
Biochimiea et Biophysica Aeta, 944 (1988) 223-232 223 
Elsevier 

BBA 74139 

The sided action of Na + on reconstituted shark Na+/K +-ATPase engaged 
in Na+-Na + exchange accompanied by ATP hydrolysis. 

lI. Transmembrane allosteric effects on Na + affinity 

Flemming Cornelius and Jens Christian Skou 
Institute of Biophysics, University of A,Trhus, Aarhus (Denmark) 

(Received 22 March 1988) 

Key words: ATPase, Na+/K+-; Segli~m-sodium ion exchange; Sodium ion affinity; Transmembrane allosteric effect 

The objective of the present investigation was to characterize the ATP-depandent Na+-Na ÷ exchange, with 
respect to cation sensitivity on the two aspects of the Na+/K+.pump protein. In order to accomplish this, 
we used Na+/K+-ATPase reconstituted with h:owil orientation in the proteoliposomes. Activation by 
cytoplasmic Na + shows cooperative interaction between three sites. The apparent intrinsic site constants 
displayed transmembrane dependence on the extraeellular Na + concentration. However, the apparent Ko.s 
for cytoplasmic Na + is independent of the extracelhilar Na + concentration. The activation by extra~ellular 
Na + at a fixed cytoplasmic Na + concentration is biphasie with a component which saturates at a 
concentration of about 1-2 mM extracellular Na +, a plateau phase up to 20 raM, and another component 
which tends to saturate at about 80 mM followed by a slight deactivation at higher concentrations of Na+. 
The apparent Ko~ value for extraeeHular Na + is also found to he independent of the Na + concentration on 
the opposite side of the membrane. The activation by extracdinlar Na + can he explained by the negative 
cooperativity in the binding of extraeellular Na +, but positive cooperativity in the rate of dephosphorylation 
of enzyme species with one and three sodium ions bound extracellnlarly. Na + bound to E2-PNa has a 
transmembrane effect on the cooporativity between binding of cytoplasmic Na +, and E2.PNa 2 does not 
dephospherylate. K o . s / V  m for cytoplasmic as well as for extracellular Na + decreases with an increase in the 
trans Na + concentration in the non-saturating concentration range. The experiments indicate that at a step 
in the reaction simultaneous binding of extracelhilar and cytoplasmic Na + occurs. 

Introduction 

Phospholipid vesicles reconstituted with Na+/ 
K+-ATPase from shark rectal glands engage in 
ATP hydrolysis-dependent Na+-Na + exchange 
which is not stimulated by ADP but rather on the 
contrary, is inhibited. The stoichiometry of the 
exchange is similar to that for the Na+-K + ex- 
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change, and the exchange is electrogenie, i.e., ex- 
tracellular Na + has K+-like effects [1]. The activ- 
ity is about 6~ of the activity of the Na+-K + 

exchange. This opens the possibility of investigat- 
ing the sided activation by Na + and the trans. 
membrane effect of Na + on the activation under 
conditions where the enzyme turn-over rate is low, 
but where the reaction pathway is the same as that 
for the Na+-K + exchange. 

Previous experiments with reconstituted Na+/ 
K+-ATPase from kidney have shown that non- 
transported extracellular Na ÷ in the presence of 
extracellular K ~" has an effect, on the sigmoidicity 
of the activation by cytoplasmic Na ÷. A Hill plot 
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analysis suggested that extracellular Na + effects 
the cooperativity between binding of cytoplasmic 
Na +, an allosteric effect of extraceliular Na + [2]. 
With extracellular Na ÷ in the absence of extracell- 
ular K +, cytoplasmic Na + activates along a hyper- 
bolic curve in ATP hydrolysis-dependent, as wall 
as in ADP-dependent, Na+-Na + exchange. 

