
300 BIOCHIMICA ET BIOPHYSICA ACTh 

BBA 76 101 

KINETICS OF (Na+,K+)-ATPase OF HUMAN ERYTHROCYTE MEMBRANES 

I. ACTIVATION BY Na+ AND Kf 

H W PETER AND H U WOLF 

Instztut fur Biochemae der Unzversztat Maanz, J ;I -Becher-W’eg 28, BRD 65 Maw: (Germany) 

(Received May 3Ist, 1972) 

SUMMARY 

The results of kinetic investigations on the ouabain-sensitive (Na+, K+)-ATPase 
(ATP phosphohydrolase, EC 3.6.1.3) of human erythrocyte membranes suggest the 
following sequence of reactions in the simultaneous presence of Na+ and K+: 

I. The initial step is the binding of I K+ per active centre. 
2. The formation of an enzyme-K+ complex is a prerequisite for the binding of 

2 Na+ and MgATP2- in a random reaction. Thus, the intermediates Na,+EK+, EK+- 
MgATP2- and Na,+EK+-MgATP2- can be formed. 

3 Only the Na,+EK+-MgATP2- intermediate decomposes into the phospho- 
rylated intermediate Na,+EK+-Pi and MgADP-. 

4. The final step of the reaction is the splitting of Na2+EK+-P, into Na,+EK+ 

+ Pi. 

INTRODUCTION 

It is generally accepted that the enzymatic hydrolysis of ATP by (Na+, K+)- 
ATPase (ATP phosphohydrolase, EC 3.6.1.3) proceeds via a phosphorylated inter- 
mediate1-5. As shown by the label technique, the native enzyme reacts with MgATP 
in the absence of K+ and the presence of Na+ to form a phosphorylated complex, 
which splits into the end products only after the addition of K+ (ref. 6) : 

E + [32P]ATP 22Na++ (E - 32P)22Na+ + ADP 

@ N 
=p)**~~+ 5, E + 32Pi + **Na+ + K+ 

Recently, Skou and Hilberg have questioned’, however, whether this mechanism 
is valid under physiological conditions, inasmuch as in the physiological environment 
K+ is as well present during the initial step. Therefore, we have reinvestigated the 
activation mechanism of (Na+, K+)-ATPase with respect to the simultaneous presence 
of Na* and K+. 
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MATERIALS AND METHODS 

Chem,cals 
ATP (disodium salt) was obtained from Boehringer und S6hne, Mannhelm, 

sucrose was from Schuchardt AG, Mtinchen, and all other chemicals were reagent 
grade from Merck, Darmstadt .  N2-CO 2 (95:5, v/v) and purified N 2 was obtained 
from Linde AG, Kostheim. 

Preparation of the enzyme 
In order to avoid any uncontrolled and possibly irreversible oxidation of the 

enzyme by  0 2, water saturated with purified N 2 was used in all processes of the 
enzyme preparation, which was carried out at 2-4 °C. 

Human blood (group O, Rh+), which was stored at 4-6 °C for 3-5 days with 
citric ac id-c i t ra te -dext rose-s tab i l ize r  + adenine + guanosine (U. S.P. X V I I I  B 
cum AG, IOO ml stabilizer per 400 ml blood) was used as source for the enzyme. 
The erythrocytes spun down at 2-4 °C and 5000 × g for 30 min were resuspended 
in about I litre of physiological NaC1 solution. The hemoglobin-bound oxygen was 
removed by subjecting the suspension to a stream of N2-CO ~ (95:5, v/v) for about 
I h at 2-4 °C. Then the cell suspension was centrifugated for 30 mm at 5000 × g, 
the supernatant as well as the leukocytes were carefully sucked off and discarded. 
This washing procedure was repeated twice. 

I2o ml packed erythrocytes were lysed at pH 7.6-7.8 and 2-4 °C in a hemolyzing 
solution containing about IO mM NaC1, IO mM KC1, 20 mM Tns-HC1, 20 mM sucrose, 
I mR[ EDTA and 2 mM MgC12 (final concentrations). The final volume was 12oo ml. 
After centrifugation at 22 ooo × g for 30 rain (MSE High Speed 18, 6 × 250 ml rotor) 
the supernatant and the small button of unhemolysed erythrocytes were discarded. 
During the following washing procedures of the resulting ghosts the osmolarity of 
the original hemolysis solution ( ~ IOO mosM) was lowered to about IO mosM by using 
a solution with the following constituents: ~ mM NaC1, I mM KC1, 2 mM Tris buffer 
(pH 7 7) and 2 mM sucrose. The yield was about 12o ml suspension of nearly colourless 
ghosts. After the addition of 12o ml I M sucrose the suspension was frozen and then 
stored at - 2 o  °C. 

