in the  presence  of  64  m M  Na+). The  ac tua l  a m o u n t  of  s t eady  
state p h o s p h o e n z y m e  f o r m e d  in the  p resence  of  64 m M  Na + was 264 .5  p m o l / m g  of p ro t e in  in the H 2 0  
sys tem,  and  246.1 p m o l / m g  of p ro t e in  in the  2 H 2 0  sys tem.  All lines in panels  B1, C2 and  D3 were  f i t ted  
by  the  m e t h o d  of  least  squares.  All o the r  e x p e r i m e n t a l  details were  as descr ibed u n d e r  Methods.  ©, H 2 0 
cont ro ls ;  e, 80% 2 H 2 0 .  Insets ,  pane l  A shows  the double  rec iproca l  p lo t  (1/% E-P vs. l / N a  +) in the  H 2 0  
sy s t e m ;  the e r ror  bars  d e n o t e  S.E. der ived accord ing  to  the  m e t h o d  of  J o h a n s e n  and  L u m r y  [44 ]  ; panels  
B1, C2 and  D3 r ep re sen t  the  th ree  segmen t s  m a r k e d  at  1, 2 and 3 in panel  A in the  p resence  of  H 2 0  (o)  
or  80% 2 H 2 0  (e)  r eac t ion  media .  



263 

Na ÷, the level of phosphoenzyme formed remains steady over a time course of 
30 s as shown in the figure; in other control experiments the steady-state level 
of  phosphoenzyme formed in the presence of  8 mM Na ÷ did not change signifi- 
cantly ovel a period of  80 s (data not shown). The inhibition produced by 
2 H2 O in the presence of  8 mM Na ÷ was also constant over a reaction period of  
30 s. 

Formation of  phosphoenzyme  in the presence of  varying Na ÷. The effect of 
gradually increasing concentrations of  Na ÷ on the formation of  steady-state 
Na÷-dependent phosphoenzyme in the H~ O reaction media is shown in Fig. 2 
(open circles). Maximal steady-state levels of Na÷-dependent phosphoenzyme 
were obtained at some 64 mM Na ÷. As is evident from Fig. 2 (inset A), a double 
reciprocal plot of  the data showed a break at two points, yielding three linear 
segments designated in Fig. 2 inset A, as 1, 2 and 3. These segments are de- 
picted as the expanded plots in the insets B1, C2, and D3 to illustrate that the 
slopes and the points of  intersection on the ordinate are different for each of 
the three segments. The non-linearity of  the plot in Fig. 2, inset A, may possi- 
bly be interpreted as empirical evidence for the presence of multiple non- 
equivalent Na ÷ sites for the formation of  phosphoenzyme in the (Na ÷ + K÷)- 
ATPase. 

However, this plot alone is considered inadequate to determine the number 
of  sites and their constants [15--17] .  Therefore, the procedures described by 
Klotz and Hunston [15] and by Scatchard [18] to determine the number of 
binding sites and their kinetic constants, were considered. Since the steady- 
state phosphoenzyme varies with Na ÷ concentration (Fig. 1), we let the phos- 
phoenzyme represent Na ÷ binding for its formation (see also the Discussion). 
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Fig. 3. S c a t c h a r d  p l o t  analys i s  o f  Na + a c t i v a t i o n  sites.  Panel  A,  the  va lues  for  [E-P]  a n d  Na  + are the  s a m e  
as in Table  I. E, as d e f i n e d  in the  A p p e n d i x ,  is the  t o t a l  c o n c e n t r a t i o n  o f  e n z y m e  in the  r e a c t i o n  ( 3 0 4  
p m o l / m g  o f  p r o t e i n ) .  T h e  t h e o r e t i c a l  va lues  ( × )  w e r e  c a l c u l a t e d  as d e s c r i b e d  u n d e r  t h e  A p p e n d i x ;  o, 
e x p e r i m e n t a l  va lues ,  w h e r e  [ E - P ] / [ E l  r e p r e s e n t s  the  m o l e s  o f  Na  + b o u n d  per  u n i t  o f  the  e n z y m e  w h i c h  
has  o n e  c o v a l e n t l y  l i n k e d  p h o s p h a t e .  Panel  B, a t e s t  for  t w o  n o n - e q u i v a l e n t  s i tes  is s h o w n ,  o,  e x p e r i m e n t a l  
va lues;  + or  - - ,  t w o  poss ib l e  t h e o r e t i c a l  f i ts  w h i c h  p r e s u m a b l y  b r a c k e t  the  b e s t  f i t  for  this  m o d e l .  Panel  C, 
three  n o n - e q u i v a l e n t  s i te  m o d e l  app l i ed  to  N a + - d e p e n d e n t  p h o s p h o e n z y m e  f o r m a t i o n  in the  p r e s e n c e  o f  
2 H 2 0 .  T h e  va lues  o f  the  N a + - d e p e n d e n t  p h o s p h o e n z y m e  f o r m e d  in the  p r e s e n c e  o f  2 H 2 0  are as s h o w n  in 
Fig.  2; the  a m o u n t  o f  p h o s p h o e n z y m e  at  6 4  m M  Na + in the  p r e s e n c e  o f  80% 2 H 2 0  w a s  2 4 6 . 1  p m o l / m g  o f  
pro te in ,  o,  e x p e r i m e n t a l  po i n t s ;  X,  c a l c u l a t e d  p o i n t s  o n  t h e  basis  o f  three  n o n - e q u i v a l e n t  s i tes  for  Na  +. Al l  
l ines  are d r a w n  to  f i t  t h e  e x p e r i m e n t a l  point~ .  
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By doing so it is possible to plot the data in terms of a Scatchard plot as shown 
in Fig. 3 (panel A) to describe Na ÷ binding. The actual values of phosphoen- 
zyme activity and standard errors are given in Table I. The three intercepts on 
the abscissa may suggest three classes of binding sites while the uppermost 
intercept on the ordinate gives a stoichiometric binding constant designated in 
the Appendix as/~. Based on the general equation (2) given in the Appendix, 
models for two and three equivalent and non-equivalent binding sites were 
tested by plotting r t = t[E-P]/[E] vs. [Na t] , as shown in Fig. 4, where [E-P] 
represents the phosphoenzyme concentration. The theoretical values for data 
points in Fig. 4, panels A and B, for the three and two non-equivalent site 
models were also plotted in Fig. 3, for comparison of experimental values with 
the theoretical values for three non-equivalent site (Fig. 3, panel A) or two 
non-equivalent site models (Fig. 3, panel B). As shown in Figs. 3 and 4, the two 
and three equivalent site models showed considerable deviation between the 
theoretical and experimental points; the result with a one-site model was so 
deviant as not  to merit inclusion in the figure. The model with two non-equiva- 
lent sites also appeared to be incapable of fitting the experimental points 
within -+1 S.E. on both ends of the curve in Fig. 4. The deviation was minimal 
{within + 1 S.E.) when the data were fitted to a three non-equivalent site model, 
and a good agreement was noted between the calculated and the experimental 
points (Fig. 3, panel A and Fig. 4, panel A). The intrinsic association constants 
(K a) for the activation by Na ÷ were estimated from the three non-equivalent 
site model shown in Fig. 4, panel A, as described under the Appendix; the 
values of these constants in the H20  system were 3.4, 0.295, and 0.025 mM -~ 
Other theoretical details for the above plots are given in the Appendix. 

