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A B S T R A C T The  s ide-dependent  effects of  internal and external  Na and K on the 
ouabain binding rate,  as p romoted  by inside MgATP,  has been evaluated utilizing 
reconsti tuted human red blood cell ghosts. Such ghost systems provide the situation 
where [Nail, [K]i, [Na]o, and [K]o can each be varied under  conditions in which the 
others are ei ther  absent or  fixed at constant concentrations.  It was found that,  in 
the presence of  K 0' increasing either [Na]~ or  [K]~ resulted in decreasing the rate at 
which ouabain was bound.  Changes in [Na]i or  [K]i in the absence of  K0 were 
without effect on the ouabain binding rate. Thus,  the ouabain binding rate was 
found to vary inversely with the rate of  Na:K and K:K exchange but was independ-  
ent of  the rate of  Na:Na exchange.  The  effect of  K o in antagonizing ouabain 
binding,  as well as the influence o f  Na0 on this interaction, were found to require  
the presence of  ei ther Na~ or K~. The  results are in terpre ted  in terms of  a model  
relating the availability of  the ouabain binding site to different  conformational  
states of  the pump complex.  Differences were observed in the ouabain binding 
propert ies  of  red cell ghosts compared  to microsomal preparat ions  but it is not 
known whether  the basis for the differences resides in the different  preparat ions  
studied or  in the lack of  control  of  sidedness in the microsoma[ systems. 

I N T R O D U C T I O N  

I t  is k n o w n  tha t  in r e d  b l o o d  cells c a r d i o t o n i c  s t e ro id s  such  as o u a b a i n  i nh ib i t  
N a : K  t r a n s p o r t  ( S c h a t z m a n n ,  1953) by b i n d i n g  to the  o u t s i d e  o f  the  cell  ( H o f f -  
m a n ,  1966). I n g r a m  (1970) s h o w e d  tha t  t h e r e  a r e  a p p r o x i m a t e l y  275 o u a b a i n  
b i n d i n g  sites p e r  cell  which  p r e s u m a b l y  r e p r e s e n t  the  n u m b e r  o f  N a : K  p u m p s  
p e r  cell .  T h e  s tud ie s  r e p o r t e d  in  this  p a p e r  r e p r e s e n t  a sys t emat i c  a s s e s s m e n t  o f  
the  r e l a t ive  e f fec t s  o f  N a  a n d  K in t he  m a n n e r  in wh ich  t hey  can  i n f l u e n c e  the  
b i n d i n g  o f  o u a b a i n  to the  p l a s m a  m e m b r a n e  o f  h u m a n  r e d  b l o o d  cells.  T h e  
speci f ic  ac t ions  o f  N a  a n d  K can  mos t  c lea r ly  be  e v a l u a t e d  by s t u d y  o f  t h e i r  
e f fec ts  in sys t ems  w h e r e  t he  m e m b r a n e ' s  s i d e d n e s s  is p r e s e r v e d .  By u s i n g  
r e c o n s t i t u t e d  h u m a n  r e d  cell  ghos t s  it is poss ib le  to va ry  the  ins ide  c o m p o s i t i o n  
o f  N a  a n d / o r  K i n d e p e n d e n t  o f  va r i a t i ons  in  t he  N a  a n d / o r  K c o m p o s i t i o n  o f  t h e  
e x t e r n a l  m e d i u m .  Such  s tud ies  p r o v i d e  i n f o r m a t i o n  n o t  on ly  with r e g a r d  to the  
d e t e r m i n a n t s  o f  o u a b a i n  b i n d i n g  b u t  also p r o v i d e  in s igh t  in to  t he  m o l e c u l a r  
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m e c h a n i s m  o f  t he  p u m p  s ince  t h e  o u a b a i n  r e c e p t o r  site is a c o m p o n e n t  p a r t  o f  
the  c o m p l e x  (see Discuss ion) .  T h u s ,  whi le  m a n y  d i f f e r e n t  e f fec ts  o f  N a  a n d  
K have  b e e n  r e p o r t e d  u t i l i z ing  p o r o u s  m i c r o s o m a l  (e .g .  A l b e r s  et  a l . ,  1968; 
S c h w a r t z  et  a l . ,  1968; S k o u ,  1969) a n d  p o r o u s  r e d  cell  g h o s t  ( H o f f m a n ,  1969) 
p r e p a r a t i o n s ,  a k n o w l e d g e  o f  the  s i d e - d e p e n d e n t  ac t ions  o f  these  l i ga nds  as 
r e p o r t e d  in this  p a p e r  p r o v i d e d  ins igh ts  wh ich  w o u l d  no t  o t h e r w i s e  be  e v i d e n t  
o r  o b t a i n a b l e .  S o m e  o f  the  f i n d i n g s  p r e s e n t e d  in this  p a p e r  have  b e e n  b r i e f ly  
r e p o r t e d  p r e v i o u s l y  ( H o f f m a n ,  1972, 1973). 

M E T H O D S  

Preparation of Reconstituted Ghosts 

The  procedure  followed was essentially the same as that previously described (Passow, 
1969; Bodemann and Passow, 1972). Blood was withdrawn from healthy donors into 
sodium hepar in  (0.1 mg/ml) and used immediately.  In o rde r  to wash the cells before 
hemolyzing them the freshly drawn blood was centr ifuged at 12,000 g for 2-5 min at 0°C 
in 50 ml polycarbonate centrifuge tubes. The  cells were suspended in about 5 vol of  a 
solution which contained 160 mM choline Cl + 10 mM Tris CI (pH 7.40) and centr i fuged 
again. This p rocedure  was repeated twice taking care to aspirate the buffy coat from the 
surface of  the packed cells at the end of  each wash. The  packed cells were weighed and a 
50% suspension was formed by the addi t ion of  166 mM Tris CI (pH 7.4) and cooled at 0°C. 
It should be noted that all solutions were adjusted to the stated pH at room tempera ture .  

To prepare  ghosts the cell suspension was hemolyzed at 0°C by rapidly mixing 1 part  of  
suspension with 10 parts of  hemolyzing solution. The  hemolyzing solution contained 4 
mM MgCI2 and either 2 mM Na2ATP or Tris  ATP (Sigma Chemical Co., St. Louis, Mo.). 
Hemolysis was allowed to proceed for 5 min at 0°C before isotonicity was restored by the 
addit ion of  a 3.2 M salt solution whose composition was varied as desired by changing the 
ratio of  choline CI:KCI:NaC1. By changing the composition of  this reversal solution, the 
internal concentrations of  Na, K, and choline could be def ined and controlled independ-  
ent  of  each other  as described before (Passow, 1960; Bodemann and Passow, 1972) and in 
the Results section. After  5 min the hemolysis mixture was put  to incubate at 37°C for 1 h 
in o rder  to reseal the ghosts with regard  to their  cation permeabili ty.  At the end o f  the 
resealing period the ghosts were centr i fuged at 34,800 g for 10 min. After  saving 5 ml of  
the red supernatant  for analysis (see below) the ghosts were washed three times with the 
170 mM choline-Tris solution refer red  to above. 

The  ghosts p roduced  by this technique have been shown to be comprised primari ly of  
two types which differ  only with regard  to their relative cation permeabili ty.  The  majority 
of  the population of  ghosts (60-75%) have the ability to retain substances incorporated at 
hemolysis or dur ing  reversal (i.e. before resealing) and have almost completely recovered 
their  original permeabil i ty.  The  rest of  the ghost populat ion cannot be reconsti tuted and 
remains leaky to incorpora ted  substrates and to cations. While these two types of  ghosts 
can be separated from one another  by sucrose cushion centrifugation (Bodemann and 
Passow, 1972), pilot exper iments  where this procedure  was used to enrich the fraction of  
reconsti tuted ghosts gave the same results as obtained with the unmanipula ted  popula-  
tion. Since it was desirable to keep the prepara t ion  time to a minimum all studies repor ted  
in this paper  were carried out on the original mixed populat ion of  ghosts. 

It is possible to show that the reconsti tuted ghosts in this preparat ion behave like intact 
ceils in being able to actively t ransport  both Na and K by demonstra t ing that net changes 
of  Na and K can occur against their  respective gradients.  The  results of  such an 
exper iment  are presented in Table I. Thus  over the course of  3-h incubation it is 
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T A B L E  I 

R E C O N S T I T U T E D  G H O S T S  P U M P  A S  D E M O N S T R A T E D  B Y  N E T  

A C C U M U L A T I O N  O F  K A N D  N E T  E X T R U S I O N  O F  N a  

Ouabain-sensitive net 
Minutes incubated 

change 
Ghost cation con- 

tent Medium 0 90 180 90 min 180 rain 

mraol/litgr g~osts mmolfliter ghosts 

K Wi thou t  oua-  9.50 10.70 10.89 + I A 5  +1.89 
bain 9.25 10.39 10.89 

Average  ne t  - +1.17 +1.52 
gain 

+ l X l 0  -4 M 9.50 9.12 9.12 
ouabain  9.17 9.00 8.82 

Average  ne t  - - 0 . 28  -0 .37  
l o s s  

Na Wi thou t  oua-  14.50 13.12 12.12 -2 .04  -2 .87  
bain 14.25 12.69 12.12 

Average  net  - - 1.47 - 2 . 2 5  
loss 

+ 1 × 10 -4 M 14 .6  l 1 5 . 0 0  14.82 
ouabain  14.25 15.00 15.25 

Average  net  - +0.57 
gain 

+0.61 

Percent  water  - -Ouaba in  95.5 95.7 95.6 
(wt/wt) 