The enzyme preparation showed a (Na +, K+)-ATPase activity of 1.2 munits/mg 
protein and a (Mg ~+, Ca2+)-ATPase activity of 2. 4 munits/mg protein. This enzyme 
preparation was used to perform the experiments on the Na ÷ activation. In the ex- 
periments on the K+-activation, however, the preparation procedure was slightly 
modified, which did not result in a change of the kinetic parameters of the enzyme: 

The second washings of the membrane fragments were carried out at room tem- 
perature and in the presence of 0.008 % deoxycholate. The next washings were per- 
formed at 2-4 °C again and without any further addition of deoxycholate. This prepa- 
ration showed an (Na+, K+)-ATPase of 6.8 munits/mg protein and a (Mg2+,Ca2+)- 
ATPase activity of 6.4 munits/mg protein. 

The hemoglobin content of both ghost preparations was < o . I  % of the original 
content (determined according to the method of Rimington s, modified by  Arnold 9. 

The protein contents were determined by  a micro-Kjeldahl method. Previously 
the membrane-bound phospholipids have been removed by  methanol-chloroform 
(I: I, v/v) TM. 
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Determ,nation of enzyme act~v,ty 
The condi t ions  for ac t i v i t y  measurements  are repor ted  in Results .  The tes t  

solut ion conta ined  I0  mM Tris, I mM Mg 2+ and  I mM MgEDTA The tes t  volume 
was I0 .0  ml throughout ,  the  t e m p e r a t u r e  30 °C. The  enzyme ac t i v i t y  was de te rmined  
essent ia l ly  as descr ibed in a preceding paper  11. 

The  ac t i v i t y  of (Na +, K+)-ATPase  in the  con tex t  of this  paper  is defined as the  
difference be tween analogous test  samples  m the  absence and  the  presence of 0.I  mM 
ouabain ,  b y  which (Na +, K+)-ATPase  is comple te ly  inhibi ted ,  whereas the  (Mg 2+, Ca 2+ ) - 
ATPase  remains  unaffected.  

Fo r  the  eva lua t ion  of the  MgATP ~- concent ra t ion  K = 0.215 mM was used as 
dissociat ion cons tan t  of the  MgATP ~- complex  (cf. ref. I2), this  value  being va l id  
under  the  condi t ions  of the  present  exper iments .  

Der~vatzon of the reaction rate equat, ons 
The  der iva t ion  of the  ra te  equat ions  is per formed on the  basis of a r ap id  equi-  

l ib r ium reac t ion  according to models  p resen ted  b y  Bot t s  and  Morales 13, La id le r  14, 
and  Ohlenbusch 15, and  to the  m e t h o d  r epor t ed  b y  Cleland 16. 

Defimt,ons 
The symbols  used in this  paper  are defined as follows: 
Pi  = inorganic  phospha te  
E = free enzyme 
[El t  = to ta l  enzyme concent ra t ion  
S = subs t ra te  = MgATP ~- 
k = react ion ra te  cons tan t  
K = equi l ibr ium cons tan t  
k I = ra te  cons tan t  of the  reac t ion  

Na2 + E K + - M g A T P  2-  ~ Na2 + E K + - P i  + M g A D P -  

k S = ra te  cons tan t  of the  reac t ion  

Na2 + EK+-P1  --* Na2 + E K +  + P1 

k_K+/kr+ = KI~÷ = equi l ibr ium cons tan t  of the  react ion 

E + K + ~ E K  + 

k_~a+/kNa+ = K~a+ = equi l ibr ium cons tan t  of the  reac t ion  

E K  + + 2 N a  + ~ N a 2 E K  + 

k_l~a+/kI~a+ = KNa+ = equi l ibr ium cons tan t  of the  react ion 

E K + - M g A T P  2 - + 2 N a  + ~ Na2 + E K + - M g A T P  2-  

k_s/ks = K s  = eqml ibr ium cons tan t  of the  reac t ion  

N a 2 + E K  + + M g A T P  2-  ~ N a 2 + E K + - M g A T P  2-  

k_s/ks = /~s = equi l ibr ium cons tan t  of the  react ion 

E K  + + M g A T P  2-  ~ E K + - M g A T P  2-  
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v = reaction rate at any concentration of Na+, K + and MgATP 2- 

k2 [E]t ---- V -- reaction rate at infinite concentrations of Na+, K + and MgATP z- 