Effect  of  2 H2 0 on the formation of  phosphoenzyme in the presence o f  
varying Na ÷. The data given in Fig. 2 also show the effect of gradually increas- 

T A B L E  I 

V A L U E S  O F  D A T A  P O I N T S  IN F I G S .  2, 3 A N D  4 

E-P re fe r s  to  t he  s t e a d y - s t a t e  N a + - d e p e n d e n t  p h o s p h o e n z y m e  as p m o l / m g  o f  p r o t e i n ,  i n  t he  p r e s e n c e  o f  

t h e  v a r i o u s  c o n c e n t r a t i o n s  o f  Na + s h o w n .  E re fe rs  to  t he  t o t a l  c o n c e n t r a t i o n  o f  e n z y m e  in  t he  r e a c t i o n  as 

d e f i n e d  i n  t h e  A p p e n d i x ,  a n d  was 3 0 4  p m o l / m g  o f  p r o t e i n .  T h e  c a l c u l a t i o n s  o f  t he  s t a n d a r d  e r ro r  ( S . E . ) i n  

t h e  v a r i o u s  t r a n s f o r m a t i o n s  o f  E-P were  b a s e d  o n  t h e  p r o c e d u r e  o f  J o h a n s e n  a n d  L u m r y  [ 1 4 ]  as de-  

s c r i bed  i n  t h e  A p p e n d i x .  

No.  o f  Na + [E-P] [ E - P I / [ E l  

d e t e r r n i n a -  ( raM) -+ S.E.  + S.E.  

t i o n s  

11 0 .5  7 9 . 8  -+ 3 . 8 3  0 . 2 6 2 3  -+ 0 . 0 1 4  

2 0 .8  9 2 . 0  0 . 3 0 2 6  
5 1 .0  1 0 6 . 0  ± 5 .67  0 . 3 4 8 6  + 0 . 0 2 2  