a6Clcen water -4- O u a b a i n  0.959 0.955 0.959 
36C|medlum 

Ghosts  were p repa red  as descr ibed in the  text such  that  they contain  M g A T P ,  and ,  at zero t ime,  
the  indicated concent ra t ions  o f  K and  Na (and choline) in mill imoles pe r  liter ghosts .  T h e  ghosts  
were s u s p e n d e d  at a 10% hematocr i t  in a m e d i u m  which conta ined  17.4 m M  NaCl,  7.9 m M  KCI, 131 
mM  choline CI, and  5 m M  Tris  C1 (pH 7.4) and  as indicated,  1 x 10 -4 M ouabain .  T h e  suspens ion  was 
incubated  at 37°C and  the  ghosts  were analyzed af te r  cent r i fugat ion  at the  indicated t imes for  Na a n d  
K (by f lame pho tomet ry )  and  HzO con ten t  ( f rom wet and  dry  weight  de te rmina t ions) .  C1 distr ibu-  
tions were d e t e r m i n e d  by a d d i n g  a trace quant i ty  o f  seCI to the  suspens ion  j u s t  before  cen t r i fuga t ion  
for ghos t  analysis.  O n e  vo lume each ~f ghos ts  and  s u p e r n a t a n t  were depro te in ized  by addi t ion  o f  1 
vol o f  10% trichloroacetic acid and  af ter  cent r i fugat ion  the  ~SCl was d e t e r m i n e d  in  the  clear 
supe rna t an t s  by liquid scintillation us ing  Bray 's  (Bray, 1960) solut ion.  Nei ther  the  ratios no r  the  
ghost  water  conten ts  c h a n g e d  significantly d u r i n g  the  180-min incubat ion whe the r  with o r  wi thout  
ouabain .  T h e  activity o f  the  p u m p  is a p p a r e n t  f r om the net  changes  in conten ts  that  occur  d u r i n g  
incubat ion as well as f rom the d i f fe rence  in the  ne t  changes  due  to the  absence and  presence  o f  
ouaba in ,  given as the  ouabain-sensi t ive ne t  change .  T h r e e  o the r  similar e x p e r i m e n t s  show the  same  
type results .  
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apparent  that ghosts actively transport both Na and K. This is shown by the net changes 
that occur and by their ouahain-sensitive components.  The fact that the changes are small 
is due to an approximately fourfold increase in the passive permeability of this ghost 
system compared to intact cells. When the total net fluxes are corrected for this increased 
leakage, the magnitude of the cation movements by the pump becomes almost identical 
with that of intact cells also demonstrat ing a coupling ratio of 3 Na/2 K (Post and Jolly, 
1957). It is because of the increased passive permeability that net gain of K and loss of Na 
can be shown only if the gradients are small. On the other hand,  for purposes of studying 
the sidedness of the action of Na and K on ouabain binding it is necessary to maintain the 
concentration of internal and external Na and K different from each other but these 
differences will not be significantly affected by this increased leakage since only small 
changes in concentrations could occur dur ing  the time intervals used (see Results). It 
should be understood that the activity of the Na:K pump as determined from the unidi- 
rectional flux of either 24Na or 4ZK is entirely consistent with the net movement results 
presented in Table I. The tracer flux estimates as used below have the advantage that the 
pump to leak ratios for Na efflux or K influx are rather high (usually between 2 and 5) 
making the determination of the fractional inhibition of the pump by ouabain consider- 
ably more sensitive. 

Determination of Bound Ouabain 

The same general procedure as used by Ingram (1970) and Dunham and Hoffman (1071) 
to measure ouabain binding to intact cells was modified as follows for studies with 
reconstituted ghosts. Portions of reconstituted ghosts containing different intracellular 
sets of Na and K were incubated at 37°C with gentle shaking in ouabain-free media or in 
media containing [3H]ouabain at concentrations which ranged between 4 × 10 -s and 8 × 
10 -~ M. The hematocrit was 15-20%. As an index to contaminants and to nonspecific 
effects, each experiment included control flasks which contained in addition to the 
[3H]ouabain a high concentration of nonradioactive ouabain, usually 1 or 2 x 10 -4 M to 
reduce the specific activity of the [3H]ouabain. From the difference in tritium content of 
ghosts incubated at high and low specific activity of [*H]ouabain, a correction could be 
made for bound tritiated contaminants.  All determinations of [3H]ouabain were carried 
out in duplicate. 

The [3H]ouabain was obtained from the New England Nuclear, Boston, Mass. and was 
stated to have a specific activity of 11.7 Ci/mM. Unlabeled ouabain (Sigma) was added to 
reduce the specific activity to 1.0 Ci/mM. This value was used in the calculations to obtain 
the results presented in this paper. 

At the end of the exposure to [3H]ouabain, ouabain binding to the ghosts was stopped 
by pipetting one part of suspension to one part of ice-cold choline-CI-Tris solution (see 
above), followed by immediate centrifugation at 34,000 g for 10 rain and four washes with 
10 vol of the same solution using the same conditions. The last wash was performed in 
special Lucite tubes (see Dunham and Hoffman, 1971) for pipetting and analyses. For 
liquid scintillation counting 1 ml of packed ghosts was added directly to 15-ml Bray's 
(1960) solution. After stirring the mixture in the scintillation vials, the cell mass was 
sedimented by centrifuging the capped counting vials for 10 min at 3,600 g in an RC-3 
Sorvall centrifuge (Dupont Instruments,  Sorvall Operations, Newtown, Conn.) equipped 
with a swinging bucket rotor (see Ingrain,  1970; Dunham and Hoffman, 1971). This 
extraction into Bray's solution removed virtually all the [3H]ouabain from the ghosts 
(Ingrain, 1970). Counting efficiency was determined in each experiment by internal 
standards. The counting efficiency with 1 ml of ghosts in 15-ml Bray's solution was 
between 8 and 11%. 

In some experiments [3H]ouabain binding was measured per milligram of membrane 
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protein. After ouabain was bound to the reconstituted ghosts, the ghosts were hemolyzed 
and washed free of hemoglobin (see Heinz and Hoffman, 1965) using an ice-cold solution 
which contained 15.3 mM NaC1, 1.7 mM Tris, 0.1 mM EDTA (pH 7.4). After washing and 
freeze-thawing, the ghosts were packed by centrifugation and 0.2 ml of membrane  
material containing about 3 mg of protein was solubilized in 1.5 ml Nuclear-Chicago 
solubilizer (NCS) (Nuclear-Chicago, Des Plaines, Ill.) and counted in 15 ml of Nuclear- 
Chicago Fluor PPO/POPOP standard solution (Hoffman, 1969). The counting efficiency 
was determined by internal standards and was about 25%. The amount  of protein in the 
sediment was determined on separate samples using the method described by Lowry et al. 
(1951). The number  of molecules bound per cell was calculated by the equation given by 
Dunham and Hoffman (1971). It was assumed that 1 mg of membrane protein represents 
2 x 109 ghosts. Consistent with previous findings (Hoffman, unpublished results) that 
there is an insignificant loss (less than 5%) of bound [aH]ouabain from either intact cells 
or porous (Hb-free) ghosts dur ing washing or from intact ceils made into ghosts by 
osmotic lysis, no differences were noted between the [aH]ouabain content of reconstituted 
ghosts or the Hb-free ghosts made from them. 

Determination of the Hemoglobin, Na, and K 

Fhe number  of ghosts and their electrolyte contents were estimated on separate samples 
of packed ghosts. Since hemoglobin diffuses to equilibrium dur ing  osmotic hemolysis of 
red cells (Hoffman, 1958; Bodemann and Passow, 1972) a comparison of the Hb content 
of packed resealeld ghosts with a known number  of intact cells gives a measure of the 
number  of ghosts per unit  volume. Thus  the hemoglobin concentration was determined 
at 412 nm (where the ghost membrane protein has negligible absorbance) on ghosts and 
intact cells after hemolysis and suitable dilution. Since there are approximately 1.1 x 10 TM 

intact cells per milliliter after packing, the number  of ghosts contained in 1 ml can be 
calculated from the fractional Hb content of an equal volume of ghosts. A comparison of 
various determinations of ghost number  by means ofa  Celloscope Counter  (Particle Data, 
Inc., Elmhurst,  I[1.) with the Hb-content technique shows that the two procedures agree 
to within --- 10%. The Na and K contents of packed ghosts or intact cells were measured 
after appropriate dilution by flame photometry using Li as an internal standard. 

K Influx 

This was determined in order to evaluate the ouabain-sensitive K:K exchange activated 
by internal K. The influx of K was measured using 4ZK in the absence or in the presence 
of 2 × 10 -4 M ouabain. Washed reconstituted ghosts, containing 2 mM Tris ATP, 4 mM 
MgCI~, 7.5 mM Tris CI, and different concentrations of KCt and choline C1 (see above) 
were suspended at a hematocrit of 10% in 50-ml medium containing 150 mM choline C1, 
10 mM KCI, 10 mM Tris CI, and a trace quantity of 42K. The influx was stopped after 5- 
and 45-min incubation at 37°C by pipetting 10 ml of the ghost suspension into 10-ml ice- 
cold 42K-free incubation medium followed by immediate centrifugation at 34,000 g for 5 
min. The ghosts were washed three times in the same medium, hemolyzed by the 
addition of 9 ml of H20, and aliquots of the hemolysis mixture counted for 4ZK activity. 
These same hemolysis mixtures were also used in the determinations of Hb, Na, and K as 
described in the preceding section. The unidirectional flux was calculated as described by 
Dunham and Hoffman (1971) and was referred to a constant number  of cells using the 
Hb content rather than to a constant hematocrit. 

Na Efflux 

Ghosts were loaded dur ing  hemolysis at 0°C with 24Na as well as with other constituents 
which varied according to the particular experimental design (see Results). The rate 
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constant for 24Na efflux was measured in the absence and presence of  2 x 10 -4 M ouabain 
as previously described (Hoffman,  1962 a). Unless stated otherwise the reconstituted 
ghosts were suspended at a hematocrit  of  about 9% and incubated at 37°C in a medium 
which contained 150 mM NaCl, 10 mM KCI, 10 mM Tris Cl (pH 7.4). Samples were taken 
after 5, 35, and 65 rain, respectively. The  determination of  24Na activity was made using 
equal volumes of  the suspension mixture and the supernatant after centrifugation at the 
different time periods. 

Estimates of  Na:Na, Na:K, and K:K Exchange in Intact Cells 

In the experiments reported in connection with Table III  the fractional inhibition of  the 
so-called partial reactions of  the pump (Garrahan and Glynn, 1967 a, b, c; Levin et al., 
1968) were measured in order  to compare them with the inhibition of  the Na:K pump 
produced by previously bound ouabain. Ouabain was bound to cells (washed as described 
before but with 166 mM NaCl rather than with 166 mM Tris CI) by incubating 15 g of  the 
washed packed cells in 100 ml of  medium which contained 1 x 10 -7 M ouabain, 0.1 mM 
KC1, 40 mM NaCI, 120 mM choline CI, 10 mM Tris C1 (pH 7.4), and 200 mg/100 ml 
glucose. A control suspension contained 30 g of  packed cells in 200 ml of  the same 
medium but without ouabain. The  suspensions were then incubated at 37°C for 35 min 
with gentle shaking. Afterwards the suspensions were centrifuged (5 min, 12,000 g) and 
the red cells washed three times at 0°C with 166 mM NaCI using 10 vol wash solution for 
each wash. The  ouabain-treated and control cells were then divided into two portions 
each and incubated at a hematocrit  of  33%, with tracer quantities of  either 24NaCI or 42KC1 
for 50 min at 37°C. The  incubation media contained, in all instances, 0.3 mM KCI, 40 mM 
NaCI, 120 mM choline C1, 10 mM Tris C1 (pH 7.4), and 200 rag/100 ml glucose. 
Afterwards the cells were again washed three times at 0°C but with 166 mM choline CI. 
After the last wash, 0.5-ml packed cells of  each type were taken in duplicate for the 
determination of  cell Na and K by flame photometry.  

For measuring the outflux of  24Na and 42K from these prelabeled cells, the packed cells 
were resuspended,  at a hematocrit  of  10%, in a medium which contained either 160 mM 
NaCI + 10 mM Tris CI (pH 7.4) or 148 NaCI + 12 mM KCI + 10 mM Tris C1 (pH 7.4), and 
the outflux measured over a period of  60 min as described above using reconstituted 
ghosts. The  outflux of  24Na into the K-free, NaCI solution was taken as a measure of  
Na:Na exchange (Garrahan and Glynn, 1967 a-d; Levin et al., 1968). The  outflux of  24Na 
into the KCI-NaC1 solution was taken as representing Na:K exchange. And the outflux of  
42K into the KC1-NaCI solution was taken as a measure of  K:K exchange (Glynn et al., 
1970). In each type of  flux study the outflux was measured in duplicate, from control cells 
in the presence and absence of  a maximally inhibiting concentration of  ouabain (1.5 × 
10 -4 M) and from the cells which had been previously exposed to ouabain. Thus,  the 
percent inhibition of  the outflux due to previously bound ouabain could be calculated as 
that fraction of  the total ouabain-sensitive flux of  the control cells, which was assumed to 
represent 100% inhibition in each case. 