Preliminary experiments [3] have shown that 
with the reconstituted shark enzyme, cytoplasmic 
Na + activates along an S-shaped curve with ex- 
tracellular Na + also i~ the absence of extracdhilar 
K ÷. In Lhc presence experiments, the sided, as well 
as the transmembrane, effect of Na + on ATP 
hydrolysis-dependent Na+-Na + exchange was 
tested. The curves have been analyzed using the 
general treatment of Adair-Pauling for allosteric 
enzymes [4] which enables the calculation of val- 
ues for the site constants. 

Methods 

A more general equation for c~perative ligand 
binding under conditions of equilibrium is given 
by Adair [91: 

n 

~/(EX), 
n y  = ~ 1  

~. <EX)i 
i = 0  

Each step in the binding is characterized by a 
separate., intrinsic association constant K; which 
relates to the thermodynamic constants (K,) by 
statistical factors: 

For a three-site model, the Adair-equation con- 
forms to [101: 

Proteoliposome preparation, detection of sym- 
metry and pump orientation and measurement of 
Na+-Na + exchange parameters have been de.. 
scribed m pr~edi~g papers [5,6]~ as have the curve 
fitting procedures by computer and the ad- 
vantages of the Eadie plot for detection of bi- 
phasic activation curves. 

The ligand effects were tested by measuring the 
influx of Na + into the proteoliposomes (cellular 
emux), as described previously, and the ATP hy. 
drolysis was tested using [32p]ATP and analyzed 
according to Lindberg and Emster [7]. The frac- 
tion of the enzyme which is not incorporated (n-o) 
is inhibited by preincubation with 1 mM ouabain 
in the presence of inorganic phosphate (Pi) and 
Mg 2+. The blank is the activity in the presence of 
digitoxigenin which penetrates the proteolipo- 
somes and inhibits both non-oriented (n-o) and 
inside-out (i:o)-oriented enzyme molecules. The 
terms influx and efflux refer to die cellular situa- 
tion. 

In order to examine models for cooperative 
binding of ligands to proteins, the so-called Hill 
equation is often used [8], which describes the 
degree of cooperativity by a single parameter 
namely the Hill coefficient nil: 

r= r.(x)°"/(~ + r.(x)"") 

i t I 2  t ~ o J  y= KIX+2KIK2X +KIK~K3X 
t p t 2  t r . t ~  1 +3K I X+3K1KzX + KIK2g3X 

The fractional saturatioa ~Y) which cannot be 
measured can be estimated by v/V m, where o is 
tile measured velocity and V m is the maximum 
velocity of the reaction studied. The data from the 
rate of ATP-hydrolysis versus ligand concentra. 
tion are fitted to the Adair equation in which K' 
and i (the site index number) are varied by a 
multiple non.linear reg~'ession analysis and the 
best fit is distinguished for a varying number of 
sites (n) by comparing ~he variance of the fit. 

By assigning the fractional saturation (Y) as 
v/V m in the Adair equation we assume quasi-equi- 
librium conditions in order for the fitted poly. 
nomial coefficients to re, present intrinsic associa- 
tion constants. This as;umes that the reactions 
involving cation binding are in rapid equilibrium 
and the cooperative interaction affects only the 
affinity of the cations. These assumptions are 
probable, since the rate of dephosphorylation in 
the absence of extracelldar K + is slow compared 
to the other steps in the overall reaction scheme. 
However, we will refer to the computed intrinsic 
association constants as apparent in order to indi- 
cate that their interpretation depends on the modal 
in use. 



Results 

The activation by Na ÷ of an unsided prepara- 
tion of membrane bound Na+/K*-ATPase in the 
absence of K ÷ is shown in Fig. 1A ~ t h  1/~M 

ATP and 1B with 25/ tM ATP. Ko. s for ATP is 
about 0.1/~M [6]. The figure shows that Ko. s for 
Na + activation decreases from about 15 mM to 
about !.7 mM with an increasing concentration of 
ATE The Na ÷ activation curves are non-hyper- 
bolic; this can be clearly seen from the insets 
which are Eadie plots which give one straight line 

for a hyperbolic curve. 