4 1 .2  1 0 9 . 3  + 8 . 2 0  0 . 3 5 9 5  -+ 0 . 0 3 1  

6 2 .0  1 2 9 . 0  -+ 8 . 4 0  0 . 4 2 4 3  -+ 0 . 0 3 1  

4 4 .0  1 7 5 . 0  -+ 7 .33  0 . 5 7 5 6  -+ 0 . 0 3 4  

6 8 .0  1 9 8 . 2  -+ 7 . 9 7  0 . 6 5 1 9  ± 0 . 0 3 4  

6 1 6 . 0  2 0 9 . 3  -+ 7 . 1 4  0 . 6 8 8 4  -+ 0 . 0 3 3  

2 3 2 . 0  2 3 6 . 5  0 . 7 7 7 9  

2 4 8 . 0  2 5 1 . 8  0 . 8 2 8 2  

12  6 4 . 0  2 6 4 . 5  -+ 6 . 0 8  0 . 8 7 0  + 0 . 0 2 8  

2 9 6 . 0  2 4 2 . 8  
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Fig. 4. Mult iple site analysis  of  Na ÷ ac t iva t ion  of  p h o s P h o e n z y m e  f o r m a t i o n .  Panel A, the  c o n c e n t r a t i o n  
of  Na +, values  of  [ E ] ,  [E-P] ,  and  ca lcu la ted  [ E - P ] / [ E ]  are those  given in Table  I and Fig. 3. The  equa t i on  
rt = >?i=lm N i K i [ N a  +] ]1 + K i [ N a  +], ( m  = 3), was  solved for  three  equ iva l en t  (~) or  non -equ iva l en t  ( × )  
associa t ion  cons t an t s  for  Na + (see the A p p e n d i x  for  details);  ©, e x p e r i m e n t a l  po in t s  for  t × [E-P] / [ E ] .  
Panel B, the  s ame  e q u a t i o n  as in panel  A e x c e p t  t ha t  m = 2 was solved for  the two  equ iva len t  (A) or  
n o n - e q u i v a l e n t  (+ or  - - )  associa t ion  cons t an t s  for  Na+; o, e x p e r i m e n t a l  points .  All lines are d r a w n  to 
c o n n e c t  the  t heo re t i ca l  points .  The  a p p a r e n t  intr insic associa t ion  co n s t an t s  (Ka)  for  the  ac t iva t ion  b y  Na ÷ 
at  each  of  the th ree  n o n - e q u i v a l e n t  sites were  3.4, 0 .295 ,  and  0 . 0 2 5  m M  -1, respect ive ly ,  in the  p resence  of  
H 2 0 ,  and  were  1.4, 0 .232 ,  and  0 ,033  m M  -l ,  respec t ive ly ,  in the  p resence  of  80% 2 H 2 0 .  

ing concentrat ions of Na ÷ on the format ion of  steady-state Na÷-dependent 
phosphoenzyme in the reaction media containing 80% 2 H~ O. A double recipro- 
cal plot  of  the data (i.e. 1/E-P vs. 1/Na ÷) gave three linear segments as in the 
case of  the p lot  obtained in the presence of  H~ O (not shown in the inset A, but 
shown in the expanded scale segments B1, C2, and D3 of Fig. 2). Further,  it 
appeared that  the segments designated as no. 1 and as no. 2 in both H~ O and 
2 H~ O intercepted the ordinate at the same point  in each case, whereas the 
segments designated as no. 3 did no t  meet  at the same point  on the ordinate in 
the presence of H~ O compared with ~ H~ O. The result suggests that  over the 
range of  concentra t ion of  Na ÷ given in the insets B1 and C2, the maximal 
phosphoenzyme activity attainable is essentially the same in the presence or 
absence of  ~ H2 O, and that  the reduct ion in the phosphoenzyme levels in the 
presence of  2 H~ O at these concentrat ions of  Na ÷ may be due to a reduced 
affinity of  Na ÷. We fur ther  subjected the Na÷-dependent phosphoenzyme data 
obtained in the presence of  ~ H~ O to multiple-site analysis as in the case of the 
data obtained in the presence of  H~ O described above (Fig. 3, panel C), which 
also indicated three Na ÷ activation sites. Again, using the intercept on the 
ordinate of  Fig. 3, panel C, and assuming different  ratios of Na ÷ binding per 
phosphoenzyme molecule, tests of  the number  of  Na ÷ sites and their equiva- 
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lency showed tha t  an equivalent  site model  would n o t  fi t  the  data  (plots n o t  
inc luded in Fig. 4). The  intrinsic association cons tants  for  Na ÷ ( g a ) i n  the  
presence o f  2 H2 O for  a three  non-equiva len t  site model  were es t imated  as 1.4, 
0 .232 and 0 .033 mM -1, respect ively.  These values, c o m p a r e d  with the  con- 
stants ob ta ined  f rom the exper iments  with H2 O reac t ion  media,  indicate  a 
di f ferent ia l  e f fec t  of  2 H~ O on the  three  sites. The decrease in the first two  
constants  (K a ) by 2 H~ O was 59 and 21%, respect ively,  while for  the  th i rd  one  
there  was an increase of  32%. Fur ther ,  a compar i son  of  the in tercepts  on the 
[ E - P ] / [ N a  ÷] [E] axis for  H~O (Fig. 3, panel  A) and ~ H~O (Fig. 3, panel C) 
shows an overall r educ t ion  of  47% in the  aff in i ty  of  Na*. It  may  be recalled 
tha t  80% 2 H2 O gives an average of  40% inhibi t ion o f  the (Na + + K ÷)-ATPase 
[4 ] .  

Consideration o f  two non-equivalent site models. We have p roposed  above 
tha t  a three  non-equiva len t  Na ÷ act ivat ion site model  shows the best  fi t  to  our  
da ta  when  all points  are cons idered  within +1 S.E. of  each mean.  However ,  on 
the basis of  +2 S.E. of  each mean,  the two  non-equiva len t  site model  (Fig. 4, 
panel  B, b roken  line) is no t  dist inguishable f rom the three  non-equiva len t  site 
model .  If  this were the case the K a values (derived by  the same procedures  as 
descr ibed above)  for  Na ÷ act ivat ion of  the e n z y m e  in the presence o f  H~ O 
m ed ium were es t imated  at  2 .440 and 0.041 mM -~ , respect ively.  In the presence  
o f  ~ H~ O, these values were changed to  1 .062 and 0 .048 mM -1, respect ively.  
The relative inh ib i to ry  e f fec t  of  2 H2 O on the high aff in i ty  non-equiva len t  site 
would  thus be 56% with an increase of  17% on the  low aff ini ty  site. 

