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SUMMARY 

I. When  resealed ghosts  labeled with 22Na+ are suspended in a Na+-free medium,  
the addi t ion  of K + and p -n i t ropheny lphospha t e  to the medium ini t ia tes  a ouabain-  
sensi t ive efflux of Na  +. If this efflux is to occur in a Na+-conta in ing medium,  the  
presence of ATP in the  medium is also needed. The objec t  of this  work was the  fur ther  
s t u d y  of these phenomena.  

2. Na  + efltux was not  s t imu la t ed  if p -n i t r opheny lphospha t e  were p laced inside 
the ghosts ;  and  when ghosts or in tac t  ceils were incuba ted  in a solut ion conta in ing  
p -n i t r opheny lphospha t e  no evidence for the r ap id  up t ake  of the subs t ra te  was ob- 
ta ined.  

3. Under  op t imal  condit ions the  s t imula t ion  of Na+ efltux by  p -n i t ropheny l -  
phospha te  was greater  than  the s t imula t ion  of efflux by  adenosine.  

4. When  ghosts  were suspended in a Na+-free med ium conta ining p -n i t ropheny l -  
phosphate ,  the  addi t ion  of any  of the  a lkal i  cations,  except  N a  +, to the med ium 
s t imu la t ed  Na  + efflux. The order  of effectiveness of the cat ions  was:  K + > R b  + > 
Cs + = Li +. 

5. The inh ib i to ry  effects of ex te rna l  N a  + were grea ter  at  lower K + concent ra-  
tions. Kinet ic  s tudies  showed, however,  t ha t  the in terac t ion  between Na  + and K + was 
not  of the simple compet i t ive  type.  

6. The inh ib i to ry  effect of ex te rna l  Na+ was reversed b y  the addi t ion  of cer ta in  
nucleot ides  (ATP, CTP, ADP) to the  medium.  ATP was the most  effective. ITP,  CDP, 
and AMP were ineffective. 

7 -Ol igomyc in  d id  not  affect the  s t imula t ion  of Na  + effiux into a Na+-free 
medium.  In a Na*-conta in ing  med ium the lower ranges of t es ted  concentra t ions  of 
ol igomycin s t imula ted  the efftux. This  ATP-l ike  effect of ol igomycin d i sappeared  as 
the  concent ra t ion  of the  ant ib io t ic  was raised. These higher  concent ra t ions  could also 
block the effects of ATP in a Na+-conta in ing  medium.  

8. S t imula t ion  of Na  + efflux under  all of the  above  var ious  condi t ions couM be 
blocked by  ouaba in  or  Pi  added  to the medium.  

9. In  any  exper iment  where Na+ efflux was s t imu la t ed  in the presence of p -n i t ro -  
pheny lphospha te ,  there  was an increase in the produc t ion  of p-ni t rophenol .  
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Io. The data are consistent with the hypothesis that  the K,-dependent  phos- 
phatase "segment"  of tile (Na~ - K ~)-activated ATPase is {}n the outside surface (}t 
tilt" lUelnl)rane, and that  tile t}ll{}st)hatase is the prin]ary trauslocat{ir {}f Na- and I t ' .  

INTI¢OI)UCTI(rN 

In human red cells the (Na ~ ! K+)-activated ATPase coinplex (ATP phosph( ,  
hydrolase, E{" 3.6.I.3) of tire membrane utilizes ATP that  approaches the complex 
from the matr ix side of the membrane to catah 'ze  the coupled movements  of Na ~ and 
K- across the inembrane I a. Several different molecular mechanisms for these ion 
tral>locations have been t)roposed, and the common feature of all is the postulate that  
ion m(}vements are int imately related to the turnover  of the phosphoenzyme inter- 
mediate within the membrane '~. On the assumption that  the hydrolysis of /6-nitro- 
phenylphosphate  by tile enzwne complex is equivalent to the breakdown of the 
trhosphorylated intermediate, we studied the effects of p-nitrophenylt)hosphate on Na '  
t ransport  in resealed red cell ghosts and found that  if this substrate approaches the 
medium side of the inembrane it iniinics some of the actions of ATP on Na-  transt)ortL 
Here we present the results of the continuation of these studies. The question of tile 
site of action of/5-ni trophenylphosphate is studied in more detail; tire Na* efltux that  
is s t imulated by f l-ni trophenylphosphate is compared with the metabolically ener- 
gized efflux; optimal conditi{ms for the st inmlation {~f efflux by fl-nitrophenylt)hos- 
phate are characterized: and the effects of ouabain and oligomycin, two different 
modifiers of the enzyme complex, on the st imulation of Na-  efttux bv/5-nitrophenyl-  
phlisphate are investigated. A preliminary account  of portions of this work has been 
presented s. 

,MA'I-EI~,IAI~S AND MF.THOI)S 

Several types of resealed ghosts labeled with 2ZNa+ were used in these studies. 
The following steps were common to the procedures used for all preparations. (I) He- 
molysis of intact red cells. (2) Labeling with 22Na~. (3) \ \ 'ashing with a buffered MgCI 2 
solution. (4) " R e c o n s t i t u t i o n "  and suspension in tire final incubation medium. Unless 
otherwise stated the experiments were performed with ghosts which are deficient in 
substrates and have low internal Na e concentrations. These were prepared by hemo- 
lysis of cells in Io vol. of water. The procedure fur the preparation of these ghosts, and 
their composition and properties, have been described elsewhere 9. Ghosts similar to 
the ab(Jve, but  with higher internal Na + concentrations (those used in experiments of 
Fig. 8) were prepared by hemolyzing the cells in solutions containing varying amounts  
of NaCI. The compositions of the various hemolyzing and wash solutions were the 
same as those described by HOFFMAN l°. The concentration of Na -+ within these ghosts 
was determined immediately after hemolysis. Ghosts filled with ATP or p-nitrophenyl-  
phosphate were prepared, according to the method described before 11, by  hemolysis of 
the (-ells either in a solution containing 2 mM ATP, or in one which contained 4 mM 
p-nitrophenylphosphate.  