Cytoplasmic ef/ea of Na ÷ 
At a concentration of 130 mM extracellular 

Na ÷ (intr~posomai), Na ÷ on the cytoplasmic side 
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activates ATP hydrolysis along a sigmoid curve. 
This is shown with 25/~M ATP in Fig. 2. The 
Eadie plot (inset) displays positive cooperativity 

characteristics. The best fit to the Adair equation 

of the data for cytoplasmic Na + activation is 
obtained assuming three cytoplasmic Na + sites 
exhibiting positive cooperative interactioa. The 
apparent intrinsic association constants calculated 
using the Adair ¢quafio,a is used to construct the 
curve in Fig. 2 and in the inset. 

As discussed above for the unsided prepara- 
tion, Ko. s for the Na + activation decreases when 
the ATP concentration increases. With the sided 
preparation, there is no significant difference in 
Ko.s for activation by cytoplasmic Na* with I sM 
and with 25 ~M ATE The effect of ATP on Ko. 5 
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Fig. 1. The hydrolytic activity of membrane-hound (unsided) shark Na÷/K+-ATPase as a function of the Na + concentration at I/~M 
ATP (A) or at 25 pM ATP (B) in a 20 mM hhtidine-El buffer (pH 7.0) with ! mM Mg 2÷ at 220 C. The contin~,ous lin¢ in panel A 
is computed by a weighted non-linear regression analysis to a s~ond-order rate ~uation 

v = (a.ATP 2 + b.ATP)/(ATP 2 + c.ATP+ d) 

with constants a=25.87 ~smol/mg per h, b=425.9 raM, c=55.2 raM, d=91.56 raM. 2 or to the ~uivalent sum of two 
Michaelis.Menten equations, 

y= VrATP/(KI + ATP) + V2.ATP/(K 2 +ATP) 

with constants V t = 7.37 lamol/mg per h, K t -- 1.71 raM, V 2 = X8.59 p.mal/mg per h, K2 = 53.5 raM. The half.maximal activation 
constant Ko. s is 14.5 mM. The inset in panel A shows the data replotted in an Eadie plot with the regression curve computed as 
explained above. The slopes of the two assymptotes are defined by tM two K values which intersect the ordinate at F t and V 2, In 
panel B the inset shows the data rcplotted according to the Eadie plot. The data are fitted to a seemnd.degree rate equation with 
coefficients: a =21.3/Lmol/mg per h, b =1.09 raM, c= 0,34 mM and d= 2.28 mM 2. The data in panel B cannot M fitted to the 

sum of two Michaelis-Menten equations. The half-maximal activation constant Ko. s is 1,7 raM, 
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Fig. 2. The hydrolytic activity of reconstituted inside-out orl. 
eoted shark Na+/K+-ATPase as a function of the cytoplasmic 
Na + concentration at 25 pM ATP in 20 mM histidine-HCI, 1 
mM Mg 2+ (pH 7.0 at 22°C). The extracellular Na + con- 
centration is 130 n~Iq and with no K +. The inset depicts the 
data replotted as at~ F-,adie plot. The curves are calculated by 
regression analysis using the Adair equation with three cooper- 
ative cytoplasmic I'la + sites. The fitting parameters are: K I' = 
0.036 + 0.008 mM- ~, K~ -- 0.19 + 0.0"/mM-~, K~ = 0.47 + 0.13 
mM -n and Vm = 66.3+0.65 I=mol/mg i:o protein per h. The 

Ko. 5 value is 6.7 raM. 
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Fig. 3. Saturation plots as depicted in Fig 2 but obtained at ei~t different fixed extraeelinlar Na + concentrations. The fitting 
parameters (i.e., the intrinsic association site constants and Ym) used to construct the curves are calculated by regression analysis to 
the Adair equation with three sites. The fitting parameters transformed into dissociation constants are shown in Table I. 'lhc titling 



for Na + activation on the cytoplasmic side is not 
significant (data not shown). 