An essential feature in the design of  this type of  exper iment  is that the Na and K 
content of  control and ouabain-exposed cells do not differ significantly at the beginning 
of  the flux measurement.  If  the electrolyte contents of  the two sets of  cells were different 
then the resultant fluxes would in turn reflect these differences and invalidate the above 
method used to estimate the percent inhibition due to previously bound ouabain. 
Problems of  this sort were avoided by using a solution which contained a minimal 
concentration of  K and a relatively low concentration of  Na during the cells' exposure to 
ouabain to diminish any subsequent differences due to ouabain binding. As a result of  
this procedure the control and ouabain-exposed cells which were prepared for this 
experiment  contained 10.6 - 0.3 mM Na/liter cells and 85.8 ± 0.7 mM K/liter cells. 
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ATPase Activity 

The specificity of  [3H]ouabain binding was assayed in several exper iments  by measur ing 
the remaining Na,K-ATPase activity using the method described by Heinz and Hoffman 
(1965). In this procedure  0.05 ml of  packed Hb-free ghosts (frozen-thawed) were mixed 
with 0.95 ml of  medium containing 40 mM NaC1, 1.25 mM MgCls, 0.25 mM EDTA,  10 
mM Tris CI (pH 7.4), 20 mM KCI, 0.1 mM [T-32p]ATP. Splitting of  [T32p]ATP was allowed 
to take place for 10 min at 37°C. After  incubation at 37°C for 10 min the reaction was 
s topped by rapid  mixing of  the sample with 1 ml of  ice-cold 6% perchloric acid. The  
remaining [T-3Sp]ATP was absorbed by t reatment  of  the sample with an excess of  
activated charcoal.  After  centr ifugation at 3,600 g for 10 rain, 100 ~1 of  the clear 
supernatant  were taken for count ing by Cerenkov radiation,  in 15-ml H20 using a liquid 
scintillation counter .  The  increase in the content of  32p in the supernatant  after charcoal 
t reatment  that occurred dur ing  the 10-rain incubation indicates the ATPase activity 
relative to the concentration o f  [T-32p]ATP present.  Thus  the Na,K-ATPase activity o f  
control ghosts, ghosts containing various quantities of  bound  [3H]ouabain, and ghosts 
incubated in the presence of  1 × 10 -4 M ouabain was de termined.  This provided an 
addit ional  way o f  de termining the percent  inhibition produced  by the bound 
[SH]ouabain. All determinat ions  were carried out at least in triplicate. 

Rationale of Experimental Design 

This paper  is concerned with the way different  ligands affect the rate of  ouabain binding 
and how this rate is related to pump activity. The  first relationship can be assessed by 
following either the time-course of  ouabain binding or  by measuring the amount  of  
ouabain bound in a given time interval and both approaches have been used in the 
present  work. When the amount  of  ouabain bound in a given time interval was studied,  
care was taken in selecting the part icular  concentration of  ouabain used such that the 
qualitative comparison of  the relative rates was optimized; the comparisons being in this 
type circumstance little affected by deviations from linearity in individual uptake rates. 
The  second relat ionship can be established by compar ing  the changes in pump activity 
(known either from the present  or  related work) that take place under  the same circum- 
stances that the relative ouabain binding rate was measured.  Since, in this regard ,  the 
impor tant  aspect of  each exper iment  is the observed pat tern of  effects of  the various 
ligands under  each set of  conditions,  the consistency of  the results obtained (see below) 
provide at least a qualitative basis for evaluating the relationship between ouabain binding 
rate and pump activity. This kind of  reproducibil i ty of  the results allowed the di f ferent  
types of  measurements  to be carried out in separate and shorter  exper iments ,  where,  
because of  the long-term inswbility of  the ghost systems, the accuracy of  the measure-  
ments could be increased.  

R E S U L T S  

B e f o r e  c o n s i d e r i n g  t h e  s i d e - d e p e n d e n t  ac t ions  o f  N a  a n d  K o n  o u a b a i n  b i n d i n g ,  
it is o f  i n t e r e s t  to  f u r t h e r  c h a r a c t e r i z e  t he  r e c o n s t i t u t e d  g h o s t  sys tem u s e d ,  f i rs t ,  
wi th  r e s p e c t  to t he  s i d e d n e s s  o f  ac t ion  o f  n u c l e o s i d e  t r i p h o s p h a t e s  in p r o m o t i n g  
o u a b a i n  b i n d i n g  a n d  s e c o n d ,  t he  i n h i b i t o r y  ef fec ts  o f  a l r e a d y  b o u n d  o u a b a i n  on  
the  d i f f e r e n t  t ypes  o f  a lka l i  me ta l  f lux  c o m p o n e n t s  wh ich  a r e  o u a b a i n  sens i t ive .  

T h e  resu l t s  p r e s e n t e d  in T a b l e  I I  show the  s i d e d n e s s  o f  ac t ion  o f  n u c l e o s i d e  
t r i p h o s p h a t e s  in t h e i r  p r o m o t i o n  o f  o u a b a i n  b i n d i n g  to  ghos t s .  T h u s ,  A T P  o r  
u r i d i n e  t r i p h o s p h a t e  ( U T P )  i n c o r p o r a t e d  ins ide  we re  f o u n d  to be  a l m o s t  e q u a l l y  
e f fec t ive  in i n c r e a s i n g  the  r a t e  at  which  o u a b a i n  b i n d s  to ghos ts ;  in c o n t r a s t ,  
ti~ese n u c l e o t i d e s  w h e n  p r e s e n t  o n l y  in t he  e x t e r n a l  m e d i u m  fa i l ed  to  s t i m u l a t e  
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s igni f icant ly  the  rate o f  o u a b a i n  b i n d i n g  above c o n t r o l  levels. A l t h o u g h  the 
p e r c e n t  i n h i b i t i o n  o f  the  Na :K  p u m p  was no t  es t imated  in the  e x p e r i m e n t  
p r e s e n t e d  in T a b l e  I I ,  the n u m b e r  of  o u a b a i n  molecules  b o u n d  to ghosts  
c o n t a i n i n g  i n c o r p o r a t e d  A T P  or  U T P  o b t a i n e d  he re  wou ld  resul t  in an  app rox i -  
mate  50% i n h i b i t i o n  o f  the p u m p  (see later) .  I n  a d d i t i o n ,  it is k n o w n  f rom o t he r  
s tudies  ( H o f f m a n ,  1969) tha t  o u a b a i n  b i n d i n g  to p o r o u s  ghosts p r o m o t e d  by 
A T P  or  U T P  as ca r r i ed  ou t  in  this e x p e r i m e n t  resul ts  in  i nh ib i t i on  of  the Na ,K-  
A T P a s e  p r o p o r t i o n a t e  to the a m o u n t  b o u n d .  Th i s  type o f  s idedness  emphas izes  
the  a s y m m e t r y  o f  ac t ion  n o t  on ly  o f  the  nuc leo t ides  b u t  also o f  the  o u a b a i n  s ince 

T A B L E  I I  

SIDEDNESS OF NUCLEOTIDE TRIPHOSPHATE ACTION IN INCREASING 
THE RATE OF OUABAIN BINDING TO RECONSTITUTED GHOSTS 

Inco rpo ra t ed  Cons t i tuents  M e d i u m  addi t ions  

Average  n u m b e r  oua-  
bain b o u n d  per  ghos t  

Molecules ouaba in  b o u n d  pe r  d u e  to substrate  addi-  

ghos t  in 40 rain t ion 

mM mM 

4.0 MgClz alone None 
2.0 ATP 
0.5 UTP 

2.0 ATP None 

0.5 UTP None 

24,24 
42,43 18 
28,28 4 

146,157 128 

126,131 105 

Different constituents were incorporated into ghosts, prepared as described in Materials and 
Methods, by hemolyzing cells (50% hematocrit, suspended in 170 mM Tris-Cl at pH 7.4) with 10 vol 
of a medium containing 4 mM MgCI2 or 4 mM MgCIz with either 2 mM N a2ATP or 0.5 mM Na~UTP. 
Sufficient concentrated (3.22 M) choline CI and NaC1 were then added to the hemolysis mixture such 
that the final concentrations were 121 and 24 mM, respectively. The ghosts were then resealed by 
incubation at 37°C for 60 min. After washing, ouabain binding was measured by suspending the 
reconstituted ghosts in a medium which contained 160 mM NaCI, 1 mM KCI, 10 mM Tris C1 (pH 
7.4), and the indicated medium additions. The concentration of [~Hlouabain was 1.5 x 10 -7 M and 
the extent of ouabain binding to the ghosts was determined after 40-min incubation at 37°C. The 
intracellular concentrations of Na and K (estimated by flame photometry) were 24 and 4 mM, 
respectively. The results of duplicate analyses are presented. See text for details. The measure of the 
rate of ouabain binding is taken as the number of molecules of ouabain bound per ghost after 40-min 
exposure to [~H]ouabain. 

it is a l r eady  k n o w n  (Caldwell  a n d  Keynes ,  1959; H o f f m a n ,  1966) that  o u a b a i n  or  
ca rd io ton ic  s teroids  inh ib i t  the p u m p  by b i n d i n g  only  to the ou t s ide  o f  the  
m e m b r a n e .  P r e s u m a b l y  the p u m p  c o m p l e x  is s t imu la t ed  to c h a n g e  its c o n f o r m a -  
t ion  by ins ide  nuc l eo t ide  such  tha t  glycoside can  t h e n  b i n d  to the  ou t s ide  

( H o f f m a n ,  1969, 1972). 
With  r e g a r d  to the  i nh ib i t o ry  ac t ion  of  o u a b a i n  it is possible tha t  o u a b a i n  

b o u n d  to d i f f e r e n t  sites on  the m e m b r a n e  inhib i t s  d i f f e r e n t  types o f  f luxes .  Th i s  
k ind  of  c o n s i d e r a t i o n  is i m p o r t a n t  since in a t t e m p t i n g  to de f ine  the  separa te  
act ions of  Na a n d  K on  o u a b a i n  b i n d i n g ,  it would  be d i f f icul t  to know which f lux 
c o m p o n e n t s  were  b e i n g  af fec ted  if d i f f e r e n t  types of  b i n d i n g  sites were  invo lved .  
I f  separa te  sites exis ted t h e n  it m i g h t  be expec ted  that  p r e b o u n d  o u a b a i n  wou ld  
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inh ib i t  the  d i f f e r e n t  types o f  f luxes  to d i f f e r e n t  ex ten t s  w h e n  these were  subse-  
q u e n t l y  m e a s u r e d .  T h e  resul ts  o f  such  a n  e x p e r i m e n t  a re  show n  in  T a b l e  I I I .  I t  
is c lear  tha t  the  f rac t iona l  i n h i b i t i o n  o f  each type o f  f lux  (K:K,  N a : N a ,  o r  Na:K)  
was the same  u n d e r  all the  cond i t i ons  m e a s u r e d .  Since o u a b a i n  was ini t ia l ly 
b o u n d  to the  cells w h e n  the  p u m p  was o p e r a t i n g  in  the  N a : N a  m o d e  the  resul ts  
also ind ica te  tha t  the  f lux  m o d e  does  no t  d i s c r imina t e  b i n d i n g  sites. Whi le  these  
resul ts  imp ly  tha t  t he re  is on ly  o n e  type  o f  b i n d i n g  site the  possibil i ty c a n n o t  be 
e x c l u d e d  tha t  d i f f e r e n t  types o f  b i n d i n g  sites exist  each with the same af f in i ty  for  
o u a b a i n .  Bu t  even  if  this were  the  case the re  still w ou l d  be n o  u n c e r t a i n t y  in  