Time course of the release of 2'aNa+ from the ghosts was determined as previously 
described 9, 1,. In experiments where ]5-nitrophenylphosphate was used, in addition to 
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the measurement of radioactivity, at each time interval the amount of p-nitrophenol 
in the mixture was also determined ~2. For the majority of the experiments the data 
are presented as changes in the rate constant of Na + efflux. This constant was calcu- 
lated from the experimental data on the time course of release of 22Na+ as described 
before l~. Thus each point representing a rate constant in the various figures of this 
paper is in fact the slope of a line such as those presented in Fig. I. It should be 
emphasized that such lines for each experimental condition were obtained bv actual 
measurements of the amount of "2Na + released from the ghosts at a mininmm of three 
different time intervals. 

Hemoglobin-free ghosts were prepared by the method of PARKER AND H o w -  
MAX ta. After the final wash the membranes were frozen and thawed twice, before they 
were used for the determination of enzyme activity. 

Nucleotides, p-nitrophenylphosphate, adenosine, ouabain, and oligomycin were 
obtained from Sigma Chemical Co. (St. Louis, Mo.) 

RESULTS 

Na ~ e~ux  in ghosts that are filled with A T P  or p-nitrophenylphosphate 
Using a procedure similar to the one employed for the preparation of ATP-filled 

ghosts, we obtained 22Na+-labeled ghosts which retained a considerable amount of 
p-nitrophenylphosphate after repeated washings. Efflux of Na + from these ghosts and 
the disappearance of fl-nitrophenylphosphate were measured and compared with Na+ 
efflux and ATP breakdown in ATP-filled ghosts. The data presented in Table I clearly 
show that in ghosts filled with p-nitrophenylphosphate Na + efflux is not significantly 
stinmlated by the addition of K + to the medium. It  is also apparent that p-nitro- 
phenylphosphate is indeed hydrolyzed in the ghosts, but that the hydrolysis is not 
affected by the presence of K ~. 

Permeability of the red cell membrane to p-nitrophenylphosphate 
Retention of p-nitrophenylphosphate by the ghosts during the preparation and 

'.FA t3LIL I 

E F F E C T S  OF I N T E R N A L  A T P  A N D  p - N I T R O P H E N Y L P H O S P H A T E  ON" . ~ a  ~ E F F L U X  

Ghosts  labeled wi th  22Na+ and filled e i the r  w i th  ATP or p - n i t r o p h e n y l p h o s p h a t e  were p repared  as 
descr ibed in MATERIALS AND METHODS. Po r t i ons  of each p r e p a r a t i o n  were i n c u b a t e d  a t  37 ° for i h 
in 25 vol. of the  fol lowing so lu t ions :  (i) 16o mM chol ine chlor ide io  mM Tris .  HC1 (pH 7.4)- 
(2) 154 mM chol ine c h l o r i d e - I o  mM Tris .  HC1 (pH 7.4) 6 mM KCI. At  the  beg inn ing  and the  end of 
the  i ncuba t ion  the  levels  of ~2Na+, Pi, a nd  t h e "  eas i ly  hyd ro l yzab l e  p h o s p h a t e "  of the  ghosts  were 
measu red  as descr ibed before n.  Levels  of p - n i t r o p h e n y l p h o s p h a t e  were also de t e rmined  1~, aa. P r io r  
to  the  i n c u b a t i o n  the  ATP-fil led ghos ts  con ta ined  o.9 / tmoles /ml  Pi, and  2.41 /*moles/ml " ea s i l y  
hyd ro lyzab l e  p h o s p h a t e " .  Ghosts  filled wi th  p - n i t r o p h e n y l p h o s p h a t e  con t a ined  1.2 i tnloles/ml Pi 
and  o.9o u m o l e / m l  p -n i t r ophe ny lphos pha t e .  

p- Nitrophenylphosphate- 
filled ghosts incubated 

A TP-fil led 
ghosts incubated 

lVithout K+ f i l t h  K + Without  K*  With K + 

o, of 22Na~ re leased in I h t8 ,o 
% decrease in ATP or 

p - n i t r o p h e n y l p h o s p h a t e  c o n t e n t  90 

17 15 35 

90 35 49 
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washing of the ghosts suggested that the ghost membrane  is relatively in3permeable 
to this compound.  This conclusion seemed to be in contrast to that reached by 
(IaRRaHaX et al. ~ in their studies on the hydrolysis  of p-nitrophenylphosphate  by the 
intact red cells. Therefore, we incubated washed intact cells and resealed ghosts in 
solutions containing the compound,  and measured the amounts  of p-nitrophenyl-  
phosphate and p-nitrophenol  in the media,  the cells, and the ghosts. The results which 
are summarized  in Table II do not indicate a rapid uptake of the organic phosphate by 
either the intact cells or the ghosts.  It  is evident,  however,  that a considerable quant i ty  
of p-nitr(q)henol accunmlates  within the (:ells or the resealed ghosts. 

] ' A B L E  I I  

IdPT. 'd, :I~S O F  ]5 N I T R O P H E N Y L P t l O S P H A T t ' 2  A N t )  ] 5 - N I T R O P H E N O L  B V  I N T A C T  R E D  C E L L S  A N D  G H O S T S  