The same results as those shown in Fig. 2 are 
obtained when the influx of Na + is used as a test 
parameter, but there is more scatter on the results. 
In the following, the results presented are based 
on measurements of hydrolysis. 

Transmembrane Na +-effect 
The effect o( the extraceUular Na + concentra- 

tion on the activation by cytoplasmic Na ÷ of the 
hydrolytic activity is shown in Fig. 3. The experi- 
ments are performed at eight different fixed ex- 
tracdlular concentrations of Na ÷ between 0 to 
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130 mM. The concentration of ATP is 25 itM in 
all experiments. 

The experiment without extracellular Na + (Fig. 
3A) corresponds to the uncoupled Na + efflux, It 
amounts to about 5-10% of the maximum 
Na+-Na + exchange. Eadie plots (not shown) show 
that the activation curves are all sigmoid. At- 
tempts to fit the data to eithf, r a simple hyperbolic 
or to the sum of two Miehaelis-Menten equations 
were unsuccessfull. A plot of [Na]/v (t/~) versus 
[Na] gives linear plots for n = 3, but not for n < 3. 
The curves are the best fits to the Adair equation 
assuming a model with three cytoplasmic Na + 
sites which interact cooperatively. The resulting 
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parameters for the uncoupled efflux (the curve with zero eatracdlular Na + ) ate: K,' = 0.047 raM- t, K~ ,~ 0.32 mM- t/t'~ - 0.29 
mM -I and Vm = 3.14/tmol/mg (i: o)-protein per h. The Ko. s values for the different activation curves are depicted in Fig. 4. 
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TABLE l 

THE BEST-FITTING PARAMETERS COMPUTED USING A NON-LINEAR WEIGHTED REGRESSION ANALYSIS TO 
THE ADAIR EQUATION 

Parameters are for three cooperative cytoplasmic Na + sites at different fixed extracellalar Na* concentrations. The values are given 
as meam4-S.E, for n different experiments. 

Extracellular Na + Apparent intrinsic dissociation Apparent dissociation Maximum hydrolytic Number of 
COhen, constants (raM) constant (mM) activity (/~mol/mg experiments 
(mM) Kl' K:~ K~ (K°-O (i: o)protein per h) (n) 

2 26.94-0.8 3.9"4"03 4.04-0.2 6.92±0.14 45,7+1.4 3 
5 23.24-1.7 4.44-0.8 4.34-0.8 6.754-0.03 64.04-1.8 4 
I0 13.5+1.4 7.5+0.6 2.4+0.2 6.42±0.09 61.6+2.4 8 

25 14.64-0.9 9.9+1.0 1.64-0.3 6.414.0.09 66.14-1.5 8 
50 15.2±2.1 7.0+I_5 3.54.0.6 6.74+0.12 72.24-1.7 5 
80 24.84-3.2 4.74-1.3 3.6:1:0,5 6.22:i:0.11 86.1±3.6 4 

130 40.24-2.5 3.54-0.9 3.04-0.5 6.704-0.11 73.64-1.3 4 

fitting parameters (K~', K2 and K~) converted to 
apparent dissociation constants are shown in Ta- 

ble I. As indicated, the apparent intrinsic dissocia- 
tion constants are related thus: /ft' > K2' > K3,' 
i.e., the three cytoplasmic Na + sites exhibit posi- 

tive cooperative interaction. 

The calculated values for the three cytoplasmic 

apparent dissociation constants depend o... the 
trans concentration of Na +. However, although 
the extracel!ular Na ÷ concentration has an effect 
on the apparent intrinsic site constants, the Na + 
value for half-maxiraal activation, Ko.s, is about 6 
raM, independent of the extracellular concentra- 
tion of Na + (Table I and Fig. 4). 
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Fig. 4. Ko. 5 (small drcle~) and the ratio Ko.s/Ym (large drcles) 
for cytoplasmic Na + as a function of the trans -concentration 
of extraceHular Ha +. V¢~'tical bars indicate+l S.E. ATE 25 

pM; Mg 21 1 raM; 20 raM, histidine.HCl (pH 7.0, 22 ° C). 