T A B L E  I I I  

OUABAIN-SENSITIVE Na:Na, Na:K AND K:K EXCHANGE OF I N T A C T  RED 
CELLS 

Type flux Control (no Control + oua- Ouabain (prior Percent inhi- 
measured Flux medium composition ouabain) bain expoS) bition 

mM h -~ h ~ h -~ 

N a : N a  160 NaCI  0.325 0 . t47  0.202 69 

N a : K  12 KCI  + 148 N a C I  0.485 0.152 0.247 71.5 

K : K  12 KC1 + 148 NaCI  0.0403 0.0371 0.0380 72 

The plan of this experiment was to first bind ouabain to cells and then, after washing the cells free of 
bulk ouabain, to determine to what extent the various types of ouabain-sensitive fluxes were 
inhibited by the previously bound ouabain. The details of the experimental protocol are given in 
Materials and Methods. Control and ouabain-exposed cells were labeled with either 2*Na or 42K and 
the outward rate constants (°kNa and °kK) for Na and K were determined, respectively, in units of 
reciprocal hours. The percent inhibition of the flux due to previously bound ouabain is taken as that 
portion of the total ouabain-sensitive flux obtained from the control cells for that particular flux 
process. The measure of Na:Na exchange was taken as the ouabain-sensitive 2~Na outflux that occurs 
when the medium contains Na but no K. Na:K exchange was taken as that ouabain-sensitive 
component of 24Na outflux that occurs in the presence of external K. The ouabain-sensitive outflux 
of ~K that occurs in the presence of external K is taken to represent K:K exchange. Fluxes were 
measured over different time intervals during 60-rain incubation 'at 37°C. The values given are 
averages of duplicate flux measurements. The standard error of the mean of the measurements was 
less than - 0.003 for °ks a and -+ 0.0004 for °kK. The same type results showing the same consistency in 
the fractional inhibitions were obtained in two other experiments using either intact cells or 
reconstituted ghosts. 

r e l a t ing  b i n d i n g  to a pa r t i cu l a r  f lux  c o m p o n e n t  s ince they  wou ld  all be  a f fec ted  
p r o p o r t i o n a t e l y .  

Effect o f  Nao in the presence o f  K o 

Fig. 1 shows tha t  the  ra te  at which  o u a b a i n  b i nds  to r e c ons t i t u t e d  ghosts  is 
i nc reased  as [Na]0 is i nc reased ,  u n d e r  cond i t i ons  w he r e  [K]0 as well as [Na]i a n d  

[K] i are  he ld  cons t an t .  Th i s  effect  o f  Na0 o n  r e c o n s t i t u t e d  ghosts is the s ame  as 
has b e e n  o b s e r v e d  with in tact  r ed  cells ( S c h a t z m a n n ,  1965; I n g r a i n ,  1970; 
B e a u g e  a n d  A d r a g n a ,  1971; Sachs,  1974) a n d  is ev iden t ly  d u e  to the c o m p e t i t i o n  
o f  Na0 with Ko in a n t a g o n i z i n g  the  effect  o f  Ko in  r e d u c i n g  the  rate  at  which  
o u a b a i n  b inds  ( G l y n n ,  1957; H o f f m a n ,  1966) r a t h e r  t h a n  an  i n d e p e n d e n t  ac t ion  
of  Na0 as sugges ted  by G a r d n e r  a n d  C o n l o n  (1972) (see Sachs, 1974). T h u s ,  as 
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FIGURE 1. The  effect of  external  Na on the rate of  ouabain binding to reconsti- 
tuted ghosts. Ghosts containing the indicated concentrations of  NaC], KC), and 
Tris C! also contained 2 mM Na2ATP + 4 mM MgCI2. The  concentrations of  these 
substances were in general  not measured directly but since, as pointed out in 
Materials and Methods, they were present  ei ther at the time of  hemolysis or added  
at reversal before resealing, the indicated concentrations are assumed to represent  
their  distribution at the time of  resealing. Analyses of  ghosts after washing at least 
for Na and K indicated that these assumed values were close to the measured 
concentrations (millimole per  liter ghosts). The  concentration of  ATP is known to 
decrease (Glynn and Hoffman,  1971) dur ing  the span of  incubation but does not 
become rate limiting dur ing  this time either for ouabain binding or for cation 
t ransport .  After  washing, the reconsti tuted ghosts were suspended in media which 
contained 10 mM KCl + 10 mM Tris (pH 7.4) plus the indicated concentrations of  
ei ther NaC1 or choline CI to maintain the total concentration 170 raM. The  concen- 
tration of  [3H]ouabain was the same in all media and was approximately  8 × 10 -8 M. 
Incubation was carried out at 37°C at a hematocrit  of  about 15%. Analyses of  
[3H]ouabain content were pe r fo rmed  in duplicate. The  results presented are typical 
of  several similar experiments .  

s h o w n  in T a b l e  IV ,  t he  s t i m u l a t o r y  e f fec t  o f  Na0 on  the  r a t e  o f  o u a b a i n  b i n d i n g  
tha t  is o b s e r v e d  w h e n  [K]o is low (1 m M )  is p r e v e n t e d  w h e n  the  c o n c e n t r a t i o n  o f  
Ko is i n c r e a s e d  to 15 raM.  F u r t h e r  s u p p o r t  fo r  t he  i dea  tha t  Nao acts p r i m a r i l y  by 
c h a n g i n g  the  a f f in i ty  o f  t he  o u t s i d e  o f  the  m e m b r a n e  fo r  K0 c o m e s  f r o m  
e x p e r i m e n t s  ( p r e s e n t e d  l a t e r  in  c o n n e c t i o n  with  T a b l e  V I ) w h i c h  show tha t  in 
the  absence  o f  K o, Nao is w i t h o u t  e f fec t  o n  the  o u a b a i n  b i n d i n g  ra te  (see also 
Sachs ,  1974). T h e s e  resu l t s  a r e  also c o m p a t i b l e  wi th  the  i d e a  tha t  the  e f fec t s  o f  
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T A B L E  I V  

M O D U L A T I O N  BY E X T E R N A L  K O F  T H E  E F F E C T  O F  
E X T E R N A L  Na  O N  T H E  R A T E  O F  O U A B A I N  B I N D I N G  T O  

R E C O N S T I T U T E D  G H O S T S  

Extracellular 

K Na Choline 
Molecules ouabain bound 

per ghost in 60 min 

mM raM m M  

1 3 161 191,197 
1 40 124 240,246 
1 150 14 318,323 

15 3 147 131,135 
15 40 110 132,140 
15 150 0 136,144 

The ghosts contained (in millimolar) 5 KCI, 15 NaCI, 135 choline C1, 8 Tris C1, 2 
Na2ATP, and 4 MgCI2 and these internal concentrations were set as described in 
the legend of Fig. 1, The  external media contained the indicated concentrations 
of KCI, NaCI, and choline CI together with 5 mM Tris CI (final pH was 7.4). 
Ghosts were incubated in the presence of 8 x 10 -s M [3H]ouabain, at 370C for 60 
rain (hematocrit approximately 15%) before washing and analyzing for 
[aH]ouabain. The  results of duplicate samples are presented and are typical of 
the results obtained in several similar experiments. The  measure of the rate of 
ouabain binding is taken as the number  of molecules ouabain bound per ghost 
after 60-min exposure to [3H]ouabain. 

Nao as we l l  as  Ko o n  t h e  r a t e  o f  o u a b a i n  b i n d i n g  a r e  r e f e r a b l e  to  t h e  i n v e r s e  o f  

t h e i r  a c t i o n s  o n  t h e  N a : K  p u m p .  T h i s  is b e c a u s e  t h e  N a : K  p u m p  is k n o w n  to  

r e q u i r e  K o f o r  i ts  a c t i v a t i o n  ( H a r r i s  a n d  M a i z e l s ,  1952; G l y n n ,  1956) a n d  Nao is 

k n o w n  to  c o m p e t i t i v e l y  i n h i b i t  t h e  p u m p ' s  a c t i v a t i o n  b y  Ko ( P o s t  e t  a l . ,  1960;  

G a r r a h a n  a n d  G l y n n ,  1967 a-c; S a c h s ,  1967) .  T h i s  w o u l d  m e a n  t h a t  t h e  r a t e  a t  

w h i c h  o u a b a i n  b i n d s  t o  t h e  m e m b r a n e  is i n v e r s e l y  r e l a t e d  t o  t h e  r a t e  a t  w h i c h  t h e  

N a : K  p u m p  w as  o p e r a t i n g ,  a c o n c l u s i o n  w h i c h  is c o n s i d e r e d  i n  m o r e  d e t a i l  

b e l o w .  I t  c a n  a l so  b e  m e n t i o n e d  h e r e ,  t h a t  s i n c e  a l t e r a t i o n s  i n  [Na]o will  b e  s e e n  

to  h a v e  o p p o s i t e  e f f e c t s  f r o m  c h a n g e s  i n  [Na]~, t h a t  w h e n  o u a b a i n  b i n d i n g  r a t e s  

a r e  o b s e r v e d  to  b e  increased b y  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  N a ,  t h i s  is m o s t  l i ke ly  

d u e  to  N a  a c t i n g  o n  t h e  o u t s i d e  a n d  n o t  o n  t h e  i n s i d e  o f  t h e  m e m b r a n e . 1  

i While the foregoing results have been discussed in terms of a single action of Nao, it is possible that 
there might also be a direct effect of Nao in addition to the effect Nao has on altering the affinity of 
the membrane for K0. This separate action of Na0 is suggested by the fact that Nao had no effect 
when [K]o was 15 mM as in Table IV but had a marked effect when [K]o was 10 mM as in Fig. 1. Both 
of these concentrations of Ko appear  to be well above the concentration of  K0 needed to saturate 
Na:K exchange. On the other hand,  the ghosts used in the experiments presented in Table IV 
contained approximately 15 mM Nai while the ghosts used in the experiments given in Fig. 1 
contained 150 mM Nai. Separate experiments showed that the pump flux of Na in ghosts containing 
a low lNa]~, as in Table IV, was reduced by increasing [Na]0 when [K]0 was low but not when [K]o was 
high. On the other hand,  comparable measurements have not as yet been performed on ghosts 
containing high [Na]i so the action of  Nao in this regard must remain unspecified. Therefore  
increased or high concentrations of Na~ could either change the membrane's  affinity for K o or 
provide for a direct action of Na0 or both but the conclusion that the effects of Na0 on ouabain 
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Effects of Nab in the presence of K o 