l ' a c k e d  r e d  cel ls  w e r e  o b t a i n e d  f r o n /  fresh h u m a n  hlood by  c e n t r i f u g a t i o n  a n d  several  washin,vs ill 
i so tonic  sal ine.  Ghosts  were p r e p a r e d  as  d e s c r i b e d  in MATERIALS AND METHODS but w i t h o u t  the  use 
of  :a2Na4 labe l .  In e a c h  e x p e r i m e n t  5 ml  of  cei ls  o r  g l l o s t s  w e r e  a d ( l e d  t o  2o ml  of  a s o l u t i o n  c o n -  
t ; t i n i n g  145 m M  KCI,  2o n lM T r i s .  HCI ( p H  7-4), a n d  p - n i t r o t ) h e n y l p h o s p h a t e .  In c x p e r i m e n t >  with 
i n t a c t  ce l ls  t i le  c o n c e n t r a t i o n  of this suhs tra te  was .5 r aM,  a l ld  Jn those  wi th  ghosts  the  c o n c e n t r a -  
t i o n .  w a s  2 r aM.  I m m e d i a t e l y  a f t e r  t h e  a d d i t i o n  of  ce l ls  o r  ghosts  to the  med ium,  a n  a l i q u o t  r,f the 
suspens ion  was  w i t h d r a w n ,  i n / n l e r s c d  iI'~ ice,  m i x e d  with  t r a c e  am~.)tlnts of  2"Na ' ,  a i /d  c e n t r i f u g e d  
in  c o l d  a t  eo  ooo  ~ g f o r  5 mil l .  T h e  s u p e r n a t a n t  w a s  c a r e f u l l y  s e p a r a t e d  from the  pe l l e t .  A n  a l i q u o t  
of  t h e  s u p e r n a t a n t ,  a n d  t h e  p e l l e t  were  m i x e d  wi th  equal  v o l u m e s  of S % HCI( )a ,  c o o l e d ,  aIM cen -  
t r i f u g e d ,  p N i t r o p h e n y l p h o s p h a t e  a n d  ]5 n i t r o t ) h e n o l  c o n t e n t s  of  t h e  a c i d  e x t r a c t s  wer~  de t~ r -  
l]l i l lcd 12,:13. Radioact iv i t i e s  of a l i q u o t s  of e x t r a c t s  w e r e  a l so  m e a s u r e d .  I ; ronl  t h e s e  cot l l l tS t i le 
;Ll/lOtlllt Of Illeditlllq t h a t  was t r a p p e d  ill e a c h  p e l l e t  w a s  c a l c u l a t e d  :~1, T h e  m e a s u r e d  \ ' a h l e s  r)[ 
/%nitrophenylphosphate  a n d  p - n i t r o p h e n o l  of  the  ghosts  and the cel ls  w e r e  c o r r e c t e d  for the 
t r a p p e d  medium.  The s a n l e  p r o c e d u r e  \vas  r e p e a t e d  a f t e r  t h e  ~ h o s t s  o r  t h e  cell s u s p e n s i o n s  w e r (  
i n c u l ) a t e d  a t  37' for the i n d i c a t e d  p e r i o d s .  

p-Ni t rophc .y lpkospka tc  ( tonolcs)  p-Nilrophcnol  (/otwh's) 

¢1 Iil/tl 3 0  111/11 O0 I)lit~ 0 1111111 3 ° HI?'ll O0 11l~1~ 

E.rpt. t : 
M c d i u m  t oo  (>1 o.S .3o.N 
Cells  o I. I o s .  5 

Expt .  2 : 
Medium 30 - 8.5 o.3 
Ghosts  o o2,  o 

S. 5 
2 . 2  

Comparison belweeu the stimulation of Na + efftux by p-nitrophe~o,lphosphale am~ the 
melabolically energized Na ~ e~ux 

When washed ghosts  are suspended in a Na+-free med ium the s imultaneous 
addition of p-nitrophenylphosphate  and K ~ to the naedium st imulates  the efflux of 
N a :  from the ghosts  7. It was of interest to compare the magnitude of this s t inmlat ion 
with that which is obtained when energy is supplied to the membrane  through sub- 
strate metabol ism.  The ghosts  can use the ribose of either inosine or adenosine for 
lactate production. Fig. I. shows the effects of p-nitrophenylphosphate  and adenosine 
on the t ime course of the release of 22Na* from the ghosts in three different prepara- 
tions. The data show that in each preparation st imulat ion of efflux by p-nitrophenyl-  
phosphate is greater than that obtained with adenosine, i t  should be pointed out that 
the adenosine and the K ~ concentrations used in the above experiments  are the maxi-  
m u m  effective concentrations for the metabol ic  st imulat ion of the pump in these 
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ghosts 9. That  the p-ni trophenylphosphate and the K + concentrations used in experi- 
ments of Fig. I are also optimal is evident from the data  of the following section. 

1 0  

'~ C ' f  
o 

c 

E 
C :  

? 

g_ 

EL '3.2 

\ 
• * 3 b,C 

"o 
- ( a )  

(c) b) - 

8 
tc ~(b 

I 
2 0  4 0  

T i m e  ( ra i n )  

, I 
6O 

- .  Rb ÷ 

0.8 :Cs* 

*Li ÷ 

0 . 4 ' :  

© I , I 
0 2 4 6 3 0  

C a t i o n  concn .  ( m M )  

Fig. I. Compar i son  be tween  the  effects of adenosine  and p - n i t r o p h e n y l p h o s p h a t e  on Na + efflux. 
Three  different  ghos t  p r epa ra t i ons  (a, b, and  c) were used. Por t ions  of each p r e p a r a t i o n  were 
i n c u b a t e d  in 3 ° vol.  of the  fol lowing media :  (i) Jk, I54 mM choline chloride,  6 mM KC1, io  mM 
Tris .  HC1 (pH 7.4). (2) Q,  m e d i u m  i con t a in ing  i mM adenosine.  (3) ©, m e d i u m  i con ta in ing  I mM 
p - n i t r o p h e n y l p h o s p h a t e .  

Fig. 2. Effects of var ious  a lka l i  ca t ions  on the  s t i m u l a t i o n  of Na ÷ efflux by  p -n i t r opheny l phospha t e .  
The  cont ro l  m e d i u m  con ta ined  16o mM choline chloride,  io  mM Tris .  HC1 (pH 7.4), and  i mM 
p - n i t r o p h e n y l p h o s p h a t e .  The va r ious  ca t ions  were added  as chlor ide salts .  "Whenever these  sa l t s  
were added ,  e q u i v a l e n t  c onc e n t r a t i ons  of choline chlor ide were o m i t t e d  from the control  med ium.  
Q,  I ' ~ ;  ::, Rb÷;  Jk, Li~; A, Cs+; ~ , N a t  

Optimal conditions for the stimulation of Na ÷ e~ux into a Na + free medium by p-nitro- 
phenylphosphate 

We showed before that  the presence of K + in the medium is necessary for the 
stimulation of Na + efflux by p-nitrophenylphosphate,  and the concomitant increase in 
the hydrolysis of this compoundL Fig. 2 shows the effects of varying concentrations of 
several alkali cations on Na + efflux into an isotonic choline chloride solution contain- 
ing p-nitrophenylphosphate.  I t  is evident that  the addition of Na + to the medium has 
no significant effect on the rate of release of ~2Na+ from the ghosts. All other alkali 
cations stimulate the efflux. The order of effectiveness being K + > Rb + > Cs +, Li +. 