The ratio Ko,s/V m for cytoplasmic Na ÷ in. 
creases as the extracellular concentration of Na + 
decreases. The effect is seen with lower non- 
saturating concentrations of extracellular Na + 
(Fig. 4). 

ExtracelMar effect of Na + 
"l~,e results of the experiments shown in Fig. 3 

are replotted in Fig. 5 in order to show the activa- 
tion by ex!racellular Na + at different fixed cyto- 
plasmic Na + concentrations. The activity is s h o , ~  
as a fnnction of the extracellular Ha + concentra- 
tion with the cytoplasmic concentration held con- 
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Fig. 5. The hydrolytic activity of (i:o)-oriented enzyme mole- 
cules as a function of exit°cellular Na + at four fixed con- 
centrations of cytoplasmic Na +, as indicated on the curves. 
The concentration of ATP is 25 ~tM, Mg 2+, 1 raM; histidine- 
HCl, 20 mM (pH 7.0, 22°C). The curves were drawn by eye. 

Bass indicate 4- ! S.E. for six experiments. 
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Fig. & A model for activation by extracellulmr Na + of depbos- 
phorflatiom The e~zym¢ species endes~ m boxes are as- 
sumed to be in rapid equilibrium. KN= is the dissociation 
constant and k the rate constant. The model envisages that an 
extracelhlar sodium ion is bound at a transport site on E2P to 
form E2PNa. This species can dephosphorylate with a rate 
constant of k2. An Mlosteric site is then occupied, but the 
species formed, E2PNa2, is not supposed to dephosphorylate 
before the second transport site is occupied. Dephosphory- 
lation of E2P without Na + bound is given by kl and corre- 
sponds to tlte uncoupled efflnx which is very small, about 5~, 

of the maximum Na+-Na + exchange. 

stant between 4 mM and 104 mM. The activation 
by extraceUular Na + gives a complicated biphasic 
curve: extracellular Na + activates with a high af- 
finity, this is followed by a plateau with con- 
centrations of sodium between 5 and 20 mM, and 
at higher concentrations of Na +, there is a further 
activation with an optimum around 80 mM fol- 
lowed by a slight decrease in activity with higher 

concentrations of Na ÷. The Ko.s value is about 2 
mM. 

Levitzki and Koshland [11] have analyzed sub- 
mate  curves which exhibit a decrease in activity at 
intermediary substrate concentrations followed by 

an activation at higher concentrations. They dem- 
onstrated that this can be explained from a nega- 
tive cooperativity in ligand binding combined with 
positive cooperativity in the rate of catalysis. In 
Fig. 6, a model is shown for extraeellular Na + 
activation based on the ideas of Levitzld and 

Koshland. With no Na*, E2-P dephosphorylates 
with a rate constant, kl, which is low; this is the 
uncoupled Na + efflux which amounts to about 
5-10% of Vm for Na+-Na  + exchange. At low 
Na + concentrations, Na + binds to the first trans- 
port site and E2-PNa is formed with a high affin. 
ity for Na + (dissociation constant KNa t) and with 