I f  t h e r e  is a c o r r e l a t i o n  b e t w e e n  the  cond i t i ons  which  act ivate  the  N a ' K  p u m p  

and  the  o u a b a i n  b i n d i n g  ra te ,  t h e n  it s h o u l d  be possible to d e m o n s t r a t e  an  e f fec t  

o f  Nab since the  p u m p  is k n o w n  (Glynn ,  1962; W h i t t a m ,  1962) to r e q u i r e  Na~ fo r  

its o p e r a t i o n .  T h e  resul ts  p r e s e n t e d  in Fig.  2 show such an e f fec t  s ince it is 
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FIGURE 2. The  effect of  internal Na on the rate of  ouabain binding to reconsti- 
tuted red cell ghosts. The  ghosts contained varying concentrations of  NaC1 and 
choline C1 together with 5 mM KCI, 8 mM Tris C1, 2 mM Na2ATP, and 4 mM 
MgCI2. The  inside NaCI concentration was varied at the expense of  choline CI such 
that the quantity, NaC1 + choline C1, was kept at 152 mM. Intracellular concentra- 
tions were estimated as described in the legend of  Fig. 1. For all cases, ouabain 
uptake was measured at 37°C at the indicated times suspending the ghosts (hemato- 
crit was approximately 15%) in a medium which contained 145 mM NaC1 + 10 mM 
KCI + 10 mM Tris C1 at pH 7.4. The  medium also contained 4 x 10 -s M 
[3H]ouabain. The  results presented are typical o f  those obtained in several similar 
experiments.  All analyses were carried out in duplicate. 

binding are opposite from the effects of Na~ would not be affected. While the effects of different 
concentrations of Na~ had not been evaluated systematically it should be emphasized again that the 
effects of Nao in altering the rate of ouabain binding are dependent upon the presence of Ko. To the 
extent that Nai is able to modify any action of Na0 or K0 on the external surface would be interesting 
in view of the resuhs of Garay and Garrahan (1973) indicating lack of transmembrane effects of 
monovalent cation concentration on the affinities of transported ions. 
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apparent  that increasing [Na],, at constant Na0 and K0, decreases the rate at which 
ouabain binds to ghosts. Thus the effect of  Na~ on ouabain binding is opposite to 
that of  Na0. The  concentration of  Na~ which appears to inhibit maximally 
(approximately 35-40 mM, estimated from the results of  several experiments of  
the type presented in Fig. 2) the ouabain binding rate corresponds at least 
qualitatively to the concentration of Na, necessary to saturate or run the pump at 
its maximum (Post and Jolly, 1957). On the other hand, the concentration of  Na~ 
required to reduce the ouabain binding to one-half its maximum rate is consist- 
ently lower (about 10 raM) for the experimental situation presented in Fig. 2 
than the apparent Kit2 for activation of  the pump, i.e. approximately 20 mM 
(Hoffman, 1962 a). The  difference is presumably referable to the concentration 
of K, present since we have found in other  experiments of  this type (not pre- 
sented) that intermediate concentrations of  Na~ became less effective in inhibit- 
ing the rate of  ouabain binding the higher the [K],. This result is consistent with 
the competitive interaction of Ki with Na~ on the efflux of  Na via the pump 
(Hoffman, 1962 a; Garay and Garrahan, 1973; Knight and Welt, 1974). 

Table V shows that the change in the number of  ouabain molecules bound to 

T A B L E  V 

INHIBITION OF THE Na,K-ATPase BY OUABAIN WHICH WAS BOUND AS A 
FUNCTION OF INTRACELLULAR Na 

Ouabain binding Na,K-ATPase 

Intracellular Molecules ouabain Molecules oua- 
bound per ghost in bain bound per 

Exp. Na K Choline 30 rain Percent inhibition ghost at 100% I 

A 

mM raM mM % 1 

4 4 146 104,105 55.9-----0.8 187 
8 4 142 73,75 38.2~0.8 194 

16 4 134 24,25 13.1 --+0.9 187 
40 4 110 11,11 -- - 

B 4 4 146 124 52 238 
8 4 142 73 31 235 

Ghosts contained the indicated concentrations of  NaCI, KC1, and choline Cl together  with 2 mM 
Na2ATP, 4 mM MgCI2, and 10 mM Tris CI (pH 7.4). The  composition of  the suspension medium was 
(raM): 20 NaCI, 6 KC1,134 choline CI, and 10 Tris CI at a final pH of  7.4. The  medium also contained 
4 x 10 -8 M [nH]ouabain. Ghosts were incubated (hematocrit was approximately 15%) at 37°C for 30 
min. At the end of  the incubation the ghosts were washed and the amoun t  of  [aH]ouabain bound  per  
ghost was determined in the usual way. In addition, a port ion of  each type o f  ghost preparat ion was 
rehemolyzed and hemoglobin-free ghosts were made in o rder  to estimate the percent inhibition o f  
the Na,K-ATPase which was due to the bound  ouabain,  as described in Materials and Methods. 
Reconstituted control ghosts, which had not been exposed to ouabain,  were carried th rough  the 
entire procedure  in o rder  to establish the zero and 100% inhibition limits (by incubation in the 
presence and absence of  1 × 10 -4 M ouabain) of the Na,K-ATPase so that the fractional inhibition 
caused by the bound  [ZH]ouabain could I~e evaluated. The  variance is given as the standard e r ro r  of  
the mean (n = 5). The  n u m b e r  of  ouabain molecules bound  per  ghost  at 100% inhibition is obtained 
by dividing the n u m b e r  o f  ouabain molecules bound per  ghost by the percent  inhibition of  the Na,K- 
ATPase. The  results of  two experiments  (A and B) presented are typical of  several o ther  similar 
experiments.  The  relative rate o f  [aH]ouabain binding is indicated by the number  of  molecules which 
are bound after 30-min exposure.  
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reconstituted ghosts when [Na]~ is varied results in a parallel change in the 
inhibition of the Na,K-ATPase when measured subsequently on porous ghosts 
made from them. Thus,  in both experiments shown, increased [Na]i decreased 
proportionately the number of molecules of glycoside bound and the percent 
inhibition of the Na,K-ATPase. That  the binding of ouabain to the ghosts was 
specific in the sense that all of  the bound ouabain was inhibitory is shown by the 
fact that the calculated number of molecules bound at 100% inhibition is the 
same for the different binding conditions in each experiment.  

If  the effect of  Na~ on ouabain binding is related to its action on the pump then 
its effect should also be dependent  upon the simultaneous presence of K0, 
paralleling the pump's obligatory requirement for Ko and Na~ (Glynn, 1962; 
Whittam, 1962). To test this interdependence the rate of ouabain binding was 
measured using ghosts which were prepared to contain either low (1 raM) or 
high (40 mM) [Na]i and which were suspended in either low (0.2 mM) or high (6 
mM) [K]o. The particular concentrations of Nai and K0 chosen were high enough 
to provide a maximum stimulation of the Na:K pump. The  results are shown in 
Fig. 3. The only condition in which the ouabain binding rate is inhibited is when 
the conditions for pump activation are satisfied. Neither Na~ or K 0 alone is 
sufficient to alter the rate of  ouabain binding indicating that the action of  either 
Na~ or, for that matter, Ko, depends upon their coupled action on the pump.  In 
addition, it is also apparent that there is a reciprocal relationship between the 
pumping rate and the rate of ouabain binding: the fastest rates of binding are 
associated with minimal pump rates. 

It is interesting to note in this connection that the effect of Ko in antagonizing 
the binding of  glycosides to the membranes, as mentioned earlier, is also 
dependent  upon the presence of Nai. This result implies that K0 in altering the 
rate of  ouabain binding does so by producing a particular conformation of the 
pump complex rather than a direct interaction. 

Na:Na Exchange and the Rate of Ouabain Binding 

From the foregoing results it might be expected that since Na:Na exchange 
represents a partial reaction of the pump and that it is ouabain sensitive 
(Garrahan and Glynn, 1967 a,b,c; Levin et al., 1968) the rate of  ouabain binding 
could also be affected by the rate at which Na:Na exchange can take place. On 
the other hand, the fact that ouabain binding was only altered by Ko when Na~ 
was present in the experiments presented in Fig. 3, even though Na was always 
present in the external medium would imply that the rate of  ouabain binding 
was independent  of  the rate of  Na:Na exchange. The experiments to be pre- 
sented show the latter supposition to be correct. The  evidence presented in Fig. 
3 is insufficient to prove the point since the conditions in terms of  the Na 
concentrations on the two sides of  the membrane were not optimal for the 
occurrence of  Na:Na exchange (see Garrahan and Glynn, 1967 a,b; Sachs, 1970). 

Independence of Ouabain Binding Rate and Na:Na Exchange 

The design of  the following experiments was to study the rate of  ouabain 
binding to ghosts when Na:Na exchange was activated by either (a) increasing 
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FIOURE 3. The effect of internal Na, [Na]~, and external K,[K]~, on the rate of 
ouabain binding to reconstituted red cell ghosts. The ghosts contained NaCl, KCl, 
choline C1, and Tris Cl at the indicated concentrations together with 2 mM ATP 
and 4 mM MgCl,. When the intracellular concentration of Na was 1.0 raM, Na was 
present in the hemolyzing medium as 0.5 mM Na,ATP + 1.5 mM Tris ATP; when 
the intracellular concentration of Na was 40 raM, 2 mM Na2ATP was used instead to 
conserve Tris ATP. Intracellular concentrations estimated as discussed in the 
legend of Fig. 1. Ouabain uptake was measured at 37°C after suspending ghosts 
(hematocrit approximately 15%) in a medium which contained either 0.2 or 6.0 mM 
KCI (and either 141 or 135 mM choline CI, respectively) together with 20 mM NaCI 
+ 10 mM Tris CI, pH 7.4. The medium also contained 1 x 10 -7 M [3H]ouabain. The 
results presented in this figure are typical of several similar experiments. The 
points in the figure represent the average of the duplicate determinations. 