Effect  o f  the order o f  addition o f  ligands on the inhibition by ~ H~ 0 and 
Me, SO. Recent ly ,  Albers and Koval [6] showed  tha t  Me~ SO did n o t  inhibi t  
the  Na÷-dependent  p h o s p h o e n z y m e  fo rmat ion ,  whereas Kaniike et  al. [8] were .oFB .~_ o 
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Fig. 5. T i m e  c o u r s e  o f  t h e  e f f e c t  o f  M e 2 S O  o n  N a + - d e p e n d e n t  p h o s p h o e n z y m e  f o r m a t i o n  a n d  t h e  e f f e c t  
o f  t h e  o r d e r  of  the  a d d i t i o n  o f  v a r i o u s  c o m p o n e n t s .  T h e  e n z y m e  was  a l l o w e d  a c o n t a c t  w i t h  N a  + o r  K +, 

a n d  Me 2 SO i n  t he  f o l l o w i n g  o r d e r  p~ ior  t o  t h e  s tax t  o f  the  reac t ion:  ©, e n z y m e  + Na  + in  H 2 0  s y s t e m ;  ~, 

e n z y m e  + Na  +, f o l l o w e d  b y  M e 2 S O ;  A, e n z y m e  + K +, f o l l o w e d  b y  M e 2 S O ;  t ,  e n z y m e  + K + i n  H 2 0  s y s t e m ;  
u, Na  + + M e 2 S O ,  f o l l o w e d  b y  t h e  e n z y m e ;  m, K + + M e 2 S O ,  f o l l o w e d  b y  t h e  e n z y m e .  A l l  o t h e r  e x p e r i m e n -  

t a l  d e t a i l s  w e r e  the  s a m e  as f o r  e x p e r i m e n t s  no .  1 - - 6  i n  T a b l e  II.  



267 

O 
ATP__ (~) 

E 2 No+.-. E 1 • (No or  ATP) --~IMgATP'Na~'~-- E~ • MgATP • NO× 

-- H20~ I ° 

® @ ~ 
+ ~ o  ~ ,  H~O ~g~+ 

E 2-  Ky - H 2 ~  E 2 - P - K y  ~ E 2 - P  • No x ~ E~-P  • Ne x 

Fig. 6. Si tes  o f  ac t i on  o f  so lven t s  and  H 2 0  in the  o p e r a t i o n  of  the  (Na  + + K+)-ATPase.  (1)  Na  + or  A T P  
sh i f t  the  e q u i l i b r i u m  wi th  r e spec t  to  the  e n z y m e  c o n f o r m a t i o n  f r o m  E 2 to  E l ,  w h e r e a s  H 2 0  , 2 H 2 0 ,  and  

Me 2 SO will reverse  i t ;  o rgan ic  so lven t s  such  as a c e t o n e ,  e ther ,  a lcohols  [9]  a n t a g o n i z e  the  ac t ion  of  H 2 O, 
and  m a y  sh i f t  the  e q u i l i b r i u m  to the  right~ (2)  E 1Na or  E 1 A T P  reac t s  wi th  s u b s t r a t e  M g A T P  a n d  Na~ to 

f o r m  the  i n t e r m e d i a t e  [E 1 • M g A T P  - Na  x ]  w h i c h  leads  to  the  f o r m a t i o n  o f  E2-P • N a x ;  (3)  the  
i n t e r a c t i o n  o f  K~ is f ac i l i t a t ed  by  H 2 O, 2 H2 O and  Me 2 SO, and  a n t a g o n i z e d  by  o rgan ic  so lvents ;  (4)  t he  
i n t e r a c t i o n  o f  H 2 0  on the  b r e a k d o w n  o f  K+-media ted  p h o s p h o e n z y m e  is e v i d e n c e d  by  s t i m u l a t o r y  e f f e c t  

o f  2 H 2 0  or  Me2SO,  and  i n h i b i t o r y  e f f e c t  o f  o rgan ic  so lvents ;  (5) the  p r e sence  o f  Na  + or A T P  leads to  the  

d i s soc i a t i o n  of  E 2 • Ky because  of  the  a c t i o n  of  these  agen t s  a t  s tep  1, above.  

able to  d e m o n s t r a t e  an inhib i t ion  o f  the  p h o s p h o e n z y m e  f o r m a t i o n  by  Me2 SO. 
The  results summar ized  in Table  II clearly i l lustrate tha t  the  pr ior  co n t ac t  o f  
the e n z y m e  with Na ÷ or  ATP cons iderably  alters the  inh ib i to ry  e f fec t  o f  
Me2 SO or  ~ H 2 0  on the s teady-s ta te  level o f  p h o s p h o e n z y m e .  When Me: SO 
and Na +, or  2 H2 O and Na ÷, are added  toge ther ,  a large inhib i t ion  is observed 
which is even greater  when  Me~ SO or  : H: O are in co n t ac t  with the e n z y m e  

T A B L E  II 

E F F E C T  O F  T H E  O R D E R  OF  A D D I T I O N  OF  L I G A N D S  ON T H E  I N H I B I T I O N  BY 2 H 2 0  OR M e 2 S O  