a rate constant of k2 for dephosphorylation. At 
higher Na + concentrations, a second, allostefic 
Na + site is filled, with the dissociation constan: 
KNa 2 (KNa 2 > KNal). E2-PNa 2 cannot dephos- 
phorylate, and it is the formation of this species 
which gives rise to the plateau phase in ,the satura- 
tion curve. At higher Na + concentrations, the 
second transport site is filled and E2-PNa ~ is 
formed. This form dephosphorylates with a rate 
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Fig. 7. (A) fhe hydrolytic activity of reconstituted inside-out shark Na÷/K+-ATPasc as a function of extracellular Na + with l0 mM 
ojtoplasmic Na ÷. ATP, 25 ~M; Mg 2+, 1 raM; histidine.HCl, 20 mM (pH 7.0, 22° C). (B) Computer simulation of the curve in A 
using the model described in Fig. 6. The dissociation constants used for the EtP pool are: gnat = 1 mM, K~a2 = 60 mM and 
KNa 3 = 80 raM. The dissociation constant for the backward reaction E1P+ Na + = E 1PNa is 25 raM. The rate constants are: ka = 300 
s -t, k_, = 5 s -t, k z = 7.5 s -1 and k 3 = 22 s -t. The ATP concentration is 25/~M, The rate constants used for the turnover steps not 

shown are high enough that in steady state practically all the enzyme is in the phosphoform. 
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constant of k~, which is higher than k2, and the 
dephosphorylation gives rise to occlusion and 
transport of 2Na + bound at the transport sites 
while the Na + bound to the ailosteric site is not 
transported. 

Using Cha's method [12], the rate equations 
equivalent to the activation by extracellular Na + 
according to the model is solved and the satura- 
tion curve is simulated on a microcomputer. The 
slight deactivation at Na + concentraiions higher 
than 80 rnM is simulated by assigning: a dissocia- 
tion constant for the backward reaction E1-P + 
Na +ffi E1-PNa which is lower than KNa3. The 
result is given in Fig. 7. Comparison with the 
experimental curve m panel A shows that it is 
possible with this model to simulate: quite accu- 
rately the experimental curve for the activation by 
extracellular Na +. 

As discussed above Ko.s/V,n for cytoplasmic 
Na + activation increases with a decrease in the 
extraceilular Na + concentration in the non- 
saturating range (Fig. 4). Similarly, go.JV m for 
extracellular Na + increases with a decrease in the 
concentration of cytoplasmic Na + into the non- 
saturating range (not shown). 

Discussion 

In red ceils, sigmoid dependence on~ cyto- 
plasmic Na + concentration has been demon- 
stratcd by Garay and GaiTahan [13] and b)' ~lo- 
stein [14] for both Na+-K + and for Na+-Na + 
exchange. In proteoliposomes, Karlish and ,Stein 
found sigmoid activation by cytoplasmic Na + of 
Na+-K ÷ exchange, but quasi-hyperbolic at'tiva- 
tion of the ATP hydrolysis- as well as of the 
ADP-dependent Na+-Na + exchange [2], Re- 
cently, Apell and Marcus [15] found hyperl~olic 
activation by cytoplasmic Na + of Na÷/K +- 
ATPase activity of reconstituted rabbit lddney 
enzyme. 

In the present investigation, the kinetic data 
can be interpreted as indicating positive coop- 
erative activation by cytoplasmic Na + of 
Na+-Na + exchange accompanied by ATP hy- 
drolysis. In evaluating the binding constants for 
cytoplasmic Na ÷, we take the rate equation 
(v/Vm) as proportional to the fractional satura- 
tion (Y). Therefore, it is implicitly assumed that 
all three enzyme forms with bound cytoplasmic 

Na + contribute to catalysis, their rate per binding 
site being equal. However, a model in which only 
enzyme forms with three sodium ions bound con- 
tribute to catalysis would be equally probable. 
DistinL~tion, between such models could be possi- 
ble by analyzing stoichiometry at low and high 
Na + concentrations. With these assumptions and 
at saturating extracellular Na + concentrations the 
three apparent intrinsic site dissociation constants 
are abou/! 40 raM, 3.5 mM and 3 mM for the first, 
second and third site, respectively. The K0. 5 value 
is found to be about 6 raM. 