RESULTS 

The results of the present kinetic investigation are shown in Figs 1- 4. A reaction 
scheme of the interaction of Na + and K +, and the substrate with the enzyme is derived 
as follows" 

As shown by Hexum et al. 17, MgATP ~- is the true substrate of the (Na+, K+)- 
ATPase, in accordance with the results obtained from the Mg2+-ATPase 12, is and the 
Ca2+-ATPase n. Hence, in the Lmeweaver-Burk plots (Figs I and 3) I/V is plotted 
versus I/[MgATP~-]. 
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Dependence  of I/V o n  I / [ M g A T P  ~-] a t  different  K + concen t ra t ions .  [Na +] = 86 mM, 
[K+]:  ©, o. 5 mM ;  II,  ~ m M ,  [] ,  1.65 m/~l; ~ ' ,  3 o mM;  A,  5 o m M ;  O ,  Io  o raM. 

Fig. I, the plot of I/V versus I/[MgATP 2-] at variable K + concentrations and 
at a constant Na+ concentration (86 mM), exhibits one single intersection point on 
the ordinate. Kinetic analysis of this phenomenon on the basis of a rapid equilibrium 
reaction leads to the conclusion that  K+, as an essential activator of the (Na +, K+)- 
ATPase, is bound by  the enzyme before the active enzyme--substrate-complex is 
formed. The linearity of the I/V versus I / [K  +] plot (Fig. 2) indicates that  I K + is 
bound per active site of the (Na +, K+)-ATPase. Thus, the first step of the reaction 
sequence is 

kK + 

E + K + . "~ E K  + 
k - K +  

Variation of the Na+ concentration at a constant K+ concentration (8.6 raM) 
yields the results presented in Figs 3 and 4. In contrast to Fig. 1, in Fig. 3 the joint 
intersection point of all straight lines does not occur at  the ordinate, but  in the second 
quadrant  of the coordinate system. This indicates that  there is no ordered sequence 
in the reaction between E K  + and Na +, and the substrate, respectively. From Fig. 4 it 
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I ~ tO'2/[K*2 [rn° les/ lJ '~ 

Fig 2 Dependence of i/v on I / [K +] at different MgATP 2- concentrat ions [Na +] = 86 mM, 
p H  7 5  EMgATP2-] ' ~ ,  oo87  r a M , . ,  o162 mM, A, o244 raM, ~k, o319 raM, El, o4o9  raM, 
fl ,  0495 raM, O, 0578 mM; O,  0662 mM 
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on I / [MgATP 2-] at  different Na + concentrat ions [K +] = 8 6 mM, 
~ , 6 0 r a M ,  O,  8 o m M ;  ©, i o o m M .  
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Fig. 4- Dependence of I/V o n  i / [Na+] ~ at  different MgATP 2- concentratmns.  [K+] = 8 6 mM. 
p H 7 5  [MgATt~-]  • [ ] , o 2  mM, Z~, o33  mM; ©, o48  mM 
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is evident, that  at least 2 Na+ are bound per active center to form the active enzyme- 
substrate complex. Thus, the complete reaction scheme for the formation of this 
complex has to be written as follows: 

Na~ EK + 
÷3 

E ~ ~ EK + Na~ EK't'--MgATP 2- 

EK+.-- MgATP2 - 

The decay of the active enzyme--substrate complex proceeds via the well docu- 
mented phosphorylated intermediate ~-5. In our reaction scheme the formation of this 
intermediate has to be written as 

Na~ EK+-- MgATP 2- kl ...- 

k-I 2 ~  

MgADP- 

Na~ EK+-- Pi 

As shown by Fahn et al. zv-21 and by Siegel and Albers ~, this reaction is re- 
versible, representing the well-known ATP-ADP exchange reaction. However, since 
the initial velocity of the enzyme reaction is measured in the present investigation, 
[MgADP-] ~ o and hence the backward reaction can be neglected under these con- 
ditions. 