The effects of varying concentrations of p-ni trophenylphosphate on Na + efflux 
in the presence of a fixed and maximal effective concentration of K + were also studied. 
Half-maximal stimulation was obtained at about 0.3 mM substrate, and maximal  
effect was observed in the range of o.9- 5 mM substrate. 

In none of the above experiments Mg 2+ is included in the incubation solutions. 
In view of the known requirements of K+-dependent p-nitrophenylphosphatase for 
Mg 2+ (see refs. 14, I5), the question of the necessity of the addition of Mg ~+ may arise. 
We point out that  the 2*Na+-labeled ghosts are washed and suspended for storage in a 
medium containing MgCI~. I t  may be est imated that  under our s tandard experimental 
condition, the Mg 2+ that  is added to the incubation medium with the ghosts is suffi- 
cient to make the final Mg 2+ concentration about o.5 raM. Addition of more Mg 2+, up 
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to IO raM, has  no effect  on the  m a g n i t u d e  of efflux. F u r t h e r  increase  in Mg 2+ concen-  

t r a t i o n  causes  a g r a d u a l  inh ib i t ion  of t he  s u b s t r a t e  hydro lys i s  and  the  r e l a t ed  efflux of 

Na  ÷. Th is  is in accord  wi th  t he  k n o w n  inhibi toLv effects  of high Mg +2 c o n c e n t r a t i o n s  on 

the  K + - d e p e n d e n t  p h o s p h a t a s e  of the  pa r t i a l l y  pur i f ied  e n z v m e  p r e p a r a t i o n s  ''~. 

1.41 i100 
[ > - : -  - -  J ~ F - - - - - -  I 

/ r p  
1.2 

9 0  c~ 

0 . 8 ~  ~ I 

] , Without a rp  ] 

~0 20 3b 16o ,20 
No t conch. (mM) 

Fig. 3. lnhibitorv effects of varying concentrations of external Na * on the K¢-dependent p-nitro- 
phenylphosphatase (G, A) and the associated Na + efflux ( :, O)- incubation media: (i) , 2~, 
i54 mM choline chloride, 6 mM KCI, to mM Tris. HC1 (pH 7.4), ~ mM p-nitrophenylphosphate, and 
the indicated concentrations of NaC1 replacing equivalent concentrations of choline chloride. 
(2) 0 ,  A, Medium J containing o. 5 mM ATP. 

In  seve ra l  e x p e r i m e n t s  s imi la r  to those  of Figs.  I and  2 r e p l a c e m e n t  of chol ine  

chlor ide  wi th  t e t r a m e t h v l a m m o n i u m  chlor ide  d id  no t  affect  the  results .  

Effect of external Na-  on the stimulation of Na + efflux by p-nitrophenylphosphate 
W e  h a v e  shown 7 t h a t  if ghos ts  are  s u s p e n d e d  in an isotonic  NaC1 solut ion ,  the  

add i t i on  of p - n i t r o p h e n y l p h o s p h a t e  and  K + to t he  m e d i u m  does no t  cause  the  s t i m u -  

l a t ion  of Na~ efflux. Th is  i n h i b i t o r y  effect  of e x t e r n a l  Na  + on N a  ÷ efflux was s t ud i ed  

in m o r e  deta i l .  T h e  d a t a  of Fig. 3 show t h a t  as l i t t l e  as 3 mM N a  + in t he  e x t e r n a l  
m e d i u m  is suff icient  to b lock  c o m p l e t e l y  t he  s t i m u l a t e d  efflux of Na  + and  hydro lys i s  

of the  subs t ra te .  To  see if a n y t h i n g  a b o u t  the  n a t u r e  of t he  i n h i b i t o r y  effect  of ex t e rna l  

N a  + could  be l ea rned  the  effects  of v a r y i n g  c o n c e n t r a t i o n s  of K ÷ on the  efflux in the  

p resence  of severa l  f ixed c o n c e n t r a t i o n s  of e x t e r n a l  Na+ were  de t e rmined .  T h e  d a t a  

p l o t t e d  in Fig. 4 i nd ica t e  t h a t  Na  ÷ is no t  a s imple  c o m p e t i t i v e  i n h i b i t o r  of the  K,  

ac t i va t i on .  

Effects of mtcleoside phosphates on the stimulation of Na + e/flux by p-nitropheJo'l- 
phosphate 

The  d a t a  of Fig.  3 show t h a t  t he  a d d i t i o n  of 0.5 mM A T P  to the  m e d i m n  
o v e r c o m e s  the  i n h i b i t o r y  effects  of all t e s t ed  c o n c e n t r a t i o n s  of ex te rna l  Na  + on Na + 
effiux. Ef fec ts  of v a r y i n g  c o n c e n t r a t i o n s  of K + on Na+ efflux in to  va r ious  N a - - c o n t a i n -  

ing  m e d i a  in t he  p resence  of A T P  were  d e t e r m i n e d .  T h e  resul t s  which are inc luded  in 
Fig. 4 c lear ly  show t h a t  A T P  o v e r c o m e s  the  i n h i b i t o r y  effects  of Na  ~ at  all I'(~ 
concen t ra t ions .  Fig.  5 shows the  effects  of v a r y i n g  c o n c e n t r a t i o n s  of A T P  on a fixed 
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inhibitory concentration of Na ~ . Also included in Fig. 5 are data indicating that ATP, 
within the range of tested concentrations, has no significant effect on the stimulation 
of Na+ efflux into a Na+-free medium by p-nitrophenylphosphate. In Table I I I  the 
effects of several other nucleoside phosphates are compared with that of ATP. At 
the tested concentrations only ADP and CTP could overcome the inhibitory effect of 
external Na + on Na + efflux. It is evident, however, that neither is as effective as ATP. 