With reconstituted kidney enzyme and using a 
Hill plot to analyze the results, Karlish and Stein 
[2] showed that extracellular Ha + influences lhe 
degree of sigmoidicity of the curves for cyto- 
plasmic Na + activation of Na+-K + exchange. The 
experiments lead to the conclusion that non-trans- 
ported extracellular Na + has an effect on the 
cooperativity for binding of cytoplasmic Na +, an 
allostefic effect of extraedlular Na +. Tiffs is ob- 
served in the Na+-K + exchange reaction but not 
in Na+-Na + exchange. In contrast to this, the 
present experiments with ATP hydrolysis-depen- 
dent Na+-Na + exchange show that extracelhilar 
Na + in the absence of extraceilular K + influences 
the cooperativity between the binding of three 
sodium ions on the cytoplasmic side of the system. 
It is not possible to determine whether these dif- 
ferences in results are due to different prepara- 
tions and/or to the more sensitive analysis using 
the more general approach of Adair-Pauling rather 
than the Hill equation. 

Although extracellular Na + is found to in- 
fluence the cooperativity between the binding of 
the three cytoplasmic sodium ions, there is practi- 
cally no effect on the Ko. ~ value for cytoplasmic 
Na + activation. Neither is there any effect of 
cytoplasmic Na + on the /fo.s for activation by 
extracelhilar Na +. 

An increase in the ATP concentration from 1 
/~M to 25/~M, which decreases the Ko. 5 for Na + 
activation of the unsided preparation has no effect 
on the K0. 5 value for activation by cytoplasmic 
Na +, suggesting that it is due to an effect on the 
Ko. 5 value for Na + activation on the extraedhilar 
side. 

With the unsided preparation of Na+/K +- 
ATPase, a biphasic activation with Na + in the 
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absence of K + is observed in accordance with 
previous investigations [16-20,22]. The present ex- 
periments suggest that this is mainly due to an 
effect of extracelhilar Na +. 

With sided preparations, red blood cells, ex- 
tracellular Na + in low concentrations in the ab- 
sence of extracellular K + inhibits an uncoupled 
Na + efflux with a flux minimum at about 5 mM 
Na+; at higher concentrations of extraceUular 
Na +, fi~e efflux is stimulated [21]. A similar effect 
of extracellular Na + is observed on the Na-ATPase 
activity [22,23]. 

With the reconstituted shark enzyme, the un- 
coupled Na + efflux in the absence of extracellular 
Na* is low, 5-10~ of the Na+-Na + exchange. 
Extracellular Na + has no inhibitory effect: the 
activity in the presence of Na +, tested at con- 
centrations of 0.1 mM and more is higher than 
that in the absence of Na + and increases with the 
Na + concentration. This means that E2-P has a 
lower rate of dephosphorylation than E2-PNa and 
that in order to explain the biphasic activation by 
Na + E2-PNa: does not dephosphoiylate, while 
E2-PNA 3 does and with a higher rate than E2-PNa 
(the model in Fig. 6). For methodological reasons 
it is difficult to measure the stoichiometry of the 
Na+-Na + exchange at low extraceUular Na + con- 
centrations and thereby to determine whether d~- 
phosphorylation of E2-PNa results in Na + trans- 
port. With saturating concentrations of Na + on 
both sides of the membrane, the stoichiometry of 
the Na + transport (efflux-influx) is 2.8-1.8 per 
ATP hydrolysed [1]. This indicates that one of the 
three sodium ions bound to E2-PNa3 is not trans- 
ported. This is in agreement with previous sugges- 
tions of a modifying effect of a non-transported 
extracelluhr sodium ion [22,24,25] and the ob- 
servations of Karlish and Stein [2] that there is an 
effect of extracellular Na + which is not trans- 
ported, and of Sachs [261 that non-transported 
extracellular Na + has a protective effect against 
the enhancement, by low concentrations of ex- 
tracellular K +, of the inhibition by vanadate. The 
inhibition by vanadate probably occurs with the 
K+.occluded form of the enzyme, suggesting a 
transmembrane effect of extracellular Na +. The 
affinity for Na + relative to K + at the Na+-protec- 
tire site is high enough for the site to be occupied 
by Na ÷ at physiological concentrations of ex- 
tracelhlar Na + and K + [26]. 