The last step of the overall reaction is the decay of the phosphorylated inter- 
mediate: 

k2 
Na2+EK+-Pi ~_ Na2+EK + + P, 

k-2 

This reaction is also reversible ~3, 34. However, on account of the reasons mentioned 
above, the backward reaction is also negligible since [Pi] m o at the beginning of 
the enzyme reaction. 

The derivation of the reaction rate equation fitting the reaction scheme dis- 
cussed above is performed as indicated in Materials and Methods. As pointed out by 
Ohlenbusch 15, a complete thermodynamic equilibrium is present between E, EK+, 
EK+-MgATP 2-, Na2+EK+, and Na2+EK+-MgATP e-, if 

kl < k_~ (I) 

This assumption seems to be reasonable on account of the types of the two respective 
reactions. In addition, in the case of an equilibrium, the general nonlinear steady 
state equations can be simplified yielding linear rate equations ~4. The ]inearity of 
Figs 1- 4 provides the justification for the assumption of a rapid equilibrium type of 
reaction. 

In the case of an equilibrium between EK+, EK+-MgATP2-, Na2+EK+ ' and 
Na~+EK+-MgATP 2- 

KNa+Ks = KNa÷Ks (2) 
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Because of Eqn 2, in a linear rate equation only three of the four constants appear 
explicitly le, while the fourth (in the present case K•a+) is determined by the three 
others. 

The complete reaction scheme discussed above yields the following rate equa- 
tion, presented in the reciprocal form: 

I ~-~t +~-~ ~[N~;]-2 I + I+[K+] / [Na+]2..lkt/~, I (3) 
v V t V [MgATP 2 -] 

From the rate equation (3) the characteristics of the plots 1- 4 appear as follows: 
(i) i/v-i/[S] plot at constant Na + and variable K + concentrations (Fig. I): 

Dependence of the slopes on the reciprocal K + concentration. Intercept between all 
straight lines at one point at the ordinate. 

(2) i/v-i/[K+] plot at constant Na+ and variable substrate concentrations 
(Fig. 2): Dependence of the intercepts and slopes on the substrate" concentration. 
Intercept between all straight lines at one point in the second quadrant. 

(3) I/V-I/[S] plot at constant K + and variable Na+ concentrations (Fig. 3): 
Dependence of the intercepts and the slopes on the reciprocal Na + concentration. 
Intercept between all straight lines in the second quadrant. 

(4) i/v-i/[Na+]2 plot at constant K+ and variable substrate concentrations 
(Fig. 4): Dependence of the intercepts and the slopes of the straight lines on the 
substrate concentration. Intercept between all straight lines at one point in the second 
quadrant. 

I t  should be emphasized that  no other reaction rate equation derived from 
any other reaction scheme involving Na +, K+ and MgATP ~-, is able to fulfill the 
characteristics of the four figures presented in this paper. E.g. the reaction sequence 

Na~ EK + 

Na; E J ~ Na~ EK + MgATP 2- 

Na~ E MgATP 2 

Na; EK+--MgATP 2- ~ Na; EK÷--Pn 
, q  

MgADP" 

D Na~ E + K ÷ ÷ P! 

yields a reaction rate equation which differs from Eqn 2 significantly with respect to 
the [Na +] and [K +] dependence of the intercept of the straight lines with the ordinate. 
Since Eqn 2 is at variance with Figs I and 3, the last mentioned reaction scheme 
cannot be true. 

Since the reaction rate equation (2) is rather complicated, in all cases the 
coordinates of the intercepts between the straight lines represent apparent constants. 
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For this reason, no efforts were made to evaluate numerical values of true equilibrium 
or reaction rate constants. 

DISCUSSION 

The (Na+, K+)-ATPase mechanism presented here contains the binding of K + 
to a K+-specific site of the free enzyme as initial step. This ion remains connected 
with the enzyme during all following reaction steps. 

In the following two reaction steps 2 Na+ and the substrate MgATP 2- are bound 
in a random reaction to form the active Na~+EK+-MgATP ~- complex. The existence 
of an enzyme-substra te  complex cont~dning unmodified ATP has been shown by  
Shamoo and Brodsky ~5. Thus, in the simultaneous presence of Na + and K+, both ions 
are used to enable the enzyme to bind the substrate MgATP ~-. This finding is in 
good agreement with results obtained recently by  Shamoo and Brodsky 26. 