Effects of oligomycin on the K+-dependent p-nitrophenylphosphatase and the stimulatimt 
of Na + e~tux by p-nitrophenylphosphate 

The rationale for the use of ATP in the above experiments to overcome the 
inhibitory effects of external Na + was the finding that the K+-dependent p-nitrophenyl- 
phosphatase of a partially purified (Na + + K+)-activated ATPase from brain is fur- 
ther activated by the simultaneous presence of Na + and ATP (refs. 16 18). Recent 
studies of our laboratory on the effects of oligomyein on the brain enzyme showed 
that (a) oligomycin does not inhibit the K ~-dependent p-nitrophenylphosphataselS; 
(b) the antibiotic prevents the ATP-stimulation of the K+-dependent activit> 4s,v'~; 
and (c) under proper conditions oligomycin, like ATP, can further activate the K-- 
dependent p-nitrophenylphosphatase 19,2°. In view of these findings we decided to 
study the effects of oligomycin on the K+-dependent p-nitrophenylphosphatase and 
the related Na + movements of the functionally intact membrane. We were particularly 
interested to see if oligomycin could replace ATP in experiments such as those of 
Fig. 5- Before initiating such studies, however, we prepared fragmented hemoglobin- 
free ghosts, and studied the properties of the K'-dependent  p-nitrophenylphosphatase 
in this relatively pure membrane preparation. The kinetic parameters for K+-activa - 
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Fig. 4. Effects of v a r y i n g  c o n c e n t r a t i o n s  of K + on Na + efltux in ghos ts  which  were suspended in : 
&, con t ro l  m e d i u m  (16o mM chol ine chlor ide,  ~o mM Tris .  HC1 (pH 7-4), I mM p-n i t ropheny l -  
phospha te ,  and  the  i nd i ca t ed  concen t r a t i ons  of KC1 rep lac ing  equ iva l en t  concen t ra t ions  of choline 
chloride) ; (), con t ro l  m e d i u m  w i t h  0. 5 mM NaCI;  [],  cont ro l  m e d i u m  w i t h  i mM NaC1; 0 ,  control  
m e d i u m  wi th  5 ° mM NaC1 rep lac ing  5 ° rnM chol ine chlor ide ;  R.  control  med ium wi th  o. 5 mM 
NaCI + o.5 mM ATP;  A ,  con t ro l  m e d i u m  w i t h  5 ° mM NaC1 + o. 5 mM ATP. 

Fig. 5. Effects  of v a r y i n g  c o n c e n t r a t i o n s  of ATP on Na* efflux ( O, Q) and p -n i t ropheno l  produc- 
t ion  (ZX, ~k). I n c u b a t i o n  med ia :  O, 2x, 154 nlM choline chloride,  6 mM KCI, io  mM Tris .  HCl 
(pH 7-4), and  i mM p - n i t i o p h e n y l p h o s p h a t e ;  O, ~k, s imi la r  to  the  above  m e d i u m  bu t  wi th  154 mM 
NaC1 rep lac ing  chol ine chloride.  
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tion, Na* inhibition of the K+-dependent activity, and ATP activation in the presence 
of Xa + and K + were very much the same as reported by others who have used similar 
preparations of red cell membranes  ~, 2~,',2. The multiple effects of oligomycin on the 
red cell enzyme have not been reported before and are shown in Fig. 6. The results are 
quali tat ively the same as those obtained with the brain enzvmO 9. The main difference 
being that  the act ivat ing effect of oligomycin on the p-nitrophenylpl~osphatase of the 
hemoglobin-free membranes is obtained within a much wider range of oligomycin 
concentrat ions than that  observed with the brain enzyme. Having  confirmed the 
similar effects of oligomycin in the above two preparations, we then tested its effects 
~m the resealed ghosts. The data  presented in Fig. 7 show that  (a) oligomycin does not 
inhibit the st imulation of Na + efflux into the Na+-free medium by p-ni trophenyl-  
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Fig .  6. E f f e c t s  o f  v a r y i n g  c o n c e n t r a t i o n s  of  o l i g o m y c i n  o n  t h e  p - n i t r o p h e n y l p h o s p h a t a s e  a c t i v i t y  
o f  f r a g m e n t e d  m e m b r a n e s  o f  r e d  cel ls .  Al l  r e a c t i o n  m i x t u r e s  c o n t a i n e d  4 m M  s u b s t r a t e  a n d  4 m M  
M g  2. .  C ,  w i t h o u t  K + , ? C a + a n d  A T P ;  O ,  0 - s m M  K + ;  G , o . 5  m M K  + + t o m M N a + ;  & , o .  5 m 3 I  
K =  --  IO m M  N a  + + o . i  n lM A T P .  

] ; ig .  7" E f f e c t s  of  v a r y i n g  c o n c e n t r a t i o n s  of  o l i g o m y c i n  o n  N a  + e f f lux  in g h o s t s  t h a t  w e r e  s u s p e n d e d  
in :  , c o n t r o l  m e d i u m  (16o m M  c h o l i n e  c h l o r i d e ,  IO m M  T r i s .  HC1 ( p H  7-4), a n d  I m M  p - n i t r o -  
p h e n y l p h o s p h a t e ) ;  O ,  c o n t r o l  m e d i u n l  w i t h  6 m M  KC1;  ~ ,  c o n t r o l  m e d i u m  w i t h  6 m M  KCI  ~} 
0 1113[ N a C I ;  ~k, c o n t r o l  m e d i u m  w i t h  6 m M  KC1 -t- 6 l nM NaCI  ff 0. 5 m M  A T P .  
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phosphate;  (b) in a Na+-eontaining medium where p-n i t rophenylphosphate  alone is 

not  effective the addi t ion of either ATP or the lower ranges of tested oligomycin con- 
centra t ions  s t imulates Na t efflux; and (c) when act ivat ing concentrat ion of ATP and 
oligomycin are added together the effects are not  additive,  and  in fact each seems to 
antagonize the other. 

Effects of cardiac glycosides 
Exper iments  were done to determine the effect of several concentrat ions of 

ouabain  on Na t efflux from the ghosts under  the following condit ions:  (I) \ \ :hen 
efflux into a Na+-free medium was s t imulated by  the addit ion of p-n i t rophenyl -  
phosphate.  (2) When act ivat ion of efflux into a Na t -con ta in ing  medium was obtained 
by  the addit ion of p-n i t rophenylphosphate  and  ATP. (3) When efflux into a Na : -  
conta in ing medium was s t imulated by p-ni t rophenylphosphate  and oligomycin. In  
all cases the s t imulat ion of Na + efflux could be blocked completely at about  IO ~ .Xl 
ouabain.  