[Na]~ holding [Na]0 constant  (Table VI,  part  A, exp. A), or  (b) increasing [Na]0 
holding [Na]~ constant  (Table VI ,  part  A, exp. B), or (c) changing  the intracellu- 
lar concentrat ion o f  ADP holding both internal and external Na constant  at 
values which suppor t  the occurrence o f  Na:Na exchange.  The  results presented 
in Table VI (part A) indicate that ouabain binds to ghosts at a rate which is 
independent  o f  either the internal (exp. A) or  external (exp. B) concentrat ion o f  
Na. It is known f rom previous work (Garrahan and Glynn,  1967 a, b; Levin et al., 
1968; Sachs, 1970) that for the conditions under  which exp. A was carried out 
Na :Na  exchange either does not occur  or  is inhibited when [Na]~ is ei ther  very 
low or  very high (see Garrahan  and Glynn, 1967 c), but is almost optimally 
activated at the intermediate  concentrat ion o f  Na~ used (15 retool/liter ghosts). 
Alternatively when [Na]l is maintained at approximately  this optimal value, 
Na:Na exchange can then be activated by increasing the concentrat ion o f  Na0. 
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T A B L E  V I  

I N D E P E N D E N C E  OF Na:Na E X C H A N G E  A N D  T H E  R A T E  OF O U A B A I N  
B I N D I N G  T O  R E C O N S T I T U T E D  G H O S T S  

Part  A 

Cat ion  concent ra t ion  

In te rna l  External  

Exp.  Na  K 
Molecules ouabain  b o u n d  pe r  

Na  K ghos t  in 15 min  

A 

m m o l / l ~  ghosts mmol~Ur gho~ 

1-2 4 120 0 117,123 
15 4 120 0 116,117 

120 4 120 0 116,120 

B 13.8 1.95 6.4 0.15" 113,118,119,120" 
13.8 1.95 144 0.025* 133,138,139,140" 

Part  B 

Cat ion concent ra t ion  Rate constants  for  Na eff lux (h ')  +- SEM 

I n ternal  External  

Na  K Na K Alone Ouaba in  °k~ab 

mraol/liter ghosts retool~liter h -t 

14.9 i .3 0 0 0.0654-+0.0007 0.0333-+0.0004 0.0321 
14.9 1.3 6.4 0 0.0455 -+ 0.0007 0.0334 -+ 0.0004 0.0121 

18.9 1.5 0 0 0 .0682-+0.0011 0.0327-+0.0008 0.0355 
18.9 1.5 6.4 0 0 .0428-+0.0018 0.0348-+0.0005 0.0080 

14.8 1.5 0 0 0.0676+0.0044 0.0339---0.0003 0.0337 
14.8 1.5 144 0 0 .0992-+0.0003 0.0476-+0.0008 0.0516 

* Determinations after 30-min incubation period. 
Part A refers to the rate at which ouabain is bound to ghosts as the internal (expt. A) or external 
(exp. B) Na concentration is increased. Part B refers to estimates of Na:Na exchange (taken as the 

kNa ) on ouabain-sensitive portion of  the Na outflux, 0 o,ab determined intact red cells under conditions 
comparable to part A (exp. B), at two different concentrations of internal and external Na. The 
procedure used for the experiments dealing with ghosts is described in Materials and Methods. The 
experiments dealing with intact red cells (part B) were carried out by John R. Sachs. The internal 
concentrations of Na and K were altered (with choline being used to maintain isotonicity) by 
application of the p-chloromercuribenzenesulfonic acid (PCMBS) technique as described in Sachs 
(1974). Na efflux was measured using ~4Na, as described in Sachs and Welt (1967) by suspending the 
cells in a medium which contained in addition to NaCI, 5.4 mM MgCOa, 27.3 mM glycylglycine, 10 
mM glucose, 20-rag/100 ml crystalline bovine serum albumin. Where the Na concentration in the 
medium was varied, NaCI was replaced by an equal volume of a solution containing a mixture of 75% 
isosmotic MgCl~ and 25% isosmotic sucrose. The efflux was measured at 37°C at pH 7.4. SEM refers 
to standard error of the mean when n = 4. 

T h a t  th is  is so  in  t h e  p r e s e n t  e x p e r i m e n t s  c a n  be  s e e n  f r o m  t h e  r e s u l t s  o f  f l u x  

m e a s u r e m e n t s  p r e s e n t e d  in  p a r t  B ( T a b l e  V I )  w h i c h  w e r e  c a r r i e d  o u t  o n  i n t a c t  

r e d  cel ls  u s i n g  t h e  s a m e  c o n d i t i o n s  u n d e r  w h i c h  t h e  o u a b a i n  b i n d i n g  r a t e  ( e x p .  

B ,  T a b l e  V I )  was  d e t e r m i n e d .  I n  t h i s  c i r c u m s t a n c e  N a : N a  e x c h a n g e  is a c t i v a t e d  

w h e n  [Na]0 is i n c r e a s e d  f r o m  6.4 to  144 m M  a n d  is n o t  a s s o c i a t e d  w i t h  t h e  c h a n g e  
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in efflux that occurs when the medium is Na-free (Garrahan and Glynn, 1967 a, 
b; Levin et al., 1968; Sachs, 1970). Thus,  independent  of  the rate of  Na:Na 
exchange or the manner of  its activation the ouabain binding rate remains 
essentially unaltered. It should be stated, however, that the small difference in 
the amount of  ouabain bound when the Na concentration was changed as seen in 
exp. B (part A) probably reflects an interaction of  Na0 with K0 as previously 
discussed. 

The third approach used for evaluating the relationship between the ouabain 
binding rate and Na:Na exchange is based on the finding that the rate of  Na:Na 
exchange is proportional to the intracellular concentration of  ADP (Glynn and 
Hoffman,  1971). The  intracellular ADP can be regulated by incorporating inside 
the ghosts an ATP regenerating system consisting of creatine phosphate and 
creatine phosphokinase. Two types of  ghosts were prepared in a manner  com- 
pletely comparable to those used by Glynn and Hoffman (1971) such that one 
type contained 2 mM ATP, 2.4 mM MgC12, 10 mM NaCI, 7.5 mM Tris CI, 
creatine phosphokinase (160 mg/ml ghosts) and the other type contained, in 
addition, 5 mM creatine phosphate in order  to maintain the ADP level low 
enough to inhibit Na:Na exchange. Both types of  ghosts were reversed with 
choline CI rather than with KCI as used by Glynn and Hoffman (1971) to keep 
[K]i low consistent with the present experiments. When the two types of  ghosts 
were incubated in high NaCI (160 mM) Na:Na exchange could be shown to occur 
only in those ghosts which contained ADP and not in those ghosts which were 
low in ADP due to the incorporation of  creatine phosphate. The  average 
number of  ouabain molecules bound per ghost after 30-rain incubation at 37°C 
was 143 and 168, respectively, which provides additional evidence that the 
ouabain binding rate is independent  of  Na:Na exchange. 

Effects of  K i in the Presence o f  K o 

If  the effects of  Ki were analogous to the action of  Na0 as discussed above, it 
might be expected that increasing [K]~ would accelerate the rate of  ouabain 
binding since the rate of Na:K exchange would be slowed by [K]~ as a result of  
lowering the affinity of  the pump for Na~ (Hoffman, 1962 a; Garay and Garra- 
han, 1973; Knight and Welt, 1974; Simons, 1974). Fig. 4 shows that this expecta- 
tion is not fulfilled, that the ouabain binding rate decreases rather than increases 
as [K]~ is raised. The  concentration o f  Kt which reduces the binding rate by one- 
half is about 15 mM, somewhat higher than the approximate 10 mM concentra- 
tion of  Nai needed to produce the same effect (Fig. 2). To compare more directly 
the relative effectiveness of  [Nail with [K]i in inhibiting the rate of  ouabain 
binding, experiments were carried out in which the sum, [Na + K]~ was held 
constant but the ratio, [Na/K]~, was varied. The total concentration of  Na~ + K~ 
was kept low (isotonicity was maintained with choline C1) in order  to make the 
comparison around the concentration which gives half-maximal effects. It is 
apparent from the results presented in Fig. 5 that Nat is a more potent inhibitor 
of the ouabain binding rate than K~ since the concentration of  K~ necessary to 
obtain an equivalent effect is about three times the concentration of  Na~. 

One explanation for the inhibitory effect of  K~ on ouabain binding is that K~ 
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F I G U R E  4. The effect of internal K on the rate of ATP-promoted ouabain binding 
to reconstituted ghosts. The ghosts contained varying concentrations of  KCI and 
choline CI together with 4 mM NaC1, 4 mM MgClz, 2 mM NazATP, and 8 mM Tris 
CI. The KC1 concentration was varied at the expense of choline CI such that the 
sum, KC! + choline CI, was held constant at 150 mM as indicated. Intracellular 
concentrations were estimated as described in the legend of  Fig. 1. Ouabain binding 
was measured at 37°C at the indicated times after suspending the ghosts in a 
medium which contained 145 mM NaCI, 10 mM KCI, 10 mM Tris CI, and 4 x 10 -s 
M [ZH]ouabain. The final pH was 7.4. The results presented are typical of those 
obtained in two other experiments of the same design. The points in the figure 
represent the average of  duplicate determinations. 

might be acting to accelerate the rate o f  Na:K exchange by increasing the affinity 
o f  the pump for Na~. This type o f  an effect could only be expected to occur at 
low values o f  Ks, since as referred to before,  high concentrations o f  K t are 
inhibitory to the pump.  Since activation o f  the Na:K pump at low concentrations 
o f  Kt has been observed in goat (Sachs et al., 1974) and human (Garay and 
Garrahan, 1973) red cells it was o f  interest to see if  any similar type of  effect was 
operative in human red cell ghosts under the same conditions in which the 
ouabain binding rate was measured.  But, as seen in Table VII ,  the p u m p  flux o f  
Na was not increased at low values o f  [K]t but was decreased, as expected from 
previously discussed results, when [K]i was high (see below). Therefore ,  the 
effect o f  K, in decreasing the ouabain binding rate is an independent  effect 
evidently unrelated to the rate o f  Na:K exchange.  

The  most likely explanation for the action of  K~ in inhibiting the ouabain 
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FIGURE 5. C o m p a r i s o n  o f  the  relat ive effects  o f  in t e rna l  Na and  K on the  ra te  o f  
A T P - p r o m o t e d  ouabain  b i n d i n g  to r econs t i tu t ed  ghosts .  T h e  ghosts  were  p r e p a r e d  
to conta in  the  ind ica ted  concen t ra t ions  o f  KC1, NaC1, a n d  chol ine  C1 as desc r ibed  in 
the  l egend  o f  Fig. 1, t o g e t h e r  with 2 m M  A T P ,  4 mM MgCI2, a n d  8 mM Tris  CI as 
desc r ibed  be fo re .  T h e s e  ghosts  were  incuba ted  at 37°C in a m e d i u m  which con- 
ta ined  145 m M  NaC1, 10 m M  KCI, 10 mM Tris  CI, and  4 x 10 -s M [3H]ouabain.  T h e  

final p H  was 7.4 and  the  suspens ions  were  s ampled  fo r  [3H]ouabain b i n d i n g  
d e t e r m i n a t i o n s  at the  ind ica ted  t imes .  T h e  points  in the  f igure  r e p r e s e n t  the  
average  o f  dupl ica te  analyses a n d  the  same pa t t e rn  o f  results  was o b t a i n ed  in 
a n o t h e r  e x p e r i m e n t  o f  a s imilar  type .  