A d d i t i o n s  in t he  s e q u e n c e  l is ted wi th  each  e x p e r i m e n t  were  m a d e  to the  s t a n d a r d  r e a c t i o n  m e d i u m  (as 

g iven  u n d e r  Me thods ) .  F o r  e x p e r i m e n t  nos.  1 ~ 6 ,  w h e r e  i nd i ca t ed ,  c a t i ons  and  e n z y m e  were  in c o n t a c t  
fo r  10 ra in  fo l l owed  b y  a 60- ra in  c o n t a c t  w i t h  M e 2 S O  or  2 H 2 0 .  W h e n  c a t i ons  and  M e 2 S O  or  2 H 2 0  were  
a d d e d  t o g e t h e r  to  the  e n z y m e ,  the  i n c u b a t i o n  was  car r ied  ou t  for  60 rain.  W h e n  Me2SO and  2 H 2 0  were  
a d d e d  p r i o r  to  ca t ions ,  the  c o n t a c t  w i t h  the  e n z y m e  was  for  10 m i n ,  t h e n  an add i t i ona l  50 ra in  fo l lowing  

ca t ions .  F o l l o w i n g  these  t r e a t m e n t s ,  the  r e a c t i o n  was  s t a r t ed  by the  a d d i t i o n  of  [7-52P] ATP and  was 
t e r m i n a t e d  4 s later .  In  e x p e r i m e n t  no.  7, the  e n z y m e  was  in c o n t a c t  w i th  A T P  ( c o n t a i n i n g  [7-~2P]  A T P )  
for  10  s fo l lowed  by  10 s w i t h  Me2SO,  and  t h e n  the  r e a c t i o n  was  in i t i a t ed  by  the  a d d i t i o n  o f  Na + and  was  
t e r m i n a t e d  10 s la ter .  In  e x p e r i m e n t  8, M e 2 S O  w a s i n  c o n t a c t  w i th  the  e n z y m e  for  10 s f o l l owed  bY [7-32P]  - 
A T P  and  Na + or  K "~ fo r  an a d d i t i o n a l  10 s. The  a m o u n t  of  e n z y m e  (E) was  50 #g,  Me2SO,  2 H 2 0 ,  and  Na + 
were  p r e s e n t  a t  a c o n c e n t r a t i o n  o f  30%, 80%, and  8 raM, respec t ive ly .  Values  fbr  Na+- independen t  phos-  
p h o e n z y m e  (i.e. in the  p r e s e n c e  o f  Mg 2+ + 16 m M  K +) were  s u b t r a c t e d  fxom e x p e r i m e n t a l  values,  to  ob-  
ta in  Na+-dependent  p h o s p h o e n z y m e ,  and  o t h e r  a p p r o p r i a t e  c o n t r o l s  were  i nc luded  t h r o u g h o u t ,  All o t h e r  
de ta i l s  were  the  s a m e  as g iven  u n d e r  Methods .  

Exp .  no.  S e q u e n c e  of  a d d i t i o n s  P e r cen t  i n h i b i t i o n  of  
p h o s p h o e n z y m e  

1 2 H 2 0 +  E +  Na + 44  
2 2 H 2 0 + N a  + +  E 36 

3 N a + +  E + 2 H 2 0  24  

4 M e 2 S O  + E + Na + 77 
5 M e 2 S O  + Na  + + E 69 

6 Na + +  E +  M e 2 S O  2 
7 A T P  + E + M e 2 S O  1 
8 M e 2 S O  + E + A T P  34  
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pr io r  to  the addi t ion  of  Na ÷. This suggests t ha t  Me2 SO and 2 H 2 0  b lock  the  
in te rac t ion  of  Na ÷ with its ac t iva t ion  sites. 

Fur ther ,  if ATP is p resen t  on the e n z y m e ,  Na ÷ can also b ind  to its sites 
w i t h o u t  in te r fe rence  f r o m  Me2 SO. This e x p e r i m e n t  gives clear evidence  tha t  
the  r a n d o m  m e c h a n i s m  works  in the  (Na * + K*)-ATPase since e i ther  Na ~ or 
ATP m a y  get on to thei r  sites i ndependen t l y  and tha t  wi th  bo th  present ,  
p h o s p h o e n z y m e  f o r m a t i o n  will t ake  place. The  fac t  tha t  p r ior  c o n t a c t  of  the  
e n z y m e  with ATP leads to  the  f o r m a t i o n  of  p h o s p h o e n z y m e  in the  presence  of  
Na * and Me2 SO suggests tha t  ATP b o u n d  to  the  e n z y m e  assists Na * to a t t ach  to  
its active sites. The da ta  in Fig. 5 show tha t  the  e f fec t  o f  the  order  of  add i t ion  
of  l igands is n o t  mod i f i ed  over  a t ime  course  in the  presence  of  Me~ SO. Similar  
results  were observed  with  ~ H~ O (Fig. 2, and o the r  da ta  no t  shown) .  