Effect of internal Na + o~z the stimulatio~, of Na ÷ e~tux tLv p-nitrophenylphosphate 
Ghosts with varying in ternal  Na ÷ concentrat ions were prepared and tile effects 

of p-n i t rophenylphosphate  on Na + efflux into a Nat-free medium were determined.  A 
fixed concentrat ion of K ÷ was added to the media in all eases. In  Fig. 8 Na + efflux is 
plot ted as a funct ion of apparent  in ternal  Na ~ concentrat ion.  (As described in .XL~- 
TERIALS AND METHODS this is the concentrat ion of Na t in ghosts at the t ime of hemo- 
lysis. I t  is not  the " t rue"  in ternal  N a t  concentrat ion.  To obta in  this the measured 
values should be mult ipl ied by  a volume correction factor~°.) Na-- efflux is the product  
of the apparent  in ternal  N a t  concentra t ion and the outward rate constant .  It  is 
evident  from the results tha t  the magni tude  of the efflux tha t  is dependent  on p-ni t ro-  
phenylphosphate  is constant  within the tested range of in ternal  Na t concentrat ions.  
Clearly in ternal  Na t has no inhibi tory  effect on the efflux. Whether  the increasing 
Na t concentra t ion has an act ivat ing effect on the subst ra te-dependent  efflux can 
not  be determined from the data  of Fig. 8. Wi th  the s tandard  methods that  we use, 
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Vig. S. Effects of varying internal Na + concentrations on Na + efflux. Incubation media : O, control 
medium (154 ram choline chloride, to mM Tris. HC1 (pH 7.4), and 6 raM KCI); O, control medium 
with i ram p-nitrophenylphosphate( A, control medium with i ram p-nitrophenylphosphate and 
3 raM NaC1. 
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ghosts  with in ternal  Na  + concentra t ions  lower than  about  i mM are not  convenient  t~ 
prepare.  I t  is conceivable,  therefore,  tha t  there  is an ac t iva t ing  effect of in terna l  Na-  
on Na-  efflux, and  tha t  the m a x i m u m  ac t iva t ion  has been reached at  this N a -  concen- 
t ra t ion .  Also included in Fig. 8 are the d a t a  showing tha t  even in ghosts with the 
highest  internal  Na+-concent ra t ion ,  the efftux tha t  is dependent  on p -n i t rophenyl -  
phosphate  is inhibi ted  by the presence of a small  concentra t ion  of Na ~ in the medium. 

E//ecls of orthophosphale ot~ lhe slimulatioJz Na + e~/ux b 3, p-mtr@he~2ylphosphate 
In the course of our early" s tudies  the s t imula t ion  of Na + efflux by  p -n i t ropheny l -  

phospha te  could not  be ob ta ined  consis tent ly.  \Ve were able to overcome this problem 
by using ei ther  fresh solutions of the subs t ra te  or s tock solutions which were frozen 
ra ther  than  kept  at  4 ~:. These observat ions  led us to suspect  the possible inh ib i to ry  
eflccts of low concent ra t ions  of o r thophospha te .  The effects of vary ing  concentra t ions  
of this ion, added  as potass ium phospha te  buffer (pH 7.4), were examined  on N a '  
efflux into (a) Na+-free nledimn with added  p -n i t ropheny lp l lospha te ;  and (b) Na q- 
conta in ing  medium with added  ATP and p -n i t ropheny lphospha tc .  Under  both condi- 
t ions the same inhibitor\" effect of o r thophosp lmte  was observed.  Ha l f -max ima l  
inhibi t ion of efflux was ob ta ined  at  o.2 mM or thophosplmte ,  and  at concentra t ions  of 
o.8 mM or higher the s t imula t ion  of Na - efflux by  p -n i t r opheny lphospha t e  was maxi-  
m a l h  inhibi ted.  

('orrelalio,l be&,een lhe stimulalioJz o/ A'a- e~tux t~y p-nilrophe~lylphosphate amt the 
prod,ctioJz of p-,litrophe~zol 

In some of the  above exper iments  (Figs. 3 and 5) the d a t a  ob ta ined  from the 
measurements  of p -n i t ropheno l  are presented  along with th efflux data .  I t  is ev ident  
tha t  whenever  Na  + efflux is s t i nmla t ed  or inhib i ted  there is a corresponding increase or 
decrease in p-n i t rophenol  product ion.  Such measurements  were rout ine ly  made in 
all of the  exper iments  descr ibed here, and  the same correlat ion between the magni tude  
of efflux and the ra te  of breakdown of the subs t ra te  was observed in all. 

I)ISCUSSION 

Tile in te rp re ta t ion  of the major  finding of tiffs and  a previous paper  ~, namely  
the s t imula t ion  of Na~ efflux by  p -n i t ropheny lphospha te ,  would become easier if one 
could decide on which side of t i le membrane  the K+-dependent  hydrolys is  of the  
subs t r a t e  is occurring. Tile fact t ha t  p - n i t r o p h e n y l p h o s p h a t e  which is added  to the 
med ium is hydro lyzed  by  the in tac t  red cells and  ghosts,  can be in t e rp re t ed  to mean 
t ha t  ei ther  the subs t r a t e  first pene t ra tes  the membrane  and  is then broken down 
within the cell, or t ha t  the subs t ra te  can be ac ted  upon b y  enzymes tha t  are h)cated 
on the outs ide of the cell membrane .  The accumula t ion  of the  produc t  of the reaction,  
p-n i t rophenol ,  within the cells or ghosts  is also of l i t t le  value in de te rmin ing  the site 
of hydrolys is  of the subs t ra te ,  p -Ni t ropheno l  is a weak acid (pK, 7.15), and  at  p H  
values used in our exper iments  one would expect  i t  to pass th rough  the membrane  
easi ly regardless of the side at  which i t  is formed. On the o ther  hand  the ab i l i ty  of 
ghosts  to t r ap  p - n i t r o p h e n y l p h o s p h a t e  in spite  of r epea ted  washings dur ing the pre- 
pa ra t i ve  procedure,  and  the absence of significant accumula t ion  of the compound  
within the  cells or ghosts  indicate  tha t  the pene t ra t ion  of this  phospha te  ester through 
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tile membrane is slow, if any, and similar to that of ATP and other organic phos- 
phates 2a. On the basis of this conclusion, and considering that K+-dependent hydrolysis 
of p-nitrophenylphosphate can be detected when the compound is placed in the me- 
dium and not when it is trapped in the ghosts, it seems that the K+-dependent hydro- 
lysis occurs on the medium side of the ghost membrane. Further support for this is 
provided by the observation that the effects of all the tested modifiers of the K +- 
dependent phosphatase activity (K+, Na +, ATP, ouabain, orthophosphate and (~li- 
gomyein) are also obtained by the addition of these agents to the medium. Considering 
the known limited permeability of the membrane to some of these modifiers, and the 
low effective concentrations of all, we feel that in the absence of compelling evidence 
to the contrary, the simplest assumption is to place the K*-dependent p-nitrophenyl- 
phosphatase with its active site and tile proposed modifying site¢ 7-19 on the medium 
side of the membrane. 