T A B L E  V I I  

E F F E C T  OF I N T E R N A L  K ON T H E  O U A B A I N - S E N S I T I V E  E FFL U X  OF 24Na 
F R O M  R E C O N S T I T U T E D  G H O S T S  

Inside Rate constants for Na efflux 

KCI NaCI Choline C] Alone Ouabain ° k ~ a b  

m M  m M  r a M  h - ~ h - ~ h - l 

5 4 145 0.555 0.146 0.409 
15 4 135 0.580 0.169 0.411 
40 4 110 0.536 0.127 0.409 

150 4 0 0.313 0.147 0.165 

The indicated concentrations of KCI, NaCI, and choline CI together with 2mM ATP, 4 mM MgCIi, 
and 8 mM Tris CI were set according to the procedures referred to in the legend of Fig. 1. The 
ghosts were incubated at 37°C in a medium which contained 10 mM KCI, 150 mM NaCl, and 10 mM 
Tris CI in the presence and absence of 2 x 10 -4 M ouabain. The final pH was 7.4. The ouabain- 
sensitive outward rate constant o ouab (kNa) for Na was evaluated at 30- and 60-min incubation as 
described in Materials and Methods. The values for °kNa as presented in the table are the average of 
duplicate determinations at the two time periods and are representative of the results obtained in 
another experiment of  the same design. 
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binding rate is that it is directly associated with the t ranspor t  of  K th rough  the 
K:K exchange pathway (Glynn et al., 1970). That  this is so is seen f rom measure- 
ments o f  the ouabain-sensitive K influx under  the same conditions as the effect 
of  Ki was characterized with respect to ouabain binding. As shown in Fig. 6, K 
influx is increased by increasing concentrations of  K, with half-maximal activa- 
tion being achieved at approximately  15 mM [K]~, in good agreement  with the 
ouabain binding result discussed before (Fig. 4). This effect o f  K~ in activating 
K:K exchange and inhibiting the rate o f  ouabain binding is dependen t  upon  the 
concentrat ion o f  Na,. Thus ,  as seen in Table VI I I ,  the ouabain binding rate is 

.~ 0 . 8  

,,, 

0 . 6  

:'= 0 .4  

E 
E 0 . 2  
.E 

• - -  0 

0 

/. 

I I I I I I I 

2 0  4 0  6 0  8 0  1 0 0  120  t 4 0  

( K I  i in m e  

FIGURE 6. The dependence on internal K of the ouabain-sensitive influx of K 
(tME) into reconstituted red cell ghosts. The ghosts were prepared to contain 
varying concentrations of KCI and choline C1 together with 2 mM Tris ATP, 4 mM 
MgCI2, and 8 mM Tris C1. The internal concentration of KCI was varied at the 
expense of choline CI such that the sum, KC1 + choline CI, was kept constant at 140 
raM. Intracellular concentrations were estimated as described in the legend of Fig. 
1. The ghosts were incubated at 37°C in a medium which contained 10 mM KCI, 153 
mM choline CI, and 10 mM Tris C1. The final pH of the medium was 7.4. The 
influx of K, using 42K, was measured over an interval of 40 min as described in 
Materials and Methods, with and without 2 × 10 -4 M ouabain added to the 
medium. Thus the ouabain-sensitive *ME is given by the difference in the fluxes 
obtained in the absence and presence of added ouabain. (For reference, the total 
influx of K at 40 mM Ki was 2.52 mM K/liter cells × h). The points on the curve 
represent the average of duplicate determinations. Similar results were obtained in 
two other experiments designed to test the same relationship. 

sensitive to the concentrat ion o f  Ki when [Na]i is low (4 mM), but the effect of  Ki 
is essentially nullified when [Na]i is raised to 36 mM. These effects of  Ki and Nai 
on K:K exchange have been independent ly  evaluated by Simons (1974) and 
while the results o f  the two studies are consistent with each other,  the analysis by 
Simons (1974) details the characteristics o f  K:K exchange as antagonized by Na~. 
It should also be noted that the decrease in the rate o f  ouabain binding at high 
[Na]i compared  to low [Na]~ reflects, in addition to the resultant inhibition o f  
K:K exchange,  the effects o f  activation o f  Na:K exchange.  

Since K:K exchange requires the presence o f  K on both sides of  the membrane  
in analogy with the requirements  o f  the Na:K p u m p  (as depicted in Fig. 3) a 
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MODULATION BY INTERNAL Na OF THE EFFECT OF 
I N T E R N A L  K O N  T H E  R A T E  O F  A T P - P R O M O T E D  O U A B A I N  
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Intracellular 
Molecules ouabain bound 

K Na Choline per ghost in 30 min 

r, tM ~ mM 

5 4 136 153,159 
37 4 104 137,139 

109 4 32 94,100 

5 36 104 84,96 
37 36 72 97,101 

109 36 0 109,113 

T h e  ghosts  were p r epa red ,  t rea ted,  and  analyzed according to the  p rocedures  
r e f e r r ed  to before  in the  legend to Fig. 1. T h u s  the  ghosts  were p r epa red  to 
conta in  the  indicated concent ra t ions  o f  KCI, NaCI, and  choline CI t oge the r  with 
2 m M  Na2ATP,  4 m M  MgCl~, and  8 m M  Tr i s  C1. T h e  ex te rna l  m e d i u m  
conta ined 150 m M  NaC1, 10 m M  Tris  CI, and  1 x 10 -7 M [*H]ouabain and  the  
incubat ion was carr ied  ou t  at 37°C for 30 rain. T h e  final p H  o f  the  m e d i u m  was 
7.4. T h e  results  o f  dupl icate  analyses are p re sen t ed  and  are typical o f  the  resul ts  
obta ined in two o t he r  expe r imen t s  o f  the  same  des ign .  T h e  m e a s u r e  o f  the  rate 
o f  ouabain  b ind ing  is taken  as the  n u m b e r  o f  molecules  o f  ouaba in  b o u n d  pe r  
ghos t  af ter  30-rain exposu re  to [aH]ouabain.  

similar type o f  analysis was carr ied out  correlat ing the occurrence  o f  K:K 
exchange with the rate of  ouabain binding.  This  is shown in Fig. 7. T o  proper ly  
in terpre t  these results it should be r em em b ered  that the concentra t ion o f  K0 
which gives half-maximal activation of  both K:K and Na:K exchange u n d e r  
these exper imenta l  conditions is approximate ly  1 mM K0, in addit ion to the 
previously presented  results on activation by Ki. F rom Fig. 7 it is clear that 
ouabain binding occurs at a rate which is inversely related to the rate o f  K:K 
exchange:  the slowest rate o f  ouabain binding is associated with max imum rate 
of  K:K exchange.  Thus ,  the rate o f  ouabain binding can be affected by the 
tu rnover  rate o f  the p u m p  appara tus  whether  in the K:K or  Na:K mode  
provided that K is present  in the external  medium.  Without  K0 ouabain binding 
is i ndependen t  o f  the activity o f  the p u m p  even though it is carrying out  Na:Na 
exchange.  T h e  implications o f  these results with regard  to ouabain binding sites 
and di f ferent  p u m p  conformat ions  will be considered in the Discussion. 

D I S C U S S I O N  

T h e  main findings o f  this work are,  first that  Na~ as welt as K, decrease the rate 
of  A T P - p r o m o t e d  ouabain binding to red cell ghosts and,  secondly that these 
actions are d e p e n d e n t  upon  the presence  of  K 0. T h e  relative effects of  Na~ and 
K~ in regulat ing the rates o f  ouabain binding are directly associated with their  
effects in activating ei ther  Na:K exchange (Fig. 3) or K:K exchange (Fig. 7), the 
relationship being in both instances that the ouabain binding rate is inversely 
propor t ional  to the rate of  translocation. It is particularly significant that these 
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FIGURE 7. The  effect of  internal  and external  K on the rate of  ATP-promoted  
ouabain binding to reconsti tuted ghosts. The  ghosts were p repared  to contain KC1 
and choline CI together  with 2 mM Tris ATP,  4 mM MgCI2, and 8 mM Tris C1. 
(Internal  NaCI was estimated to be less than 1 mM since Na was not present  in the 
hemolysis solution or  in the reversing medium.)  The  internal  concentration of  KCI 
was varied at the expense of  choline C1 such that the total, KC1 + choline CI, was 
kept constant at 150 mM. Intracellular  concentrations,  de te rmined  by flame pho- 
tometry,  are also consistent with the methods used to estimate them as described in 
the legend of  Fig. 1. The  concentrations of  K in the external  medium were also 
measured directly by flame photometry .  Ouabain uptake was measured at 37°C 
after 15-min incubation in a medium which contained either low (0.03-0.5 raM) or 
high KC1 (6.5 mM and either 141 or  135 mM choline CI, respectively) together  with 
20 mM NaCI, 10 mM Tris CI, and 8 × 10 -8 M [aH]ouabain. The  final pH was 7.4. 
The  points represent  the average of  duplicate analyses and are typical of the results 
obtained in several other  exper iments  of  similar design. 

e f fec ts  r e q u i r e  Ko, g iven  tha t  t h e r e  a p p e a r s  to be on ly  o n e  t ype  o f  o u a b a i n  
b i n d i n g  site i n v o l v e d  r e g a r d l e s s  o f  t he  m o d e  o f  t r a n s p o r t  b e i n g  c a r r i e d  ou t  
(Tab l e  I I I ) ,  a n d  s ince  the  o u a b a i n  b i n d i n g  ra te  is i n d e p e n d e n t  o f  any  act ivi ty  o f  
the  p u m p  a p p a r a t u s  r e l a t e d  to N a : N a  e x c h a n g e  (see T a b l e  VI) .  T h u s ,  any  
e x p l a n a t i o n  o f  t he  ef fec ts  o f  Nai a n d  K~ m u s t  i n c l u d e  a ro l e  fo r  Ko o t h e r  t h a n  
s imp ly  s t i m u l a t i n g  a t u r n o v e r  o f  t he  p u m p  m a c h i n e r y .  Bu t  b e f o r e  d i s c us s ing  
these  aspec t s  it is w o r t h w h i l e  to c o n s i d e r  o t h e r  cha rac te r i s t i c s  o f  o u a b a i n  b i n d i n g  
bo th  with r e g a r d  to the  types  o f  d e t e r m i n a t e s  i nvo lved  as well as the  s i d e d n e s s  o f  
t h e i r  ac t ion .  

As d i s cus sed  p r e v i o u s l y  ( H o f f m a n ,  1966) the  sites which  b ind  o u a b a i n  a r e  
t h o u g h t  to be  l o c a t e d  on  the  o u t s i d e  su r f a c e  o f  t he  p u m p  c o m p l e x .  O c c u p a n c y  
o f  a site by a g lycos ide  resu l t s  in i nac t iva t ion  o f  tha t  site ( p r e s u m a b l y  on  a basis o f  
o n e  site p e r  p u m p )  s ince t h e r e  is a d i r e c t  c o r r e l a t i o n  b e t w e e n  the  n u m b e r  o f  
g lycos ides  b o u n d  a n d  the  f r a c t i ona l  i nh ib i t i on  o f  the  t r a n s p o r t  ( H o f f m a n ,  1969; 
I n g r a i n ,  1970; D u n h a m  a n d  H o f f m a n ,  1971). O u a b a i n  once  b o u n d  to a site is 



H. H. BODEMANN AND J.  F. HOFFMAN Na and K Sidedness and Ouabain Binding. I 519 

essentially irreversible since its dissociation takes place only at very slow rates 
(Ingram, 1970; Dunham and Hoffman,  1971). On the other hand, Glynn (1957) 
showed that glycoside binding to red cell membranes can be directly antagonized 
by Ko and it is of  course of  interest that it is only the rate of  binding and not the 
equilibrium that is evidently influenced by Ko (Hoffman,  1966; Ingram, 1970). 
Nao acts to increase the rate of  ouabain binding Fig. 1, Table IV) by decreasing 
the affinity of  the membrane for Ko (see also Beauge and Adragna, 1971; Sachs, 
1974). Obviously, Nao has no effect on glycoside binding in the absence of  Ko as 
already discussed. And it should be kept in mind that glycoside binding rates are 
markedly increased by the presence of  nucleoside triphosphates (Matsui and 
Schwartz, 1968; Hoffman,  1969) these effects being exerted from the inside and 
not from the outside surface of  the pump (Table II). 