However, these results seem to be in contrast to reports of others z~-8°, who 
suggest that  Na + controls the formation of the phosphorylated intermediate, while 
K ÷ controls its dissociation. This obvious discrepancy might be explained on the basis 
of different experimental conditions, which have been applied: in contrast to our 
experiments the enzymatic reaction was initiated in the absence of K+ in most of 
the experiments done so far. Under these conditions, Na + might have occupied the 
specific site for K +. Apparently, this "wrong activation" has no significant influence 
on the formation of the phosphorylated intermediate : Nagano et al. 81 could not detect 
any difference between the two intermediates, which were formed in the presence of 
Na + and Na + + K+. In addition, this hypothesis is supported by Priestland and 
Whi t tam s2, who found that  Na + and K + compete for the K+-specific site of the 
erythrocyte membrane (Na +, K+)-ATPase. 

The next step, the dissociation of the phosphorylated intermediate, is essen- 
tially dependent on the presence of K + (refs 27-30). This is not in contrast to our 
findings: K + is bound tightly to the enzyme at all stages of the reaction sequence. 

Thus in the light of our findings, we should interprete the common summary  
reaction sequence (left-hand part  of the following scheme) as follows (right-hand part) : 

Na + , Mg 2÷ 

+ ATP 
- ADP 

E - - P  I 

K + 

E + P; 

E 

Na~ ENa + 

I I  + Mg ATP2" 

÷ + 2-  Na 2 ENa - -MgATP 

- MgADP"  

Na~ ENa+--Pt  

I + K  

_ Na + 

Na~ EK + -  P= 

Na~ EK + + PI 

on ly  

, Na + 

present 

addition 
of K + 
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Accord ing  to this  scheme, the  fo rmat ion  of the  phosphory l a t ed  In te rmedia te ,  
which is dependen t  on Na  + and  Mg z+, proceeds via  the  following s teps in the  presence 
of N a  + alone:  

(I) F o r m a t i o n  of an Na2+ENa + complex.  In  this  complex  N a  + has occupied 
the  K+-specific site, charac te r ized  b y  the  N a  t symbol  wr i t t en  to the  r ight  of "E" .  

(2) F o r m a t i o n  of an Na2+ENa+-MgATP ~- complex  b y  b inding  the  subs t r a t e  
MgATP2-.  

(3) F o r m a t i o n  of an Na2+ENa+-P i  complex b y  releasing M g A D P - .  
A t  this  stage, no fur ther  react ion can proceed in the  absence of K+: The  Na+, 

which has been b o u n d  to the  K+-specific site, has to be subs t i t u t ed  for K ÷ to form 
the  reac t ive  Na~+EK+-Pi .  Only  this  in t e rmed ia te  is able to decompose  to Na2+EK+ 
-~- Pi. 

The  r ight  h a n d  pa r t  of the  scheme men t ioned  above  is charac te r ized  b y  the 
occurrence of two different  phosphory l a t ed  in te rmedia tes ,  i.e. Na2+ENa+-P1 and  
Na2+EK+-Pi .  This  concept  is in agreement  wi th  former resul ts  2, 33, 34, which refer to 
the  existence of two different  phosphory l a t ed  enzymes,  which differ wi th  respect  to 
the  b ind ing  of K ÷ 

Under  these poin ts  of view, our  resul ts  are not  essent ia l ly  in con t ras t  to former  
ones 6, 87-30. They  r a the r  show t h a t  the  enzyme reacts  in different  ways  in the  presence 
of Na+, and  of N a  ÷ + K ÷, respect ively .  

The  fo rmat ion  of an Na~+EK+-P1 complex  indica tes  t ha t  the  (Na+, K+)-ATPase  
has  three  b ind ing  sites for monova len t  ions including a specific site for K + in good 
agreement  wi th  the  resul ts  of Middle ton  85, who presents  also a model  wi th  three  
b ind ing  sites, one of t hem however,  being des igna ted  as a specific site for Na  +. In  
addi t ion ,  J u d a h  and  A h m e d  ~, Albers  et al. ~, Ja rnefe l t  ~ and  A h m e d  et al. ~ propose  
a model  for act ive N a  ÷ t r anspor t ,  in which the  (Na÷,K÷)-ATPase  combines  wi th  
3 Na÷ dur ing  in t e rmed ia t e  fo rmat ion  and  with  I N a  + and  2 K + dur ing  i n t e rmed ia t e  
decomposi t ion  
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