An interesting outcome of these studies is tile finding that there are subtle 
differences between the properties of the p-nitrophenylphosphatase of the functionally 
intact ghosts and those of the enzyme activity of the fragmented membranes of the 
red cells. The K+-dependent activity of the intact ghosts is inhibited by Na+ as 
expected from studies on the more purified enzyme. But both the K" concentration 
causing half-maximal activation and the Na + concentration causing half-maxiiIml 
inhibition are significantly lower in the case of the activity of the intact gh(,st. 
(compare Figs. 2 and 3 with the data of ref. 14). The nature of inhibition by Na" also 
seems to be somewhat different. As evident from our data, the interaction between 
Na + and K + is clearly not of the simple competitive type. On the other hand data with 
a more purified preparation show apparent competition between the cationslL Another 
point of difference is the response of the enzyme to the activating concentrations of 
oligomycin and ATP. With the partially purified enzyme from brain, the activation by 
oligomycin or ATP in the presence of Na + is accompanied bv the lowering of the ap- 
parent Km for K + to a level that is below the K m  that is obtained in tile absence of 
Na + + ATP or Na + + oligomycin TM. GARRAHAN el al. 21 have made similar obser- 
vations in relation to the activating effects of ATP on the enzyme activity of the 
fragmented red cell membranes, and our data show similar activating effects of 
ATP and oligomycin in hemoglobin-free ghosts. In all of these preparations the enzyme 
activity at a fixed K + concentration can be greater in the presence of Na* and a 
modifier than in their absence. On the other hand in tile functionally intact gh()sts 
ATP or oligomycin can only overcome the inhibitory effects of Na +. The p-nitrophenyl- 
phosphatase activity, and the concomitant Na + efflux, in the presence of the modifiers 
never becomes greater than that obtained in the presence of K + alone. The reason 
for these discrepancies is not known. Perhaps the subtle differences are due to the 
"more organized" nature of the enzyme in the resealed ghost preparations. It is 
interesting to note that IORIESTLAND AND WHITTAM 24 have shown that the kinetics 
of the interactions of Na + and K + with the (Na + + K+)-activated ATPase in resealed 
ghosts are also different from those in the fragmented red cell membranes. 

The extensive data of this paper which show a strict correlation between the 
activity of the K+-dependent p-nitrophenylphosphatase and Na + efflux, give further 
support to one of the conclusions of our initial studies. We had suggested 7 that the 
K+-dependent breakdown of p-nitrophenylphosphate is sufficient for the stimulation 
of Na + efflux. This conclusion was strictly justified in the relatively simple case of 
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efflux into ti le Na+-free medium.  In the Na+-conta ining medium,  tile necessi ty  of 
the  presence of a nucleoside phospha te  in the medium crea ted  addi t iona l  complicat ions.  
Al though it has been shown repea ted ly  tha t  ATP can be used for ion movements  
only when it is on the ma t r ix  side of the membrane ,  it might  have been suspected tha t  
in tile presence of p -n i t r opheny lphospha t e  it is the ATP tha t  is being util ized, a lbei t  
in an unusual  way, to s t imula te  Na + efflux. The studies with ol igomycin rule out  this  
p()ssibility. Obviously,  as hmg as the  inh ib i to ry  effect of Na + on the K+-dependent  
/5-ni t roptaenylphosphatase is overcome (either by  ATP or by  oligomycin) t i le s t imula-  
tion of Na + efflux is obta ined.  Therefore,  we now feel more confident in assuming 
tha t  under  the exper imenta l  condit ions descr ibed in this paper  a phospha tase  tha t  can 
be approached  b y  its subs t ra te  on the mediuin side of the membrane  is the t rans loca tor  
for Na ~ . 

Tile major  point  t ha t  is to be considered now is whether  tile Na + effiux med ia ted  
by  tile above  t rans loca tor  phospha tase  is re la ted  to the physiological  processes of tile 
coup led  NaG K+-pump.  Al though certain similari t ies  are immedia t e ly  obvious it is 
impor t an t  to examine  these in some detail .  In  the following sections tile proper t ies  of 
Na'- efflux tha t  is s t i nmla t ed  by p -n i t r opheny lphospha t e  are compared  with those of 
the Na + efflux energized by  ATP tha t  is e i ther  placed inside the ghosts or genera ted  
by  subs t ra te  metabol ism.  

I. As tile l imi ted  d a t a  presented  in this paper  (Fig. z) indicate,  in each of three  
p repara t ions  where direct  comparisons were made,  the magni tude  of N a -  efflux tha t  is 
s t imu la t ed  t) 3, p -n i t r opheny lphospha t e  is s l ight ly  grea te r  than  tha t  of the me tabo l i ca l ly  
s t i nmla t ed  efflux. F rom tile results of exper iments  tha t  were done for o ther  purposes  
in our l abo ra to ry  dur ing  the past  few years,  we have also compared  tile s t inmla t ion  
of efflux by  p -n i t ropheny lphospha t e  in about  5o different p repara t ions  with the elttux 
tha t  was s t imula ted  by  adenosine or inosine in over IOO similar  ghost  prepara t ions .  
Al though precise calculat ions were not  done, it  seemed clear to us tha t  tile s t imula t ion  
by  f l -n i t ropheny lphospha te  was always equal  to or grea ter  than  the s t inmla t ion  by  
metabol ism.  