Discussion 

Previous studies uti l izing the analyses of  the kinet ics  o f  ac t iva t ion  of  the 
(Na ÷ + K*)-ATPase by  varying concen t r a t i ons  of  Na ÷ in the p resence  of  varied 
or f ixed concen t r a t i ons  of  K ÷ [14 ,19]  have indica ted  two  or three  equiva len t  
Na ÷ ac t iva t ion  sites. These  mode l s  do no t  clearly distinguish be tween  the 
equiva len t  and non-equ iva len t  ac t iva t ion  sites [ 1 9 ] .  This t ype  of  app roach  is 
also c o m p l i c a t e d  by  c o m p l e x  in te rac t ion  of  ca t ions  at  e x t r e m e s  of  concen t ra -  
t ion  rat ios.  A T P - d e p e n d e n t  binding o f  Na t to  the  ATPase  has been invest igated,  
bu t  has n o t  been  ut i l ized for  binding-si te  analysis  [ 2 0 - - 2 2 ] .  The  e x p e r i m e n t a l  
design in the  p resen t  work  relies on the  f o r m a t i o n  o f  Na÷-dependent  phospho-  
e n z y m e  ( the b r e a k d o w n  of  which is sensit ive to  K÷), whe reby  the  c o m p l i c a t e d  
in te rac t ions  o f  Na  ÷ and  K ÷ are avoided,  since the  reac t ion  sys t em conta ins  only  
Na *, and only the  Na÷-dependent  s teady-s ta te  p h o s p h o e n z y m e  f o r m e d  is ex- 
amined.  

If, as suggested by  a large b o d y  of  evidence,  the  p h o s p h o e n z y m e  is the  
in t e rmed ia t e  in the  ope ra t i on  of  the  (Na" + K ' ) - A T P a s e  and m a y  be regarded  as 
the  Na÷-carrier in the  p u m p  cycle  [2 ,3 ,23- -26]  (see also 1), then  it m a y  be 
possible  to  use the  p h o s p h o e n z y m e  as a measure  of  Na t binding. In this case, 
the  s teady  s ta te  equa t ions  and graphical  m e t h o d s  for  s tudy ing  the  binding of  
small molecules  to  m a c r o m o l e c u l e s  m a y  be appl ied  to analyse Na ÷ b o u n d  to  
p h o s p h o e n z y m e  (see e.g. 15 ,18 ,27 ,  and the  Append ix ) .  By assuming tha t  ca- 
t ion b inding sites are i n d e p e n d a n t  with f ixed aff ini t ies  and w i t h o u t  def ining the  
phys ica l  na ture  of  the  m a c r o m o l e c u l a r  s ta te  of  the  carrier,  the  s teady-s ta te  
b inding  equa t ions  would  apply  whe t he r  the  e n z y m e  were  p resen t  as d i f f e ren t  
species each having a d is t inc t  a f f in i ty  cons t a n t  or  as a single species wi th  all o f  
the  d is t inc t  b inding sites on a single m ac rom olecu l e .  

The  p resen t  m o d e l  a t t e m p t s  to  relate  the  s t o i c h i o m e t r y  of  Na * b inding per  
p h o s p h o e n z y m e  molecu le  based on the  observed  c o r r e s p o n d e n c e  be tween  Na ÷ 
c o n c e n t r a t i o n  and  s teady-s ta te  level o f  p h o s p h o e n z y m e .  The  binding o f  Na ÷ to  
its sites would  be a consequence  of  an equi l ibr ium involving reac t ion  1 as 
shown  in Fig. 6. I t  would  be impl ied  f r o m  the law of  mass  ac t ion  as discussed 
by  Sca tchard  [18] t ha t  the  p robab i l i t y  of  o c c u p a n c y  of  mul t ip le  Na ÷ binding 
sites would  be d e p e n d e n t  u p o n  the  Na ÷ concen t r a t i on .  The  resul t  f r o m  experi-  
men t s  4 and 6 in Table  II  suggests t ha t  p h o s p h o r y l a t i o n  would  occur  only  
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when the conditions of  reaction 2 (Fig. 6) are met,  including a sufficient 
amount  of  bound Na ÷ per potential  phosphoryla t ion site. Accordingly, the 
steady-state level of  phosphoryla t ion may be used as a measure of  Na ÷ that  was 
bound prior to phosphorylat ion.  This is in agreement with the concept  that  the 
concentrat ions of Na ÷ and K ÷ may shift the steady-state concentrat ions of  
carrier moieties to control  the rates of  cation transport  [28] .  Our suggestion of  
three non-equivalent Na ÷ activation sites for  (Na ÷ + K÷}-ATPase is compatible 
with the data on the kinetics of  t ransport  in nerve where it was shown that  
three sites with different  Na ÷ affinities were necessary to account  for  the Na + 
activation of  Na÷-Na ÷ exchange [29] .  However, in red cells, three' sites of  equal 
apparent  affinity for Na ÷ are involved in Na+-Na + exchange [30] .  It would be 
interesting to determine if the nature of Na ÷ activation sites (i.e. equivalent or 
non-equivalent) varies with tissues. 

The possibility of  interaction between the multiple non-equivalent Na ÷ sites 
postulated above cannot  be ruled out  at the present. Nor can we rule out  that  
our results are due to the possible inhomogenei ty  of  the enzyme system used. 
Further,  based on strict statistical considerations, the two non-equivalent site 
model may also fit the data. 