The inhibitory effect of low concentrations of 
extracellular Na + on the Na + efflux [21] and on 
the Na+-ATPase activity [22,23] with red blood 
cells and the stimulation by higher concentrations 
of extracellular Na + can be explained from the 
model in Fig. 6, assuming that E2-PNa in the red 
blood cells has a lower rate of dephosphoiT!ation 
than E2-P. 

Unless the enzyme can 'remember' through a 
turnover that there has been Na ÷ on the extraceU- 
ular side, the effect of extracellular Ha* on the 
cooperativity for binding of cytoplasmic Na ÷ 
means a simultaneous binding of extracelhlar Na + 
or~ an allosteric site and of Na ÷ on transport sites 
on the cytoplasmic side. The observatio~ that the 
Ko.5/V m for Na + decreases with an increase in 
non-saturating transmembrane concentrations of 
Na + also points towards a simultaneou~ binding 
af cytoplasmic and extraceUular Na + (see. Ref. 27). 

In previous experiments with red blood cells, 
Sachs [28] found that the Ko.5/Vm for extracellular 
K + decreases with an increase in cytoplasmic Na +, 
in agreement with simultaneous binding of Ha + 
and K + at a given step in the reaction. However, 
using a model for Na+-K + exchange which in- 
cluded an uncoupled Na ~" efflux, Sachs [28] showed 
that the observed decrease in Ko.5/V m can be 
explained by the uncoupled Na + efflux i.¢., with 
corrections made for the uncoupled efflux, 
Ko.s/Vm is constant, compatible with a ping-pong 
model and not with simultaneous binding of Na* 
and K*. 

In the present experiments, go s for extracellu. 
lar Na + as well as for cytoplasmic Na + is practi- 
cally independe:,~t of a variation in the transmem- 
brahe concentration of Ha +. With a correction for 
the uncoupled efflux of Na + which is only 5-10~ 
of the Na+-Na + exchange, there is still a decrease 
in Ko.s/Vm for cytoplasmic Ha + with an increase 
in non-saturating transmembtane concentrations 
of Na +, in agreement with simultaneous, but not 
consecutive, binding of extracellular and cyto- 
plasmic Na +. This does not necessarily mean 
simultaneous transport. 

Based on the analysis of sequential models by 
Cleland [27], Hoffman and Tosteson [29] con- 
cluded that ping-pong-bi-bi mechanisms, like the 
consecutive Albers-Post model [30,3119 were un- 
able to explain their experimental findings in sheep 
red cells that the Ko.s for activation of the cis.ion 
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is independent of the concentration of the trans- 

ion, and they suggested a simultaneous exchange 
of Na + and K +. 

With three sodium ions bound extracellularly 
but only two transported, it seems reasonable to 
assume that it is one of those three sodium ions 
which causes the aUosteric effect, but which one? 
A guess would be the one which blocks dephos- 
phorylation [24], the second one bound in the 
model shown in Fig. 6. But what is the nature of 
this site? Is it a site which does not take part in 
transport, or is it the one of the three sites which 
takes part in the transport of Na + from the cyto- 
plasmic to the extraceUular side, but which does 
riot transport Na + in the opposite direction. With 
an allosteric effect of extracellular Na + on the 
binding of cytoplasmic Na + the latter cannot be 
the case in a consequtive reaction but in a simulta- 
neous: in the translocation step the allosteric ex- 
tracellular Na + on the third site is not transported 
but leaves to the extracelhilar side [32]. 

Simultaneous binding of extraceUnlar and cyto- 
plasmic Na +, assuming it is only non-transported 
Na + with an aUostedc effect which is bound ex- 
tracellnlarly, has implications for the transport 
model. It is, however, necessary to know what the 
effect of K + is on the Na + effect and vice versa on 
each of the two sides of the membrane to which 
the model is applied. We shall return to this 
problem in a subsequent paper. 
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