It is convenient to consider a model for the ouabain binding site (see Hoff- 
man, 1972) in which the site itself exists in either one of  two forms, A or B. The 
two forms differ from each other depending upon their reactivity with ouabain 
such that ouabain binds only to the B form; there the B form is open to the 
outside while the A form is occluded. Combination of  ouabain (G) with the B 
form ¢~an be described by the reaction: 

B +  G ~ - G B ,  
in which the pump inactivation is associated with the formation of BG and, as 
mentioned before, BG is stable since its dissociation rate is extremely slow. Thus,  
to the extent that the set of  the equilibirum, A ~ B, can be influenced by various 
conditions the rate of  ouabain binding is thereby defined. Since it is known that 
the ouabain binding site (B) is a component  part of  the pump complex (Dunham 
and Hoffman,  1970; Ruoho and Kyte, 1974) it is apparent  that changes in the 
conformation of  the pump affect the equilibrium (or configuration) of A ~,~ B. 
Even though quantitative relationships between changes in pump conformation 
and A, B configuration cannot be defined at the present time, there are certain 
qualitative and obvious relationships that are apparent.  For instance, the A ~--B 
equilibrium is shifted to the right, favoring the B form, by intracellular nucleo- 
side triphosphates (Table II) and it has been discussed previously (Hoffman,  
1969) that this can occur without phosphorylation of the pump complex; Ko in 
antagonizing ouabain binding would shift the equilibrium to the left but this 
action of  Ko is more complicated than this since Nai or Ki must also be consid- 
ered. By thinking in terms of  the "induced fit" concept it is possible to under- 
stand how combination of  the pump with nucleotide triphosphates can result in 
a change in conformation (see Hoffman,  1961). 

An important conclusion from the work presented in this paper is that in 
order  for Ko to antagonize ouabain binding it is necessary that either Na~ or K~ 
must also be present (see Figs. 3 and 7). This is to say that in the absence of  Na~ or 
K~ there is no competition between Ko and ouabain binding and there is no effect 
of  Nao on the action of  Ko. 

To explain this type result using the A ~ B equilibrium model it is attractive to 
consider that the particular set o f  the equilibrium is directly associated with some 
specific conformation of  the pump complex. Using the terminology introduced 
by Albers et al. (1968) the B form could be tentatively identified as associated 
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with E~P, the form of  the phosphopro te in  which in ord inary  cycling o f  the p u m p  
is thought  to provide a conf igurat ion which is or iented  to the outside and to 
which ouabain most easily is complexed  (Albers et al., 1968; Post et al., 1969). 
The  fact that EaP is K sensitive (presumably this K is Ko) and ADP insensitive 
(Post et al., 1969) provides a role for  Ko in the present  studies but  only provided  
Na~ or  Ki is also present .  I f  this is so then,  since u n d e r  these conditions 
translocation of  the ions is also occurr ing in ei ther the Na:K or  K:K mode,  the 
p u m p  is cycling th rough  its various "E" forms and the A ~ B equil ibrium is 
shifted to the left providing for  the inverse relationship between t ranspor t  and 
binding as already discussed. T o  explain the lack o f  correlat ion between the rate 
of  ouabain binding and Na:Na exchange it could be that if the phosphoryla ted  
form of  the enzyme is EIP, which presumably would also be or iented to the 
outside in o rde r  to accommodate  Na:Na exchange (see Glynn and Hof fman ,  
1971) with EIP being ADP sensitive and K insensitive (Post et al., 1969), the A ,~ 
B equil ibrium is not shifted without Ko and the re fore  ouabain would bind at a 
rate i ndependen t  of  Na0 or Nai (see Table  VI). 

When ouabain binding is p romoted  by nucleotide t r iphosphates  (NTP) in the 
absence of  phosphoryla t ion  the binding rate can only be changed by Ko again 
when Na~ or Kt is also present .  This would imply (see Hof fman ,  1969) that N T P  
combines with E to form E - N T P  (see Hegyvary  and Post, 1971; Fukushima and 
T o n o m u r a ,  1973; M~rdh and Zetterquist,  1974) and the format ion  o f  this 
complex shifts the A ~ B equil ibrium to the right.  Ko would antagonize this by 
decreasing the affinity of  E for N TP ,  thereby shifting the A ~ B equil ibrium to 
the left. T h e  part icular  fo rm of  E is not  specified in this situation since it is not  
known what form E would take given the presence o f  Ko. It is also possible t h a tE  

in combining with N T P  may fo rm a phosphoryla ted  complex,  E~ " / P  , where 
~ N D P  

the nucleotide d iphosphate  is still at tached (see Fukushima and T o n o m u r a ,  
1973; M~rdh and Zetterquist,  1974) and where the addit ion o f  K would reverse 
its formation.  In e i ther  way the alteration of  the binding rate by Ko, given Na~ or 
Ki, by ei ther  A T P  or N T P  (such as U T P  [see Bo d em an n  and Hof fman ,  1976 a]) 
can be unders tood  in terms of  the A ~ B equil ibrium model .  Since the p u m p  
cannot  actively t ranspor t  using U T P  as a substrate (see Hof fman ,  1962 b), the 
dependence  of  the effect  o f  K0 on ei ther  Na~ or  K~ need not be correlated with 
the tu rnover  of  the p u m p  th rough  complete cycles. 

T h e r e  is ano the r  instance in which the rate o f  onset o f  inhibition o f  the p u m p  
by an inhibitor is inversely related to the pump's  activity, and this is the f inding 
by Skou (1974) that inhibition o f  ox brain Na,K-ATPase  by N-ethylmaleimide is 
greater  the lower the rate o f  Na,K-ATPase  activity. 

T h e  question can be raised as to whether  some o f  the effects of  Na~ might  be 
due  to the presence of  o r thophospha te  (Pi) present  on the inside as a result  o f  
the inevitability of  ATP~ breakdown dur ing  incorporat ion.  Th a t  any o f  the 
effects could be due  to Pi seems unlikely since the rate o f  ouabain binding is 
decreased by Nai in the absence o f  Ko in P~-promoted ouabain binding. This is 
considered in more  detail in a separate paper  (Bodemann  and Hof fman ,  1976 a). 
Alternatively, Nat might  exer t  its effect  by direct antagonism with Mgi. But  since 
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raising [Na]i is known to activate Na:K exchange,  and since raising [Na]i in the 
absence o f  K o has no effect  on the rate o f  ouabain binding,  any effects due  to 
changes in [Mg]i by Nai would appea r  to be minimal (see B o d e m a n n  and 
Hof fman ,  1976 b). 

Perhaps  the most surpris ing effects r epor ted  in this paper  are those seen in 
association with changes in [Na]~. This is because o f  the fact that not  only is there  
an effect  o f  Na per  se but  its effect  is just  opposite to what would be expec ted  
f rom results obta ined on microsomal preparat ions  (Matsui and Schwartz, 1968; 
L indenmayer  et al., 1968). T h e r e  is a clear d i f ference in the effects o f  Na on 
ouabain binding to porous  h u m an  red cell ghosts compared  to microsomal 
preparat ions  o f  Na,K-ATPase.  Ouabain  binding to porous  ghosts is little af- 
fected by the presence o f  Na (Hof fman ,  1969) whereas ouabain binding to 
microsomal prepara t ions  shows a marked  dependence  on the addit ion o f  Na. 
T h e  lack o f  an effect  o f  Na on porous  ghosts is consistent with the results 
presented  in this paper  since ouabain binding was unal tered  by the presence or  
absence o f  Na:Na exchange.  Sachs (1974) has also shown in intact human  red 
cells that ouabain binding in the absence o f  K is the same whether  or  not  Na is 
present .  On the o ther  hand ,  when ouabain binding to porous  h u m an  red cell 
ghosts is s tudied in the presence o f  K as well as Na, the rate o f  ouabain binding 
(relative to the rate in the absence o f  K) is reduced .  On the basis of  the results 
presented  in this paper ,  opposite  effects are obtained with Nai compared  to Nao 
given the presence o f  Ko. T h e  results on porous  ghosts, in te rp re ted  in the light 
of  the present  findings,  would imply that any observed rate o f  ouabain binding is 
a resultant  o f  the relative effects o f  the two ions on the inside compared  to the 
outside.  Thus  Nao would increase the rate of  ouabain binding by decreasing the 
effectiveness o f  Ko in prevent ing  binding,  and,  while Nai would tend to decrease 
the ouabain binding rate,  K~ would tend to counteract  this just  as Nao would tend  
to counteract  K:K exchange,  thereby yielding the overall result. T h e  results with 
microsomal prepara t ions  (which to ou r  knowledge are completely porous  sys- 
tems in the sense that no ion gradients  are known to exist and the distribution of  
any added  ion is the same inside as outside) e i ther  represen t  systems with quite 
d i f ferent  inheren t  proper t ies  with regard  to the actions of  Na on ouabain  
binding,  or ,  more  interestingly, there  is the possibility that these preparat ions  
still contain small quantities o f  K. I f  this were so then at least it would be possible 
to unders tand  the differences displayed by microsomal preparat ions  compared  
to red cell ghosts. Tha t  is, in microsomal preparat ions  the effect  o f  Na in 
increasing the rate o f  ouabain binding would be the result of  Nao counteract ing 
an effect o f  Ko. 

Finally, it should be emphasized that the effects o f  Na and K as r epor t ed  in 
this paper  very much d e p e n d e d  on their  sidedness. Since the observed actions o f  
Na and K varied f rom what might be expected f rom the study o f  preparat ions  
which lack sidedness, e.g. microsomal preparat ions ,  a serious doubt  can be 
raised concern ing  the locus o f  action with regard  to side o f  any added  ligand 
without i ndependen t  suppor t ing  evidence. Thus  there  is a built-in indetermi-  
nancy o f  sided effects which should limit interpretat ions based on results ob- 
tained in the absence o f  a knowledge o f  s ide-dependent  effects. It follows f rom 
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this type o f  c o n s i d e r a t i o n  that  r eac t ion  sequences  de r i ve d  f r o m  studies  on  such 
p r e p a r a t i o n s  cou ld  be m i s l e a d i n g  if  no t  l imi ted  with r e g a r d  to es tab l i sh ing  
re la t ionsh ips  be tween  t r a n s p h o s p h o r y l a t i o n  events  a n d  t r ans loca t ion  o f  Na a n d  
K. 
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