The results in Table II have several implications. If bound H2 O plays a role 
at the Na ÷ sites [4 ,11] ,  it would seem reasonable that  the agents such as 
Me2 SO and 2 H 2 0  which form stronger hydrogen (or deuterium) bonding by 
replacing H~ O [32,33] would tend to block the interaction of Na ÷ with its 
activation sites. We propose that  H~ O shifts the conformat ion  of  the enzyme 
from E, to E~, while Na ÷ reverses this trend (Fig. 6). This would imply that 
Na ÷ must  expel the bound H~ O from its activation sites in order to bind to 
these sites, although this does no t  seem to be the case at one of  the Na ÷ sites 
(i.e. the weak Na ÷ binding site with the lowest Ka). Removal of  H~ O from the 
higher affinity Na ÷ sites could increase the hydrophobic i ty  in the region, there- 
by preventing the spontaneous breakdown of  the phosphoenzyme [9] .  How- 
ever, H2 O and K ÷ will tend to move the [K-E~-P] complex back to a hydro- 
philic region where the phosphoenzyme will be hydrolyzed.  Thus 2 H~ O and 
Me~ SO would act more effectively than H~ O to favor the shift of  E, to the E~ 
form of  the enzyme,  which would result in reduced steady-state level of  Na ÷- 
dependent  phosphoen.zyme format ion in the presence of  ~ H2 O or Me~ SO. This 
will also be commensurate  with increased affinity of  K ÷ for the K ÷ stimulated 
p-ni t rophenyl  phosphatase activity in the presence of  ~ H~ O [}1,11] and Me~ SO 
[6,7] ,  and a stimulation of K÷-mediated breakdown o f  phosphoenzyme 
[34,35] .  The result in Table II suggests that  ATP may act to cause a dissocia- 
t ion of  the K-E2 complex [24] to release K ÷, by producing a shift of E~ 
conformat ion  to E, conformat ion  (Fig. 6). Further,  the removal of  H~ O from 
Na ÷ sites in the ATPase by solvents such as alcohols, acetone, ether, etc. would 
facilitate the binding of Na ÷ (E, conformat ion,  Fig. 6), and increase the phos- 
phoenzyme formed due to stabilization of  the complex [9] ,  whereas K ÷- 
mediated hydroly t ic  steps would be inhibited [5,9] .  The increased affinity of  
K ÷ for the ATPase at reduced temperatures [41,42] may also be explained if 
the enzyme complex favors the E~ conformat ion  at lower temperatures due to 
an increase in bound H~ O and/or  stronger H bondings, while the reverse is the 
case at higher temperatures,  i.e. the E, conformat ion  is favored. 
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To conclude ,  the  effects  of  : H: O and Me: SO on the (Na ~ + K~)-ATPase, and 
possibly o the r  membrane-assoc ia ted  func t ions  [ 3 6 - - 4 0 ] ,  may  be due  to  con- 
fo rmat iona l  changes caused by r ep lacemen t  of  H: O in the  m e m b r a n e  s t ruc ture  
and f o r ma t ion  o f  s t ronger  H (or : H) bonding.  Fur ther ,  the af f in i ty  of  Na ÷ and 
K ÷ for  thei r  sites in the opera t ion  of  the (Na ~ + K÷)-ATPase may  be regulated 
by the bound  H: O al] the active center .  The points  tha t  favor this conclusion,  
and argue against a simple e f fec t  of  2 H~ O on cat ion h y d ra t i o n  alone to  explain 
the present  and the previous work  by  us are as follows: (1) : H 2 0  inhibits  (Na ÷ 
+ K÷)-ATPase, bu t  s t imulates  K*-stimulated p -n i t ropheny l  phosphatase ;  the 
s t imulated act ivi ty is b locked  by  o l igomycin  [4 ,11]  ; (2) Inhib i t ion  of  phospho-  
e n z y m e  fo r ma t ion  by : H:  O or Me2 SO is no t  a l tered over  a t ime course,  bu t  
changes with Na ÷ concen t r a t i on ;  (3) : H: O acts d i f ferent ia l ly  on  mul t ip le  non- 
equivalent  Na ÷ sites; (4) The order  o f  addi t ion  of  reac tants  inf luences the e f fec t  
of  solvents;  (5) 2 H 2 0  (and Me: SO) ac t ion  on K÷-stimulated p -n i t ropheny l  
phosphatase  is re f lec ted  in the s t imula t ion  of  a K~-mediated b r eak d o w n  of  a 
slow c o m p o n e n t  o f  p h o s p h o e n z y m e  by these solvents [34 ,35]  ; and, (6) : H 2 0  
st imulates  the rate,  and s teady-s ta te  level of  Mg 2÷ + Pi or Mn:÷-suppor ted  
ouabain  binding to  the  ATPase,  whereas  it  inhibits  the  rate,  bu t  no t  the steady- 
state level, o f  (Na ÷ + ATP) -dependen t  ouabain  binding [45 ] .  