2. In  lx)th cases Na * etIlux is s t imu la t ed  by the presence of K + (or a "no t -  
sodium ion '''~) in the medium, in  the absence of ex te rna l  Na + the curve of ac t iva t ion  
of efflux as a function of K 4 concent ra t ion  is hyperbol ic  in shape in both cases, and 
tile concent ra t ion  of K + at  which the efflux is ha l f -max imal ly  s t i nmla t ed  is also the  
same (Fig. 2 and ref. 24). I t  is appropr i a t e  to point  out  here tha t  a t  the moment  we 
do not  have sufficient d a t a  to show di rec t ly  tha t  the s t imula t ion  of Na  + efflux by  
p -n i t ropheny lphospha t e  is accompanied  by  a s imul taneous  K ~ influx. But  in view 
of the  requi rement  of the efflux for ex te rna l  K + it is not  unreasonable  to assume tha t  
this efItux, like tile physiological  N a -  efflux, represents  an exchange process. 

3. In both cases Na+ efflux is inhib i ted  by  ex te rna l  Na ÷. Tile quan t i t a t i ve  as- 
pects  of Na,  inhibi t ion are, however,  different. The s t imula t ion  by  pmi t ropheny l -  
phospha te  can be comple te ly  blocked by  ex te rna l  Na +, and this inhibi t ion m a y  be 
ei ther  comple te ly  or pa r t i a l ly  reversed by  ATP added  to the  medium.  In in tac t  cells 
where the pump  is dr iven by  metabol ism,  complete  inhibi t ion of Na ~ efflux by  ex te rna l  
Na ~- is never  observed.  Only when low and subop t imal  concentra t ion  of K + are used 
the inh ib i to ry  effects of ex te rna l  Na ~ becomes evident  2., ~6 

4. A corol lary  of t i le above  different effects of ex terna l  Na + is t ha t  if Na+ efflux 
tha t  is dependent  on p - n i t r o p h e n y l p h o s p h a t e  is to occur in a medium containing 
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physiological concentrations of Na +, the presence of ATP in the medium is required. 
There is no such requirement when Na + efflux is being stimulated by ATP that is 
placed or generated on the matrix side of the membrane. This difference, however, 
may be more apparent than real. I t  is generally assumed, as we did in a previous 
paper 7, that in ATP-filled ghosts or intact cells ATP is located only within the cyto- 
plasm. But the ATP-filled ghosts are prepared under conditions where the entire cell 
membrane (inside and outside) is exposed to high concentrations of ATP, and it is 
possible that even after several washings some ATP may remain bound to the outside 
surface of the membrane. Similarly, in the intact red cell it is not unreasonable to 
imagine that the external membrane surface may be exposed to ATP that is syn- 
thesized within the membrane. The possibility of ATP synthesis in association with, 
or within, the membrane phase of erythrocytes has been suggested repeatedly 27-'" 
and has become even more attractive since the findings of RONQUIST 2a,a° which 
indicate that portions of triosephosphate dehydrogenase and phosphoglycerate kinase 
of the intact red cell are on the cell surface, and that these enzvmes can accept sub- 
strates from the medium and release some ATP into the medium. 

5- As we have already indicated our present data are not conclusive as to whe- 
ther the efflux that is observed in the presence of p-nitrophenylphosphate is activated 
by internal Na +. It is interesting to note, however, that in experiments very similar 
to those of Fig. 8, but in which Na + efflux was stimulated by substrate metabolism, 
evidence for the dependence of active efflux on internal Na + concentration was clearly 
obtained TM. This means that either the Na + efflux that is stimulated by p-nitrophenyl- 
t)hosphate is independent of internal Na + concentration, or that this efftux is more 
sensitive to increasing internal Na + concentrations than the metabolically stimulated 
Na+ efflux. The question of whether the response of the phosphatase-mediated Na:  
efftux to internal sodium is drastically different from that of the physiological Na* 
efflux must remain open, 

6. The major difference between the Na:  efflux that is stimulated by p-nitro- 
phenylphosphate and the ATP-driven efflux for which no obvious explanation comes 
to mind is the different sensitivities of the two processes to external orthoplmsphate. 
The first process is inhibited by small concentrations of orthophosphate, but as far as 
we know there is no inhibition of active Na ~ efflux by external orthophosphate either 
in the intact cells or ATP-filled ghosts. 

On the whole the above comparison indicates to us that the Na + efflux which 
is activated by p-nitrophenylphosphate is not merely a curious artifact, and that it 
indeed represents the operation of the classical coupled Na+,K+-pump. Therefore, we 
feel that any mechanism for the physiological manner of the operation of the pump 
through the (Na + + K+)-activated ATPase must be consistent with the observations 
described here. It  should be emphasized, however, that at the moment the present 
findings may be incorporated into several equally plausible models. The reason for 
this being that recent studies with the partially purified enzyme indicate that the 
relationship between the K+-dependent p-nitrophenylphosphatase and the (Na + 
+ K~)-activated ATPase may be much more complicated than originally sus- 
pected ls,ig,al,a2. It is not appropriate to discuss the various possible models here, 
but the essential features of the working hypothesis that we prefer to test may be 
summarized as follows: 
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I .  B o t h  N a  + a n d  K +  t r a n s l o c a t i o n s  a r e  a s s o c i a t e d  w i t h  t h e  K + - d e p e n d e n t  

p h o s p h a t a s e  " s e g m e n t "  of  t h e  ( N a  + + K + ) - a c t i v a t e d  A T P a s e  c o m p l e x .  

2. T h e  p r i m a r y  ro le  of t h e  A T P - p r o t e i n  t r a n s p h o s p h o r y l a t i o n  " s e g m e n t "  is t h e  

p r o d u c t i o n  of  a s u b s t r a t e  fo r  t h e  t r a n s l o c a t o r  p h o s p h a t a s e .  

3. I t  is t h e  s u b s t r a t e  p r o d u c t i o n  s t e p  t h a t  is c o n t r o l l e d  b y  t h e  i n t e r n a l  N a *  

c o n c e n t r a t i o n s .  
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