A ppe nd ix  

Theory  for  data expressed in Figs. 3 and 4 
We make  the fol lowing identi t ies  and assumptions:  [E-P] represents  specific 

Na" binding; r t = moles Na ÷ b o u n d / u n i t  o f  e n z y m e  = t [ E - P ] / [ E ]  ; [E] = to ta l  
e n z y m e  concen t r a t i on  = [E-P] m ax + 0 .15 × [E-P] max in the absence of  K ÷ 
[43] ; fur ther ,  the value for  [E] in 80% 2 H2 O was taken  as 93% of  tha t  in H2 O 
since a 7% inhibi t ion of  the p h o s p h o e n z y m e  at  64 mM Na ÷ was observed in the  
presence  of  80% : H2 O; [Na] = free Na ÷ co n cen t r a t i o n  = [Na] W " t [E-P] ~ 
[Na] T, the to ta l  concen t ra t ion ,  since [Na] T is in units  of  mM and t[E-P] is in 
units  of  nM; t = to ta l  n u m b e r  of  Na ÷ b o u n d  to  the p h o s p h o e n z y m e ;  [E-P] = 
[Nat • E-P] ,  the N a - p h o s p h o e n z y m e  complex ;  e = free e n z y m e  concen t r a t i on  = 
[El - -  [E-P] ; K a = [E -P ] / ( [Na ]  [e] ), the  intrinsic associat ion cons tant .  There-  
fore,  

t [E-P] _ tKa[Na] 
rt = [E-P] + [e] 1 + Ka[Na ] (1) 

In general,  

~ N '~ i [Na]  
F t = 

i=1 1 + Ki [Na]  
(2) 

where  t = X ~ I  Ni = the to ta l  n u m b e r  o f  sites, and where  N i and K i are the 
n u m b e r  o f  ident ical  sites and the  intrinsic associat ion cons tan t ,  respect ively,  fo r  
each class of  sites i. By holding the to ta l  e n z y m e  concen t r a t i on  [E] cons tan t ,  
the  only  d e p e n d e n t  variable is [E-P] and the  only  i n d e p e n d e n t  variable is [Na] .  
For  equa t ion  (2) it is appropr ia te  to  p lo t  r t vs. [Na ÷] (Fig. 4). Fur ther ,  the  



following form of Scatchard equation [17,18] 
graph of rt /[Na] vs. rt (Fig. 3). 

r t / [ N a ]  = t K  - -  r t K  
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is employed to construct a 

(3) 

In plotting the experimental data by this method,  it was first assumed that  
t = 1; therefore, r t = [E-P]/[E] .  The general solution of equation (3) states that  
the intercept on the abscissa gives the total number of binding sites, t, and the 
intercept on the ordinate gives the product  of t and the average of all the 
association constants, (K) [15]. In Fig. 3, the intercept on the [E-P]/[E] axis is 
essentially 1, which, in terms of phosphoenzyme formation as expressed in 
equation (3), means that  as Na ÷-~ ¢*, all of the enzyme is converted into 
phosphoenzyme. However, by letting the phosphoenzyme represent bound 
Na ÷, the intercept on the abscissa simply gives the value of t that  would be the 
assumed stoichiometry between the phosphoenzyme and Na ÷ binding. The up- 
permost intercept on the ordinate as shown in Fig. 4a, gives the constant /~ ,  
such that  

~ m 
/~ = t(K) where (K)  = N ~ K ~ / ~  N i 

i=1 i=l  
(4) 

and where the Ki values are the intrinsic association constants as given in 
equation (2). For t = 1 , /~  = 1.24 = N1 K1 as shown in Fig. 3A; for t ,  = 2,  ~ = 

2.48 = N ~ K ~  + N 2 K 2  ;and  for t = 3, /~ = 3.72 = N ~ K 1  + N 2 K 2  + N 3 K 3 ,  etc. By 
assuming different values for t, Ni and K~, and using the experimental values of 
Na ÷ concentration employed, theoretical values of r~ for 1-, 2- and 3-site 
models were generated from equation (2~), with the appropriate values o f / f  as a 
constraint. For equivalent site models K was divided equally among all the K~ 
values. Initial estimates for the Ki values in the non-equivalent site models may 
be obtained by substituting experimental values of rt ,  [Na], (K), and assumed 
values of  Ni and t into equations (2) and (4). These equations are solved for a 
value of K~ which is substituted in the equations and the process is repeated 
until estimates of all the K,- values are obtained. These initial estimates of K; 
values are then varied by trial and error until the best fit is obtained. Since the 
values of r t calculated from equation (2) represent theoretical values for [E- 
P ] / [E ] ,  theoretical values for [E-P]/[Na] [E] were obtained by dividing the 
calculated values of r t by the experimental values of [Na], and are used to test 
the various models in a Scatchard plot as shown in Fig. 3. The K i values that  
gave the best fit for a three non-equivalent site model (Fig. 4A) were designated 
as the intrinsic association constants (Ka) for Na ÷. When plotting points from 
Fig. 3 to Fig. 4 and vice versa, the obvious division or multiplication by t was 
performed. 

C a l c u l a t i o n  o f  t h e  s t a n d a r d  e r r o r  

The experimental values of [E-P]/[E] and the error associated with each are 
given in Table I. From equation (9) of Johansen and Lumry [44] ,  we define 
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the variance for r t = t [E-P]/[E] as follows: 

from which S.E. = ( ~ r t / n  I ] 2  was calculated, based on the assumption that  the 
experimental determination of [E-P] and [E] are stochastically independent. 
Although [E] is calculated from [E-P] m ax, the measurement of [E-P] made at 
one concentration of Na ÷ is independent of that  made at another. 
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